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I 
PREFACE 

The XXI SLAC Summer Institute on Particle Physics was held from July 26 to August 6, 1993. It gathered 
210 physicists from 11 countries to study ‘Spin Structure in High Energy Processes.” As in past years, the school 
portion of the Institute lasted seven days and consisted of pedagogical lectures in the morning, followed by 
afternoon discussion sessions. Recent experimental and theoretical developments were then presented at the 
three-day topical conference, addressing recent experimental and theoretical results on a variety of topics. 

The Summer School lectures showed that polarization, or spin, is a powerful tool for exploring fundamental 
physics, whether one is probing the spin structure of the nucleon, making precision electroweak measurements at 
the Z” resonance, or establishing the nature of particles yet to be discovered at future colliders. Little of this 
physics would be possible without technical advances in the production and preservation of polarization in 
accelerators and targets. Highlights of the topical conference included: new measurements of the spin structure 
functions of the neutron and proton, the opening of a new kinematical regime for e-p collisions at HERA, and a 
wealth of b physics results from a number of different accelerators. 

For many of the participants, however, the highlight of the school may have been the Friday evening outing to 
Lick Observatory, which became an all-night star-gazing expedition after the bus broke down on the descent 
from Mt. Hamilton! 

We thank all the lecturers for making this a timely and informative school. Thanks are also due to the 
provocateurs (especially Giuliano Preparata, provocateur extraordinaire) for making the afternoon discussion 
sessions particularly stimulating. 

Finally, the Institute and these Proceedings would have been impossible without the efforts lof Lilian 
DePorcel and Christine Dunwoodie. 

David Burke 
Lance Dixon 
David Leith 
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1 Intrbduction 

When the strong interactions were a mystery, spin seemed to be just a com- 

plication on top of an already puzzling set of phenomena. But now that particle 

physicists have understood the strong, weak, and electromagnetic interactions to 

be gauge theories, with matter built of quarks and leptons, we recognize that the 

special properties of spin 3 and spin 1 particles have taken central role in our 

understanding of Nature. The lectures in this summer school will be devoted to 

the use of spin in unravelling detailed questions about the fundamental interac- 

tions. Thus, why not begin by posing a deeper question: Why is there spin? More 

precisely, why do the basic pointlike constituents of Nature carry intrinsic nonzero 

quanta of angular momentum? 

The nature and realization of spin is one of the deep questions in quantum 

field theory. The subject has great technical complication and is often relegated 

to technical treatises or highly specialized articles. Some detailed treatments of 

spin in quantum field theory are given in Refs. 1-3. But, though the technical 

answers are often complex, the general ideas of the physics of spin are of genuine 

interest to those who would like to understand modern particle physics. In these 

lectures, I would like to give a broad-brush treatment of this subject, emphasizing 

its major ideas and challenging questions. 

Why is there spin? Three different kinds of explanatory principles can be 

brought forth to answer this question. These might be called permissive, a poste- 

riori, and D priori or constructive explanations. Some people are satisfied with an 

explanation at any of these levels; others will insist on the third, strongest type 

of explanation. Let us consider each level in turn. 

A permissive explanation invokes the Totalitarian Principle of Physics: What- 

ever is allowed, must exist. Under this philosophy, we can explain spin by showing 

that it is a natural consequence of some general formal structure. I will review 

in the next section the idea, uncovered by Wigner, that the representations of 

the Poincare group naturally include point particles with intrinsic spin. If such 

particles are possible, why can’t they occur? 

The idea of an a posteriori explanation takes this argument a step further. 

At this level, one still will not claim to understand why particles have spin, but 

one argues that, without it, there would be a disaster. Such arguments use the 

Anthropic Principle that the world we see must be such that we can live in it. 

The Anthropic Principle gives a particularly strong case for the existence of spin: 

Without spin, particles would not obey the Pauli exclusion principle. But without 

+ the stability of Pauli exclusion, matter could avoid collapse only by finding delicate 
I 

equilibrium states, such as that of the Wigner crystal, which becomes unstable 

at high density. Thus, it would be extremely difficult to build up the ordered 

assemblages of matter that are needed to make intelligent life. 

Are these principles satisfying? Ultimately, this question goes beyond physics. 

It is possible that a Creator envisioned an ordered Universe and included the 

ingredients necessary to bring it about. Linde has argued for another point of 

view, that the universe contains as small domains regions in which the laws of 

physics are realized in all possible ways.4 Then we inhabit the domain in which 

we can live. 

However, both of these explanatory principles seem to me much less com- 

pelling that a constructive principle which explains the ingredients of Nature as 

consequences of a grand pattern of symmetry. The constructive argument for the 

existence of particles with spin 1 is by now familiar to all particle physicists: If the 

equations of the universe possess a local gauge symmetry, then to each generator 

Q” of the gauge group, there must correspond a vector field A$. The quantization 

of this field produces spin 1 particles. Unfortunately, there is no equally simple 

and compelling argument for spin 3. 

How close can we come to a constructive argument for spin $? Can we find a 

unified explanation for particles of spin i, spin 1, and perhaps higher spins? That 

is the question I will explore in these lectures. First of all, I will build up the basic 

formalism of spin. In Section 2, I will review the general principles which govern 

particles and fields with spin; then 1 will apply these principles successively, in 

’ Section 3, to spin 5, in Section 4, to spin 1, and in Section 5, to spin $ and higher. 

With this foundation, I will turn in Sections 6-S to the question of the origin of 

spin 3, reviewing three proposals of increasing sophistication. 

2 The Poincar6 Group 
Any formal discussion of spin must start from the representations of the 

l’oincarb group, the fundamental spacetime symmetry group of translations and 

Lorentz transformations. Any object that lives in Minkowski space must belong 

to some representation of the Poincard group. By constructing the simplest rep- 

-2- 



resentations ofithe Poincard group, we will find that intrinsic spin appears in a 

natural way. 

One subtlety of this discussion will be that particles and fields transform 

in different representations of the Poincark group. In elementary discussions of 

quantum field theory, one is taught that there is a direct correspondence between 

the particle and the field. For fields with spin, we will see that this correspondence 

is not so simple. In fact, the difficulty in finding the correspondence between 

particles and fields for fields of high spin will turn out to be an essential one 

which gives a crucial restriction on what fields can appear in Nature. 

2.1 The Rotation Group 

The generators of the Poincard group are three sets of vectors, the generators 

of rotations, boosts, and translations. We will call these 

J’ , It” , P’ , (1) 

respectively. As a first step toward finding the representations of this group, we 

can start with a small, familiar piece, the group of rotations. 

The generators of rotations obey the commutation relations 

[J’, Jj] = ic’J’J’. (2) 

The representations of these commutation relations are familiar from any book on 

nonrelativistic quantum mechanics. They are the multiplets of spin j, the states 

lj,j”), with j = O,!,. . . and j3 = -j,. , j. 

The simplest nontrivial representations are those of j = f and j = 1. For 

j = $, we represent 

Ji = fci , 

with g’, a 2x2 Pauli sigma matrix. Thesegenerators, and the 2x2 rotation matri- 

ces built from them, act on 2-component spinors Ea, with o = +, - corresponding 

to j3 = +1,--i. 

For j = 1, the representation consists of 3-dimensional vectors vi, and so the 

J’ must be represented by 3 x 3 matrices. For example 

‘r I 

J3 = -i (4) 

There is another way to describe this matrix action, as follows: Consider a system 

with two 2-component spinors. The state of this system is described by a tensor 

carrying two spinor indices, Tma. Any such tensor can be divided into its sym- 

metric and its antisymmetric part. The most general 2 x 2 antisymmetric tensor 

is proportional to c,~; this object is invariant to spinor rotations. The remaining 

symmetric 2 x 2 tensor has 3 independent components and transforms, in fact, 

precisely as the 3-dimensional j = 1 representation of angular momentum. This 

decomposition of a 2 x 2 matrix of spinors into an invariant (j = 0) and a j = 1 

multiplet is just the familiar angular momentum decomposition 

;+0+1; (5) 

you might recall that the j = 0 is the antisymmetric combination and the j = 1 

is the symmetric combination of two spin i systems. 

This construction generalizes to any j. The multiplet of spin j can always be 

represented as a totally symmetric tensor with 2j two-component spinor indices: 

Z{,@...6). (6) 

It is easy to check that this object has 2j + 1 components, and that its highest 

values of j3, given by a = p = ... = 6 = +, is j3 = j. You can view (6) as what 

remains when the lower-spin components of a general tensor are projected out by 

contracting indices with the invariant cap. 

Now that we have a general picture of the representations of the rotation 

group, we can find the representations appropriate to particles and to fields. Par- 

ticles are part.icular states of the Hilbert space with localized excitation; these can 

. 
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’ be classified by their values of j and j3: 
1 

Ii j”) . (7) 8 

Fields are operators which are functions of the space-time position I“. A general 

field can be written as a member of a multiplet of fields 

in which, one must remember, a rotation acts both on the spinor indices and on 

the spatial position. Usually, a field with explicit indices corresponding to spin j 

will create a particle of intrinsic spin j. However, this correspondence is not at 

all obvious, since the field (8) will create eigenstates of the Hamiltonian with all 

(half-integer) values of angular momentum. To understand the correspondence 

between particles and fields, we must probe more deeply. 

2.2 The Lorentz Group 

The next step in finding representations of the Poincare group is to add the 

generators of boosts. This gives the commutation relations of the Lorentz group: 

[J’, JJ] = it’JkJk 

[J’, I(‘] = it’lkKk 

[I{‘, I{]] = -i&” Jk. 
(9) 

The appearance of J’ in the last line tells us that the composition of boosts pro- 

duces a rotation; this effect is known as the Wigner rotation. Indeed, essentially 

all of the representation theory from here on was first formulated by Wigner.’ 

The minus sign in the last line of (9) tells us that the rotations generated by J’ 

and A” are not 4-dimensional rotations covering a compact space but rather are 

transformations which span noncompact spaces-the hyperboloids of Minkowski 

geometry. 

There is a simple trick for finding the representations of the commutation 

relations (9). Let 

J: = i (P f ili3) . 

Then the generators J: and J’ commute with one another and obey the commu- 

tation relations 

[ 1 Jr, J: = iCJkJi (11) 

among themselves. These latter commutation relations are identical to the com- 

mutation relations of angular momentum. Thus, we can find representations of 

the original Lorentz group relations (9) by choosing a representation for J: of def- 

inite angular momentum j+, choosing a representation for 3: of definite angular 

momentum j-, and then recombining these into JJ and A” by inverting (10): 

5’ = J: + J’ , Ii’ = -i (J; + J:) (12) 

We denote this representation as (j+, j-); it is a representation of (9) of dimen- 

sion (2j+ + 1) x (2j- + 1). We can write the object which transforms in this 

representation as a tensor 

In general, t wit) place a dot over an index acted on by the generators J:. 

Notice the factor of z in the reconstruction of KJ in (12). This means that 

A” wilt not be Hermitian, and so the representation we have constructed will not 

be unitary. This is the unfortunate but inevitable result of attempting to find a 

finite-dimensional unitary representation of a noncompact group action. Under 

Hermitian conjugation, (J:)’ = J!; thus, the representation (j+, j-) is complex, 

with 

(j+,.L1’ = (j-,j+) (14) 

-4. 



2.3 Fields imder the Poincar6 Group 

The remaining generators of the Poincark group, the translation generators 

P’, commute with J’ and Ii’ and with each other, so it is easy to take them 

into account. We can now write general representations of the PoincarC group on 

multiplets of fields. To construct these, we set up a field with the spinor indices 

corresponding to a representation (j+, j-) of the Lorentz group. We then make 

the field a function of xJ’, allowing rotations, boosts, and translations to have their 

standard action on this spacetime coordinate. 

Here are some examples of this construction. In each case, I would like to 

indicate in particular the action of a boost in the 3 direction. To parametrize 

boosts, I will use the rapidity y, defined by 

ey = $1 + P) = 
\i 

l+B 
1-B’ 

With this notation, a boost is represented in general as 

exp iij. i? [ 1 

(15) 

(16) 

in particular, in successive boosts along the same axis, the rapidities add. 

The simplest representations of the Lorentz group are those with one spinor 

index: (i,O) and (0, i). From the ($, 0) representation, we can build a field 4&(x). 

Under a rotation about the 3 axis, this field transforms as 

that is, as a spin i object. Under a boost, it transforms as 

(17) 

this transformation increases the field amplitude if the spin is parallel to 3. A field 

in the (0, f) representation, Go(z), h as the same transformation under rotations, 

but the opposite transformation under boosts: 

‘i 

The next example is a field in the (a,$) re p resentation, V,,(x). This field 

transforms under rotations as h x $ = spin 0 + spin 1. Under boosts in the 3 

direction, the various components of V,,k transform as 

(v++, v-l,v-+,v+~) + (V+i,V__,eYV-i,e-YI/+_) . 

All of these properties correspond to those of a field with a 4-vector index V”. 

Such a field transforms under rotations as a multiplet (V’, ?)-spin 0 plus spin 

1 --and the combinations of components 

(V’ + iv2, v’ - iv2, v” t v3, v” - V3) 
transform under boosts according to (20). 

The last simple representation we consider is that of a field belonging to the 

(I, 0) representation: @(6bl(r). This field is complex, with its complex conjugate 

belonging to the (0,l) representation. The two pieces together give a structure 

with 6 real degrees of freedom. The two fields transform under rotations as spin 

1. Under boosts the three components of $ transform as 

(22) 

All of these properties accord with the identification of @ as the combination of 

electromagnetic fields 

E’ = E’ + ii?’ (23) 

The field components 

(E’ + i&‘,E3,E’ - it?) (24) 

indeed transform as (22). The conjugate combination of fields z’ = E’ - iB’ 

belongs to the (0,l) I,orrnt.z rcprescntation. 
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If the partfcle has mass, it is most convenient to begin from its rest frame. In * 

this frame, a particle of spin s forms a multiplet of (2s + 1) states 

-i;’ = 0; s s3 
> (36) 

which transform int,o one anot.her under rotations. The boosts of these states can 

be defined ~5 

17;‘;ss”) = A(~)/Ti+;.%?3) ( (37) 

where A(y) is the unitary transformation which implements the boost. 

Since boosts and rotations do not commute, WC profit from being very careful 

in defining the order of the boosts and rotations that, lead to a given state. For 

relativistic particles, it is often most convenient t,o quantize the spin along the 

direction of motion. In this system, states arr labeled by their he/i&y, their spin 

projection along the direction of motion. If i; is a unit vector parallel to $, the 

helicity is 

X=b.i;. (38) 

The wonderful properties of t.his representation are explained in a classic paper of 

Jacob and Wick.6 To writ,e a st,ate explicitly in the hclicity representation, st,art 

from a specific spin state in t.he rest frame, boost from a rest parallel to the 3 

axis, and then rotate to bring the momentum 3 into its correct orientation. If 

the orientation of $ is given by polar and azimuthal angles 0 and 0, the state of 

helicity X is defined from the rest frame state by 

Notice that. rhc helicity X appears only in the rrst frame state. llelicity is inva.riant 

under spatial rotations and under boosts parallel to the direction of motion. 

The multiplet. of states of the form (39) comprise a llnit,ary representation of 

Poincard group. This represcntat,ion is infinite-dimensional. As we have notrd, 

that is a necessary property if WC insist that the group artCon is unitary. But this 

means that t.hrre is no aut.omat,ic relat.ion between the t.ransforma.(.ion propert,& 

of particles and fields. 

The simplest way to make a correspondence between the particle and field 

transformations is to connect. the field with the particle state that it creates or 

&st,roys. For low spin, t.his is straightforward. The free scalar field 4(x) creates 

and destroys scalar particlcs. The Fourier transform d(p) precisely destroys parti- 

cles with momentum p. For spin-i, there is a similar relation: the free Dirac field 

(Go(r), 4,(r)) destroys spin-i particles and creates their antiparticles according 

to relations 

(40) 

where the right-hand side is a solution to the free Dirac equation. Note that in 

t,his case half of the component& correspond to particles destroyed, while the ot,her 

half correspond to antiparticles creat,ed. 

However, beginning with spin 1, problems arise in this identification. A free 

vector field V”(z) creates a. particle polarized in the direction /L. This is confusing 

if 11 = 0. since a verf.or particle has only three pola.rization states, corresponding 

in t,he rest frame to rhe three spatial directions. If we had a fourth pola.riza.tion 

st.ate of a vector pa.rticlc, it.s inner product with the other states would need to 

conform to the requiremc3nt.s of relativistic invariance, and we would find 

(I’, P 1 P’t u> = -9”“eJ - P’) (41) 

This is a negative inner product,-negative probability--for IL = v = 0. This 

mismatch persists for the spi,,-$ field Gca and gets worse for fields with multiple 

4-vector indices. 

2.5 Massless Particles under the Poincar6 Group 

The mismatch between particle and field degrees of freedom, which is already 

a problem for massive particles, becomes even worsr for massless particles. To un- 

derstand the new complirat,ion, we should think a bit more about the invariances 

of the hc1icit.y. 

For a massive’ part icI(‘, M ici1.y is not invaria.nf. t.o all operat,iona of the Poincark 

group. It is easy t.o see t,hat t.he massive particle can he boost.ed t.o rest, and 

then boosted int,o any other dirrction, allowing an arbitrary change in its hclicity 
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Figure 1. The process which changes the helicity of a ma.ss~~e particle 
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Figure 2. The minimal rrprcseiitation of the Pomcar6 group irk the ease of a nias~le~~ particle 

(Fig. 1). However, this pathway is not available for a massless particle, which 

can never be boosted to rest. In fact, for a rnassless particle, the h&city is 

a Poincare invariant. This means that massless particles live in extremely small 

representations of the Poincarc: group. A typical one is showii iii Fig. 2. It consists 

of a particle in a state of defiuite helicity X, which may be boosted to an arbitrary 

lightlike momentum, and its conjugate under CPT, which is an antiparticle of 

tielicity -X. 

Massless particles are created and destroyed by fields which obey massless 

wave equations. Thus, one iiiight ask, which component of the field creates the 

particle’! To answer this question rigorously, one must perform a careful analysis 

of the field equation. Here, I will give a partial answer to the question using a 

shortcut which involves dinicnsional analysis. To begin, recall that the matrix 

element through which a field destroys a particle is dimensionless in the case of 

an integer-spin field and proportional to IpI ‘I2 in the case of a half-integer spin 

field: 

Assume that p is parallel to the 3 axis. We now write the state Ip, A) as the boost 

A = e’yK3 of a state at lower IIKNI~IILU~I p’. Since the vacuum is boost invariant, 

rr we can rearrange the matrix element as follows: 

(01 @b) 1% 4 = (01 @(zM Ip’> A) 
= (01 A-%(l)A )p’, A) (43) 

The dependence of the matrix clement on p is now contained in the transformation 

law of the operator, and we can work this out using the formulae of Section 2.3. 

Consider first a spinor field with an undotted index. From Eq. (18), we can 

read the transformation law 

A-‘&A = (e-y0J’2)u,+p. (44) 

This expression is proportional to Ipj-‘/’ for u = +, and to Jp(‘/* for Q = -. Only 

the second relation agrees witli dimensional analysis. If the particle were massive, 

the amplitude for the o = + c.omponent to destroy a fermion could consistently 

have the form Irn’/pl ‘1% at large p; however, for a massless particle, this form 

is not available. We conclude that Go destroys only lejt-handed massless spin-i 

particles. By a similar argument, we would find that this field can also create 

their right-handed antiparticles. Since +!J& has just the opposite transformation 

property under boost, we would Iind that a fermion field with a dotted index is 

associated with right-handed inassless fermions and left-handed antifermions. 

A similar arguinent caii be made for the matrix element for a vector field A,, 

to destroy a vector particle. Applying (43) and the transformation law given in 

(20), we find 

i 

ey - p a& rz -+ 

(01 &o(l.) I14 4 = 1 a&=+/,-- (45) 
e-4 N p-1 a& = +- 

Only the middle relatiori is consistent with dimensional analysis. Thus, A,, 

destroys, and creates, states with helicity X = 1 and -1, but not X = 0. 

For higher-spin fields, this dimensional analysis argument allows more pos- 

sibilities, and one must work out the explicit consequences of the equations of 



motion to exclt;de some of these. The general conclusion is that only the field 1 

components which create maximal helicity have one-particle matrix elements. For 

the spin-2 field, for example, t.he field components which create mnsslrss particles 

are 

g++ii ’ g--11 

These create and destroy particles of helicity f2. 

Up to this point, we have only addressed the question of which matrix elements 

can and cannot be zero, on general principles. It is a separate question t,o write a 

set of equations of motion which lead to the correct one-particle matrix elements 

of fields, and which give these fields a consistent set of interactions. To study that 

question we will consider a series of specific examples, beginning with spin $ and 

working upward. 

3 Spin + 

Systems with spin fr provide the simplest examples in which t.here is a non- 

trivial relationship between tlie quantum fields and the particles they create and 

destroy. Many of the complications we will find with spin 1 and higher are absent 

here, but nevertheless, the equations of motion of spin 3 fields ha.ve many inter- 

esting features which are dictated by Lorentz invariance. In addition, the most 

important particles of the Standard Model-the quarks and lept.ons--- have spin $, 

and many of the fundamental questions we have about these particles are posed 

most clearly in a language which appreciates the constraints given by space-time 

symmetries. 

3.1 Spin 4 Lagrangians 

The easiest way to write a set of Lorentz-covaria.nt held equations is to derive 

these equations from a Lorent,z-illvariant Lagrangian. It is easy to ronstriict such 

Lagrangians: If we begin wit,h fields which carry dotted and undot.ted spinor 

indices, Lorentz-invariaucc is guaranteed if we coiltract all indices of each type. 

As an example, we can coiistruct the Lagrangian for a spiti $ held Q,,. This 

Lagrangian should involve the field A, its Hermitian conjugate r/~‘,, and at least 

one spatial derivative aPII- By using the invariant u Y”~ to convert the vect,or index 

to spinors, we can contract all the indices by writing 

This is the simplest possible spin 4 Lagrangian, involving a 2component, not a 

4-component, field. In a moment, I will show how to reconstruct the familar Dirac 

Lagrangian from this starting point. 

The field equation following from the Lagrangian (47) is 

This is the Weyl equation. Multiplying on the left by ia:,& and using 0~3‘ = 

9 1 p” this equation becomes 

a2+, = 0 (49) 

Thus, the Weyl equation is an equation for massless particles. However, not every 

massless wave function satisfies (48). If we look for solutions to (48) of the form 

of a plane wave, 

11, = u(p)eCp” , 

where u(p) is a 2.component constant vector, this vector satisfies 

(50) 

a pu(p) = (pO + 2 j+(p) = 0 (51) 

This equation implies that u(p) is proportional to a 2component spinor which is 

left-handed with respect to the direction of motion. If &, is a spinor normalized 

to ll(ll = I. then 

Ij’, = m&&- (52) 

Along with the Lagra.iiginn (47), there is another equally simple Lagrangian 

involving the spin i field wit.11 a dotted index, $,+: 

This Lar1grangia.n implies the hclcl equation similar to (48) with 3‘ rcplarrd by 

o”, leading t.o solutions which are right-handed with rcspcct t,o the dircrtion of 
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Inotion. however, this Lagrangian is not an alternative to (47); instead, it is . 

identical. We may replace G with 4’ according to (33): 

sense to represent the most generai collection of fermions as a collection of two- 

component fields tiLIU on which the gauge symmetries act. Write the infinitesimal 

‘: form of th” t” f 1s ldns ormatioli abstractly as: 

$ = ( qJta2y ;+ = ( a”7jJ)’ 

Integrate by parts, and cancel the minus sign from this manipulation against the 

one obtained by interchanging the order of the fermion fields. Finally, use the 

identity (32). We find that (53) IS t ransformed precisely into (47). 

Both of these forms of the Weyl Lagrangian may be compared with the stan- 

dard Dirac Lagrangian which describes electrons in quantum electrodynamics: 

L = Giyf’(a,, + ieA,,)@ - rn%@ (55) 

Replace the four-component Dirac spinor by two two-component spinors with 

undotted indices: 

The Dirac Lagrangian is rewritten as follows: 

(56) 

If we ignore the terms proportional to the electron mass, the Lagrangian splits 

into two pieces, one for the left-handed electron and its right-handed antiparti- 

cle, and one for the left-handed positron and its antiparticle, the right-handed 

electron. Notice that the sign of the charge has changed in the second term pre- 

cisely in accord with this interpretation. The IIKSS term is revealed in the second 

liue of (57) to be a Lorentz-invariant mixing of the left-handed and right-handed 

components. 

The structure of Eq. (57) is very simple; thus, it is straightforward to gen- 

eralize it. In fact, we can immediately write down the most general Lagrangian 

for fermions interacting with vector hosons. For reasons 1 will discuss in the next 

scbction, vector bosons are necessarily gauge bosons and are associated with the 

g:“llcrators of a symmetry group. If we accept this for the moment, it makes 

The gauge symmetry implies that gauge fields couple to fermions through the 

covariant derivative 

D,dt,, = (&&b - Wd;ToAb)+bo 

Then the most general Lagrangian for massless fermions has the form 

t C = $,,io Dqbo 

A mass term for these fermions has the general form 

(6’3) 

Notice that the product of two fermion fields is doubly antisymmetric, since it 

picks up a minus sign from interchanging the fermion operators and another from 

interchanging the indices a and p. Thus, the mass matrix Mab is symmetric. 

The presentation (60), (61) of the fermion Lagrangian brings us immediately to 

the most fundamental questions about elementary fermions. To write the kinetic 

energy term (60), we need only the most basic information about these fermions: 

how many are there, and how are they organized into representations of the gauge 

symmetry group? To write (61), we need to know how these fermions link up to 

acquire mass. Note that these linking terms often imply breaking of the underlying 

gauge invariance. For example, in the electron mass term in (57), the left-handed 

electron field 01 is a member of a weak isospin doublet, while the left-handed 

positron field $2 is an isospin singlet. This brings us directly to the mystery of 

what agent breaks this symmetry in order to allow the mixing of these components. 
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3.2 Spin D&coupling at Low and High Energy 

The Weyl or Dirac Lagrangian dictates a certain relation between the spin of 

the fermion and its orbital motion. To understand this relation, it is useful to work 

through some examples of fermion motion and its influence on the fermion spin. 

The limit of high energy is especially simple. In this limit, the mass terms in the 

Lagrangian become irrelevant, and the Lagrangian decouples into terms involving 

fermion components of definite helicity. Notice that the coupling to vector fields 

separates in exactly the same way and also conserves helicity in this limit. 

, 

Another especially simple limit is that of low energy, in which the fermion’s 

momentum is small compared to its mass. In this limit, the effects of relativity 

become unimportant and a fermion looks to a good approximation like a scalar 

particle. The spin decouples up to effects of order l/m. To see this explicitly, we 

manipulate the Dirac equation as follows: Begin from the equation of motion of 

the Dirac Lagrangian (55), in the form 

(i-y. D - m)$ = 0 , where D, = 8, - igA, . (62) 

Multiply on the left by (-iy D - m); this gives 

Now apply (25) and (26), and simplify the second term using the antisymmetric 

relation 

[D,, Dvl = -isFpy . (64) 

This converts (63) into 

( D2 - gC’“F,,, + rn2 ‘I’ = 0 . 
> 

This last equation is simi1a.r to the Klein-Gordon equation, and it is ea.sy to 

infer from it the Schriidinger equation which gives its nonrelativistic limit. The 

nonrelativistic Hamiltonian is 

The first term which involves the spin is also suppressed by an explicit factor of 

l/m. 
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Figure 3. Kinematics of the process e+e- - p+p- 

To describe how the Dirac equation interpolates between these limits, we will 

consider a specific practica.l example, the quantum electrodynamics cross section 

for the reaction e+e- -+ /I+P-. The kinematics of the process are shown in Fig. 

3. To be specific, we will consider the annihilation of a left-handed electron with a 

right-handed positron, assigning the collision axis in the direction of the electron 

motion to be the 5 axis. The electron and positron produce a virtual photon with 

spin 1 and J3 = -1 which eventually reforms into a muon pair. The differential 

cross section for this process is easily worked out from Feynman diagrams. I will 

write the result of this calculation in a suggestive notation. 

In the low energy limit, t,he muons are produced in an S-wave. Thus, their 

momenta are distributed isotropically. The angular momentum of the virtual 

photon must be carried by the muon spins, and these are approximately decoupled 

from the orbital motion. Then the final muons both have spin S3 = -3. In the 

basis of s3, we can write the scattering amplitude ins 

M(e,e+H + p-p+) = -2e2 
0 0 

( > 01 ’ 

where the rows of the matrix denote the spin components S” = +$ and S3 = -i 

for the II- and t.he colr~mns t1enot.e t,he spin components of the /t+. 

To discuss the t,ransiLion Lo high energy, it. is convenienl t.o rewrite, Lhis scal- 

t.ering amplit.rldc in a basis of helicity staks. ‘I’hc~ are rc~latrd to Lhe sLaLc*s of 
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definite S3 tiy a rotation: 

In the basis of helicity states, the matrix (67) becomes 

- 
M(eiei --t P-P+) = 2 

sin8 (1 - cos0) 
(1 +coso) sin 0 > 

(69) 

The matrix elements are proportional to the elements of the spin-l rotation ma- 

trices a’:,,(@), as required by the general results of Jacob and Wick! 

The expression (69) can be directly compared to the high energy limit of the 

scattering amplitude for c+e- -+ pL+pL-. In that limit, we find 

M(ezei + p-p+) = e2 
U(m,/E) (1 -cost)) 

> (1 + cos0) O(m,/E) 
(70) 

The elements which conserve helicity have the same form as in (69), while the 

elements which violate helicity conservation go to zero as the muons become rel- 

ativistic. This matrix element leads to the unpolarized cross section 

I+cose)‘+(1-cosQ)“] ) (71) 

which is familiar from the phenomenology of e+e- annihilation at energies well 

below the Z”. More generally, the appearance of (1 + ~0~0)~ and (1 - cos0)’ 

angular distributions in e+e- annihilation display the constraint of helicity con- 

servation at high energy and correlate angular distributions to the couplings of 

the various h&city states. 

4 Spin 1 

‘r After this taste of thta tlyllamics of spin f fields, we move on to a discussion 

’ of spin I. Spin 1 is thus first case in which the mismatch between field compo- 

nents and physical particles becomes a serious problem. In this section, I would 

like to explain how this problem is resolved for massless and for massive fields. 

The explanation has a surprising number of subtleties, but it also reveals some 

interesting physical consequences. 

4.1 Quantum Electrodynamics 

The most familiar spit1 1 particle is the photon. Since the photon is massless, 

one might think that it would be especially difficult to treat in quantum field 

theory. And yet, all of the problems of principle of building a quantum theory of 

photons are automatically answered in quantum electrodynamics. Let us review 

how this happens. 

The Lagrangian of free photons is given by the expressions 

L = -f( F,,y)’ = +;A, (@g”” - i3’W) A, , (72) 

which leads directly to Maxwell’s equations. It is a standard result of undergrad- 

uate physics that the propagating solutions of Maxwell’s equations satisfy 

A typical solution of Maxwell’s equations, propagating in the 5 direction, is given 

by taking the real and imaginary parts of the relation 

with 3 11 3. p” = [j’?j. ‘I’hese are plane waves, propagating at the speed of 

light, with helicity X = f I. In agreement with the dimensional analysis argument 

in (15), thcrc is no propagating plane wave solution to Maxwell’s equation with 

helicity X = 0. 



,In quant,um electrodynamics, we represent the photon field by a propagator q 3 
(A’“(k)A”(-k)) = $ , (75) 

which apparently contains all field components. This looks paradoxica.l, for two 

reasons. First, as we have just discussed, the helicity zero componrnts of the 

photon are not associa.ted with propagating waves. Second, the expectation value 

in (75) seems to indicate an incorrect. quantum mechanics. From (75), one can 

straightforwardly derive the identity 

c (01 A“(z) (k, c) (I;, cl A” IO) = -gp” (76) 
< 

for t.hc mat.rix element. of tllc vector field between om-particle stnt,rs and the 

vacuum. If the norms of st.at.es in Hilbert. space are positive, this qr1antit.y should 

be positive, but the p = 11 = 0 element of (76) IS negative. We encountered this 

pathology earlier in Eq. (41) 1 rlnc avoided it there only by forbidding bosons with 

timelike polarization. However, when we work with (75). we must necessarily 

include both bosons with helicity zero and those with timelike polarization in our 

formalism. 

Fortunately, quantum electrodynamics magically resolves both of these prob- 

lems. The crucial element required is the fact that the photon field couples to 

a conserved current, the current j“ of electric charge. It is important to note 

that Maxwell’s equations would be inconsistent, if the cha.rge current were not 

conserved: In relativistic form, Maxwell’s equations read 

(3,F'" = cj" (77) 

Thus, simply by applying & to this equation and using the fact that F”” is 

antisymmetric. we find 

&j’ = 0 (78) 

Alternatively, one can argue that a local gauge symmetry can only be built in a 

theory with a perfect global symmetry. 

4=4f 
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The conservation of t.he current jjr constrains the states that. can be produced 

in quantum &ctrodynamics processes. To see this, consider the matrix element 

for sitlglc p1101,ou clllissioll. ~IIOWII in Fig. 4, and analyze this matrix element for 

a photon emit.t.pd parallrl to t,hr 3 axis. If we pull the phot,on out of the vertex 

hlnrt.ion, as shown in the figtir(\, WC see that. it couples to thr current. jfi: 

iM = iM“(q)cL(q) = -ie (jr(q)) c;(y) 

Current consrrvat,ion imposrs the condition 

qa W(q)) = 0 

u-9) 

In this situat.ion, ~‘1 = (9,O,O,g), . $0 t,his relation implies MO = M”. If we take 

account of the negative nor111 (76) of time-like polarized phot.on stat.es, we find a 

probability of photon emission proportional to t.he Lorentz-invariant. combination 

IM’f + IM”I” + lM312 - lM”12 

Only the first two terms of this expression correspond to physical propagating 

pl~otous. B~I. wt’ IBOW see what t11c other 1.~0 terms of t,his expression are irrelevant, 

since they cancel precisely t111c~ to the constraint of gauge invariance. 

It is amazing that, t.hcx va.rious unphysical aspects of thus formalism work to- 

gether with one another to Illakc t,his canccllat.ion occur. Thr organizing principle 

ih gaugc~ invariallcc. III I Ilis discussion. I have made a part,icIIIar choice of gnuge, 
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the Feynmah gauge. With ot tier choices, for example, the: Coulomb gauge,7 one ( 

can work directly with a liilbert space which contains only the physical photon 

degrees of freedom, at the cost of manifest Lorentz invariance. 

This same cancellation mechanism also holds in non-Ahelian gauge theories 

with massless gauge bosons. Again, it is organized by the requirement that the 

current associated with the gauge symmetry be (covariantly) conserved. In the 

non-Abelian case, there are additional pairs of unphysical positive and negative 

norm states----the Fadde’ev-Popov ghosts-which enter the cancellation. The de- 

tailed proof of this cancellation is rather technical; it has been set out clearly (for 

theorists) by Taylor’ and by Kugo and Ogima.’ 

4.2 Massive Spin 1 Bosons 

The questions that we discussed in the previous section become more intricate 

when we consider massive spin I bosons. For massive particles, all (spacetike) 

helicity states should be physical and correspond to propagating modes. However, 

in a covariant formalism, the timelike component of the vector field A’ still must 

create states of negative norm. How can these conflicting demands be satisfied? 

For simplicity, I will consider only the case of a single massive vector boson, 

without the complications of non-Abelian couplings. 

For this case of a single massive spin 1 boson, there are two solutions known 

in the literature. The first is given by adding a mass term to the Lagrangian of 

quantum electrodynamics, to produce the Stiickelberg Lagrangian, 

L = -:(F,,)’ + irn2~fl~, 

This Lagrangian has a very simple classical theory. The field equation is 

d,‘P” + rlll’/l” = 0 

Applying 8, to this equation, we find 

(82) 

(83) 

(84) 

then thr timt.tike COIII~~IICIII of A“ vanishes. The remaining components of Ap 

satisfy the massive field equation 

t 
(a” + m’)A” = 0 (85) 

The propagating solutions to this equation have the form 

A” = c“(p)-‘P” , (86) 

with p2 = m’. Equation (S4) imposes the constraint p. c(p) = 0. The solutions 

satisfying this constraint correspond to three spacelike polarizations. In the quan- 

tum theory, by an argument similar to that of (79), the timelike polarization is 

not produced from a conserved current. Unfortunately, the most familiar massive 

spin 1 bosons in Nature, the W and 2 bosons, couple to currents such as the 

weak isospin current which correspond to broken symmetries. In this case, the 

Stiickelberg strategy breaks down. 

The alternative to this strategy is to construct massive spin 1 bosons from 

massless gauge bosom by spontaneously breaking the gauge symmetry. This 

strategy, which was discovered by Higgs, Kibble, Guralnik, Hagen, Brout, and 

Englert, is now generally known as the Higgs mechanism. In its simplest formula- 

tion, one would add to the Lagrangian of electrodynamics an electrically charged 

scalar field 9 

L = - ;( Fpu)2 + D,p+D,v - V( 1~1’) , (87) 

where the covariant derivative D, is given by D, = (a,, - igA,), as in Eq. (59). 

The function V is a potential energy for the field q. If it becomes energetically 

favorable for p to obtain a vacuum expectation value 

then the second term in (S7)leads to 

D,y+D,p --t lg%‘A’A, , 
2 

(88) 

which is a mass term with 171 = gu. In this way, we recover the Stiickelberg mass 

term, but in a theory with an underlying symmetry structure. 
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.This structdre will beromc> crucial when we try t,o answer morr detailed ques- ’ q 

t.ions about the nature of this massive spin 1 field. As an example, set up the 

kinematics of boson emissioll as in the discussion of Eq. (79), with the boson 

moving parallel ro the 3 a.xis. In this massive case, A” creates physical states, so 

it is no longer obvious that the negative metric stat,cs created by A” will be exactly 

cancelled. How is this guaranteed? In addition, the new physical st.ates created 

by A” have their own difficulties. If the massive boson is emitted at rest, the new 

states have polarization vector t“(9) = (O,O,O, 1). The boost of this vector to 

momentum 9 is 

439) = ($o,o, ;> , (90) 

where E2 = 9’ + m2. In the limit of high energy, the individual components of 

this vector become extremely large, sufficiently so, as we will see below, to cause 

scattering amplitudes to violate unitarity. What controls the growth of these new 

amplitudes? 

I will now argue that underlying local gauge inva.riance which is present, in the 

Higgs mechanism supplies the. answers t.o both of these quest.ions. To make the 

connection, we need one fllrt.hcar ingredient, which is, however, a consequence of 

local gauge invariance. In auy local field theory in which a. continuous symmct,ry 

is spontaneously broken, the theory must, contain a masslcss particle, called a 

Golcistone bosoa. As an example of this general principle, we might consider the 

scalar field in (87). In the above discussion, we assumed that it is energetically 

favorable for +Q to acquire a va.cuum expectation value (88). Since the theory is 

symmetric under rot.atioll of thr phase of 9, this expectation value could equally 

well be generated with any ljhase. Hut now consider a field configuration such 

that 

The phase variation shown hrre could at. worst, cost. an rnergy proportional to 
--t 

) Vrrl which vanishes in t.he long wavelength limit. Thtls, this phase variation 

corresponds t.o a masslrss ficltl. or, aft,cr qua.ntization, a massless part,icle. In the 

following discussion, I will t1~11ot.c this particle by 

*=JZlmcp. (92) 

Notice that in a gauge theory, (91) is a local gauge transformation, and thus the 

field K can be transformed away. Nevettheless, we must reta.in it in our covariant- 

g&ge formalism. 

An important property of a Goldstone boson is that it is created and destroyed 

singly by the symmetry current. In t,he example of ‘p, the electromagnetic current 

is 

jJ' = -i 
( 

y+aily - aPyty 
> 

(93) 

Inserting (88) and (92) into (93) to determine the piece depending on one quantum 

field. we find 

jp = ff#‘n + (94) 

Then the current can crea.t<’ and destroy single quanta of *. The standard form 

for this relarion is 

(01 j“ /r(p)) = -iFpP ; (95) 

using (M), WC can identify /+’ = 1, in this exa.mple. Though the symmetry associ- 

ated with jr is spontaneollsly I)roken, the current should still satisfy the equation 

of motion a,,j” = 0. Appli4 to (95). this equation implies p” = 0, which confirms 

that the Goldstone boson should be massless. 

P 
=znnnnn/\l + rvvvI)--->--uvvL 
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The presence in t,he t.heory of a Goldstone boson allows us to understand how 

I he spin 1 particle can acqui1.t‘ lnass compatible with current conservation. The 

struct.ure of (.he vector boson self-energy in the theory (87) is shown in Fig. 5. 

This amplit udr is actllally all raxpectat.ion valur of two currents: I 1111s. it should 
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satisfy ; 

The mass term in the Lagrangian, Eq. (89), contributes the term 

with m = gv, which does not by itself satisfy (96). However, because the current 

i” can create a single Goldstone boson, there is another contribution of the same 

order, as shown in the figure. This new contribution uses the matrix element (95) 

and contains a Goldstone boson propagator i/q2. The sum of these contributions 

is 

-ig@“d + (-lgFqfi)$(igFqv) 

=-i~,~(gwL~) ) (98) 

where m = gu = gF. This full expression satisfies (96). One may, in fact, turn 

this argument around to show that the relation 

m = gF (99) 

follows from the formula (95), independently of the underlying Lagrangian. 

Now we have all of the ingredients we need to analyze vector boson emission 

in a theory with the Higgs mechanism. To begin, we should write the analogue of 

Eq. (81) for the theory with massive spin 1 bosons. Let c;, be the polarization 

vectors corresponding to transverse polarizations, let cing be the polarization 

vector (90) corresponding to longitudinal polarization, and let ty be a vector 

equal to (l,O,O,O) in the r~sl, frame which corresponds to time-like polarization. 

Then the probability of enlitting a spin 1 boson is proportional to 

h-1 Ml2 + 1~2. Ml2 t JtlonB. Ml2 - 1~. Ml2 + IMnl . (100) 

The last term in the sum involves M,, the matrix element for producing a Gold- 

stone boson. Among these five states, the first three are expected to be physical 

764OA6 

Figure 6. Emission of a smgle massive vector boson. 

particles. The timelike vector boson is a state of negative norm and must there- 

fore be unphysical. The Goldstone boson is also expected to be unphysical, as 

explained below Eq. (91). 

A relation between the latter two production amplitudes is given by the equa- 

tion of current conservation. As in Fig. 4, we can analyze a vector boson emission 

amplitude by pulling on the vector boson line and revealing the current to which 

the boson attaches. In the case of a massive boson, the result of that manipula- 

tion is shown in Fig. 6. The current can either couple directly into the emission 

process, or it can couple to a single Goldstone boson which in turn joins onto the 

emission diagram. Thus, we find 

(j’(q)) = M” - igFq’$M. . (101) 

If the current must be conserved, we must find zero when we contract q’ with this 

expression. This gives the relation 

q,,M’ t gFMr = 0. (102) 

Since 6: = q@Jm, we find 

kt Ml2 = (M,(” (103) 

Thus, also in the case of a nLassive vector boson, the underlying principles of gauge 

symmetry and current conservation guide the cancellation of uuphysical positive 

and negative norIn state. 

, 
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Figure 7. The Goldstone Boson Equivalence Theorem. 
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This argument can be pushed a bit further to develop an additional piece of 

insight. Notice that the longitudinal polarization vector (90) satisfies 

(104) 

I have already remarked tha.t ~.he individual components of tLng can be extremely 

large. However, we now see that 

elong . M ‘v ct . M , (105) 

which is in turn related by (103) to the amplitude for emission of a Goldstone 

boson. ‘Thus, we find t,he rela.tion shown in Fig. 7, known as the GoUstone Boson 

Equivalence Theorem. 
10.1 I 

This formula has the following physical interpretation: 

Through the Higgs mechanism, the vector field becomes massive by eating the 

Goldstone boson. At high energy, the spontaneous symmet,ry breaking becomes 

irrelevant, and the emission amplitudes for massive bosons show their origin as a 

combination of transverse spin 1 and Goldstone boson emission amplitudes. 

The argument for the Gold&one Boson Equivalence Theorem is given here 

only at the simplest level. A more careful argument is needed when several vec- 

tor bosons are emitted and wllen loop corrections to the boson propagators are 

included. However, the theorem remains true in these situations. Some recent 

analyses which take account. of these subtleties arr given in Kefs. 12-14. 

“, If the discussion of the previous section was a bit abstract, the moral of this 

discussion has direct application to high energy processes in the standard elec- 

troweak gauge theory. In this section, I will present two important examples. 

The first of these is the theory of the top quark width. We now know that 

the top quark is sufficiently heavy to decay to an on-shell W boson and a bot- 

tom quark. For this two-body decay, one might roughly estimate the width as 

Tt - (a,/4x)mt, where a, = g 2/47r = Q/ sin2 B,,,. The width of the top quark 

eventually controls the qualitative features of top decays, so it is important to 

understand its magnitude. Surprisingly, this rough estimate turns out to be very 

naive; the true result for Tr grows as rni. The explanation for this change comes 

from the Goldstone Boson Equivalence Theorem. 

3.94 7e4oAB 

Figure 8. Diagrams conrributing to the top quark width: (a) the leading order contribution 
in the Standard Model; (b) the analogous Goldstone boson diagram. 

Before I explain the behavior of the top quark width, let us obtain the correct 

result by a straightforward Feynman diagram calculation. In t,he Standard Model, 

t.he top quark width is given to leading order by the diagmnl of Fig. 8(a). The 

decay matrix element is 

(1’36) 
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where Q id the W momentultl. 1Jrom here on, ignore the b quark mass. Then the 

square of the matrix element is 

Now sum over the three physical W polarizations, excluding the timelike polar- 

ization: 

This gives 

To simplify this expression, use the kinematic relations 

(108) 

(109) 

2p& pt = ‘pb y = m: - m2& , 2pt q = rnz $ r& . (110) 

Notice that the second term in (109) is of order (mf/mzW). Add phase space 

factors to obtain the final result 

As promised, this result growh as r7~:. 

The result we have found is doubly surprising because the large result comes 

from the q,,qV terms in (108). In quantum electrodynamics, this term in the spin 

sum always cancels out due to current conservation. But in weak interaction 

theory, the current &+‘( 1 - y5)1 which mediates the top decay is not conserved; 

in fact, its divergence is of order ml. 

However, in the context of our discussion of the interplay of gauge symmetry 

and Goldstone bosons, the result is easily understood. Though the quark charged 

current is not conserved, one can add terms involving Goldstone bosons to form 

the conserved gauge current of a spontaneously broken gauge theory. The analysis 

of the previous section app1ic.s to this theory directly. Thus, the Goldstone Boson 

Equivalence Theorem tells us that the leading behavior of the top quark width 

at high energy should be given by the Goldstone boson emission diagram of Fig. 

5 8(b). I will now compute this diagram and verify the correspondence. 
I 

The matrix element for the emission of a Goldstone boson from a top quark, 

as shown in Fig. 8(b), is 

iM = --htii(pb)T (* + 75)u(p,) . (112) 

In this expression, X1 is the coupling of the top quark to the Higgs boson. In the 

Standard Model, both the top quark mass and the W boson mass arise from the 

Higgs field vacuum expectation value o, according to the relations 

rn,=$ !P mw=--. 
2 

Using these formulae to eliminate X1 and v, we find 

This leads to an expression for the top quark width 

r,=g-$, 
W 

(113) 

(114) 

which does indeed capture the leading behavior of (111). 

A more complex process which is strongly affected by the physics of massive 

spin 1 particles is the reaction c+e- -t W+W-. I will present a semiquantitative 

discussion of this reaction; the full tree-level formulae can be found, for example, 

in Ref. 15. 

The leading order diagrams contributing to e+e- -+ W+W- in the standard 

electroweak model are shown in Fig. 9(a). T o understand the conceptual issues 

which this process addresses, let us make a naive estimate of the first of these 

diagrams. Roughly, WC expect t.he amplitude for W pair production by a virtual 

i 
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Figure 9. Diagrams contributing to e+e- - W+W-: (a) the leading order contributions in 
the Standard Model; (b) the analogous Goldstone boson diagrams. 

photon to be given by the amplitude for production of charged scalars, times a 

polarization inner product: 

iM, - tM(e+e- -+ 4+4-). t*“(q+)cI(q-) (11’3) 

However, for the case of longitudinally polarized W  bosons, the polarization prod- 

uct in (116) is very large. We can apply (104) to estimate 

?(9+)c3q-) E y = -& 

This estimate of the matrix element of W  pair production would imply 

dCJ 2 TO s __--. 
dCOS0 s ( > a,g 

(117) 

(118) 

But this result is unphysically large. The (l/s) behavior of the first factor in 

(1.18) is actually the largest asymptotic behavior allowed by unitarity for a single 

p&tial wave. Somehow the strong energy dependence of (117) must be cancelled 

in the full result for the cross section. 

Our general analysis of massive vector bosons tells us that this cancellation 

must occur, and that the matrix element for longitudinal W  pair production 

must eventually be reduced to that for Goldstone boson pair production. I will 

sketch how this works in the amplitude for annihilation of polarized electrons, 

M(etei --$ W,&@‘i&). 
The first two diagrams in Fig. 9(a) h ave the same general form, in which the 

two W  polarization vectors dot into the Yang-Mills vertex function. Using the 

approximation (104) for the longitudinal polarization vectors, one can simplify 

this vertex and arrive at the following expression: 

iM,+z = -ie*(g+ - d‘~(p+h, (l - y5L(p-) 

. f+ ( $ -sin2 Bu, 1 s-2m2 

sin2 0, 2 
.w, 

s-mz 2m2, 
(119) 

In this expression, the first. term is the matrix element for scalar boson production, 

the term in parentheses is the coherent sum of virtual photon and Z propagators, 

and the final term is the result of contracting longitudinal polarization vectors with 

the three-boson vertex. Though there is some cancellation between the photon 

and Z contributions, the full result still shows the pathology described in the 

previous paragraph. 

The third diagram of Fig. 9(a) has a different kinematic structure. However, 

when one contracts this diagram with the longitudinal polarization vectors, one 

finds 

2 iM, = -i----- ,(p+)Y?7+Y.(P--9-)T+(l-T5)u(p-) - 
2 sin’ Q1,, mw (p- -q-)2 mw2 . 

(120) 

Since p-u(p-) = 0. we ran replace (7. q-) by y. (q- - p-); t.his factor cancels the 

nrutrino propagator. Then t hc expression ( 120) can be rcarrangctl into 



1 

iM, = -ie’(q+ - q-)‘%(p+)~ (l-75)u(p-). 1 1 
* 2 

-___-. 
2 sin* tL2mw 

(121) ’ 

Now add (119) and (121), take the high energy limit, and use the Standard 

Model relation rnb = rni cos2 0”. This gives 

iM 2~ -ie*(q+ - q-)“ii(p+)y,~ (I - T5L(p-) 
77,; i - sin2 0, 1 1 

s  - mS 2mzw sin2 0, -i------ s- MZ2sin20, 

= +ie”(q+ 
(1 - r5) 1 1 

- q-)‘O+h ---u(p-) f 
2 

----+- 
4 sin2 O.., 4 COG 0, 

(122) 
This last answer is exactly the result of computing the diagrams of Fig. 9(b), in 

which the gauge bosons of the standard weak interaction model create pairs of 

Goldstone bosons. In the expression in parentheses in the last line, the first term, 

with the coupling (e/sine,), is the contribution of SU(2) boson exchange, while 

the second term, with the coupling (e/cos&), is the contribution of U(l) boson 

exchange. The final answer not only respects unitarity but actually is smaller 

than the amplitude for the pair production of transversely polarized LV bosons. 

The cancellations that lead to this point are organized by the Goldstone Boson 

Equivalence Theorem and the underlying principle of exact local gauge invariance. 

5 Higher Spin 

We have now seen that the theory of spin 1 fields and their associated particles 

is surprisingly complex. In particular, it requires a higher principle such as current 

conservation to organize the states created by the field and to neatly cancel all 

contributions except those fro111 physical propagating modes. These cancellations 

lllust occur even more strongly and more intricately in theories of spin greater 

than 1. 1 will now explain how our earlier arguments generalize io these cases. 

In this discussion, 1 will concentrate on theories of massless particles. As was 

demonstrated in the previous section, the corresponding massive theories are built 

*f , rom the massless theories and are, if anything, more highly constrained. 

In my  general discussion of the connection between fields and particles, I 

pointed out that, as the spin of a field increases, fewer and fewer of its components 

create and destroy physical propagating states. In general, only the components 

of maximal helicity are physical. Thus, from the 8 complex-valued components of 

a spin $ field, only two-G++ and +-:i-create and destroy physical particles 

moving in the 3 direction. All other states which are created by the various 

components of $a6b in some mathematical formalism must be made to cancel out. 

This applies most strongly to the states of negative norm created by OOni+oib. 

The cancellation of these unphysical components occurs naturally, just as in 

the spin 1 case, when the higher spin field couples to a conserved tensor. Thus, 

we can make a consistent theory of a massless spin f field 4,,& in a theory which 

contains a conserved spin $ tensor current SC”, with the cancellations of unphysical 

modes following from the pair of equations 

Similarly, we can construct a consistent theory of a massless spin 2 field h,, 

by coupling it to a conserved two-index tensor t,,. In Yang-Mills theory, the 

coupling to the gauge field changes the current conservation equation Pj, = 0 to 

a modified, gauge-covariant equation Dpj,, = 0 which agrees with the standard 

equation to leading order. Such a modification is also typical in theories of higher 

spin. 

To construct a theory of higher spin fields, we must thus ask, what conserved 

tensors of higher spin are available to be the sources of the new fields? One 

candidate is obvious. The energy-momentum tensor of all particles and fields, 

T W) is naturally conserved and can be considered as the source of a spin 2 field. 

The gauge theory of spin 2 which results from this coupling is precisely general 

relativity. The conservation law of the energy-momentum tensor is modified self- 

consistently to 

VPTPy = 0 , (124) 

the analogue of the covariant conservation law for the Yang-Mills current. General 
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relativity contaids only helicity &2 particles as propagating states, and the pro- ( 

duction of these particles from the conserved energy-momentum tensor naturally 

cancels additional, unphysical 
16,17 

modes. 

In order to construct a higher-spin field in addition to the gravitational field, 

we must identity a second naturally conserved tensor. Unfortunately, this is ex- 

tremely difficult; almost every possible case is excluded by general restrictions 

on the S-matrix proved by Coleman and rs Mandula. To understand the origin 

of these restrictions, let us consider the constraints on the existence of a second 

conserved two-index tensor rrv, in addition to the full energy-momentum tensor 

T W. 
The spatial integrals of Tfly give a globally conserved energy-momentum 4- 

vector P. Similarly, let us define the $-vector 

R” = J $2 ~‘1’ . (125) 

The vector R' is an additional conserved quantity which restricts scattering pro- 

cesses. By Lorentz covariance, the diagonal matrix elements of R" in one-particle 

states of momentum p are proportional to pP, 

(~,a1 R’ ha) = Cd’ 1 (126) 

where the constant of proportionality C, depends only on the particle type. NOW 

consider the elastic scattering of particles of two different types, 1 + 2 + 1 + 2. 

Conservation of PJ’ yields the constraint 

p:’ + p:’ = pi” + p: 

Conservation of R' yields the additional equa.tion 

(127) 

(128) 

The constraint (127) is solved by going to the center of mass frame; then (if the 

final state remains in the T-5 plane) the allowed values of 7;‘: and j??*‘, lie on a 

circle. This constraint is shown in Fig. 10. In this frame, the constraint (128) 

p2 

3 Ai;=O 

Pl 

7640AlO 

Figure 10. Constraints on elastic scattering imposed by conservation of two 4-vectors PJ’ 
and R’. 

+’ restricts the vector p , t.o an ellipse. The two constraints intersect for forward 

scattering and possibly at some additional specific angles. However, the general 

property that the S-matrix is analytic in the momentum transfer 1 forbids such 

discrete solutions. We conclude that, if both conditions (127) and (128) are to be 

imposed simultaneously, there can be no elastic scattering of 1 from 2. 

The theorem of Coleman and Mandula” generalizes this argument to forbid 
additional conserved 4-vect.ors and conserved tensors of any higher rank (except 

for the Lorentz group generators M,,"). Thus, it implies that gravity is the only 

consistent theory of a spin 2 field, and that there are no consistent theories of 

massless fields with spin higlrcr than 2. At least, no such theory can be constructed 

according to the strategy described here. 

The case of spin g is more ambiguous. A conserved spin i current s,,h leads 

to a conserved spinor charge Qi. However, such a charge does not have diagonal 

matrix elements in single particle states. Thus, it is not necessarily forbidden, 

but its properties are strongly restricted. We will discuss this case in Section 7. 

For the case of spin 3, the loophole available for spin + can be closed, and the 

required source is forbidden by t,he Coleman-Mandula theorem. Thus, we come 

to the end of our catalogue of possible higher-spin fields. 
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This functional {ntegral can be evaluated explicitly. It is, in fact, the Feynman , 

path integral for a nonrelativistic system with Hamiltonian 

H=m2-p 2 = m2 + (T)2 - (PO)” , 

integrated over time 2’: 

D(s, y) = TIT (XI e-‘(m2-pZ)T Iy) 
/ 
0 

=-- 
,Lrn2. 

(137) 

(138) 

The final result is the Feynman propagator for a free scalar particle, the best 

result we could have hoped for. 

Though we set up this construction by considering the scalar particle as a 

world line embedded in space-time, an alternative viewpoint is possible. We could 

as well interpret Eq. (132) or (136) as representing an abstract world line, with a 

l-dimensional quantum field theory living on it. The Lagrangian of this quantum 

field theory is 

L = -k [(i)’ + m2] . (139) 
In this view, the space-time coordinates X’(s) are fields which are a part of this 

l-dimensional field theory. In other words, one may view space-time aa living on 

the world line as easily as one might view the world line as living in space-time. 

6.2 Addition of Spin 

From the point of view in which space-time is an attribute of the particle’s 

world line, it is easy to find generalizations which produce more interesting types 

of particles. A simple way to modify (139) is to add an anticommuting coordinate 

field P(s), p = 0, 1,2,3.1g’20 The Lagrangian of this extended theory is 

’ = -ij [(i)’ + Vi, + m2] 

In principle, we might have tried adding any field that could live on the l- 

dimensional world line. This particular choice, however, is especially interesting 

because the Lagrangian (140) has an unusual symmetry. Consider the transfor- 

mation generated by 

t 

6X” = d” , 60” = -di@ , (141) 

where c is an anticommuting number: crt~ = -tztr. The second variation under 

this transformation is 

(61~5~ - 6&)A = 2c2qA , (142) 

where A is X’ or 6’. Thus, the transformation (141) is in some sense the square 

root of a translation in s. It is not difficult to show that (141) is a symmetry of 

the Lagrangian (140): 

For the moment, we might view this symmetry as an amusing feature of this 

particular extension; we will have more to say about it in Section 7. 

In order to find the interpretation of (140) in terms of particles, we need to 

find the analogue of Eq. (138) for the l-dimensional functional integral which 

contains this Lagrangian. The part of (140) which contains commuting numbers 

is treated just as in (138). For th e anticommuting numbers, the Lagrangian term 

i6’. B should be compared to the standard expression for commuting numbers 2 

L = 1 pii, - H(p,q) . 

To make the analogy, we take the half of the 6”’ to be canonical coordinates and 

the other half to be their conjugate momenta, with H = 0. Since these objects an- 

ticommute, we should convert them to quantum operators with anticommutation 

relations. Then the quantum operators 0” obey 

One way to interpret this set of relations is to diagonalize it by finding two lin- 

ear combinations of the tip, which might be called a,, and two orthogonal linear 
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combinatiods CI,’ which obey 

{WJ, = 4, . (146) 

Then the Hilbert space acted on by the 8” is described by four states 

Alternatively, we might recognize that the algebra (145) is exactly the Dirac al- 

gebra (25). Then the four states indicated schematically in (147) correspond to 

the 4-dimensional Dirac representation of the Lorentz group. Thus, the particle 

which moves along the world line carries a Dirac spinor and thus has spin i. 

This particular constructive picture of spin works uniquely for spin 4. How- 

ever, it is easily generalized to provide a construction of spin 1, and also higher 

spins. To construct particles with spin 1, choose the Lagrangian 

L = - f [(X)2 + m’] - e”i, + ~ii”l3~ , (148) 

where now 0’ is a complex anticommuting number, with 3’ its complex conjugate. 

Interpreting these variables as canonical coordinates and momenta according to 

(144), we are led to the set of commutation relations 

{$y} = -9’1” (149) 

and the Hamiltonian 7.1 The Supersymmetry Algebra 

H=-~8.8. (150) Any charge which converts spin 0 to spin f must carry a spinor index. The 

simplest choice, and actually the only consistent one, is to take this charge to 

carry spin f. However, the hypothesis of a spin i charge Q0 which commutes 

with the Hamiltonian turns out to be extremely restrictive. To see this, write the 

anticommutator of the charge Q0 with its Hermitian conjugate: 

Given (149), it is natural to interpret P as a set of fermionic annihilation operators 

(I* (with positive metric for p = 1,2,3) and sP as the corresponding creation 

operators at“. The Hamiltonian is H = wat.,. Then this theory contains particle 

world lines associated with the various possible fermion states: 

IO) 
ati IO) 

spin 0 , (mass)2 = m2 
(151) 

spin 1 , (mass)2 = m2 + w , 

and so on. 

Though this analysis does give a construction of spin 1, it raises as many 

questions as it solves. For example, what kind of field is associated with .ti,tJ IO)? 

i This field should b e preseut in the theory unless it is removed by taking w very 

’ large. There are problems in obtaining mussless spin 1 particles: If (7n2 + w) = 

0, then either scalar particles or the new states with two world-line fermions 

will have negative (mass)2. Finally, the construction contains explicit negative 

norm states (1 to IO). These states must have a mechanism to cancel completely 

from all scattering processes. It is possible to give satisfactory answers to these 

questions, but only within a formal structure more constraining than the particle 

models discussed in this section. We will find a better setting for addressing these 

questions in Section 8. 

7 Spin i as a Symmetry 
As an alternative to explaining spin as a mechanical attribute of particles, one 

might attempt to postulate a symmetry of Nature which naturally leads to spin 

i. In this type of model, one would postulate that there exists an operator & 

which generates a symmetry of the Hamiltonian of particle interactions and also 

has the property of converting particles of zero spin into particles with spin i. 

Such a symmetry is known as a ‘supersymmetry’. The first renormalizable field 

theory with a supersymmetry was constructed by Wess and Zumino.21 The formal 

consequences of supersymmetry are presented in detail in the book of Wess and 
22 

Bagger. 

{QmQ:} = &(I. (152) 

If Q commutes with the IIamiltonian, Qt will as well; thus R,i commutes with the 

Hamiltonian. We recognize R,& as a conserved vector, just the sort of object which 
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was ,excluded bj the C I ,o eman-Mandula theorem, as described in the discussion ’ 1 
following Eq. (125). On the other hand, R,,+ cannot be zero: Since R is the 

square of Q, R = 0 only if both Q and Qt g’ ive zero on all states of the Hilbert 

space. 

There is only one way out of this dilemma. R,, must be the one conserved 

4-vector allowed by the Coleman-Mandula theorem-the total energy-momentum 

P“. Thus, if Q0 is a symmetry of the Hamiltonian carrying spin a, it must obey 

the commutation relation 

{&a, Qb) = 24&P, 

No half-measures are possible. Q0 must be a fundamental symmetry of space-time, 

generalizing the Poincare algebra. The new symmetry generated by Q,, must act 

on every particle in Nature. Thus, we are led to a profound generalization of the 

theory of elementary particles. 

To understand the consequences of the symmetry algebra (153) a bit bet- 

ter, consider the representation of this algebra in the simplest context-massless 

single-particle states moving in the 3 direction. For such states, we saw in Sec- 

tion 2.5 that the Poincard algebra has l-dimensional representations, plus their 

reflections under CPT. We will now analyze how the algebra (153) links these 

representations. 

The first step in working with (153) . t IS o write the +i and -L components 

of (153) explicitly: 

IQ+, of} = wf - p3) 
{Q-,Q!_} = 2(H+ P3). 

(154) 

Since the quantities on the right-hand side generate translations in time and spa.ce, 

these commutation relations are reminiscent of (142). In fact, they represent the 

correct generalization of (142) t o a multidimensional space-time. 

A massless particle moving in the 3 direction satisfies (H-P”) = 0, (H+ P3) = 

2P3. Thus, Q+ and Qt+ must give zero on such states, while Q- and Ql give a 

nonzero result. Define 

Then the second line of (154) becomes 

{a,a’} = 1 

The operators (155) thus act on the one-particle states as fermion creation and 

annihilation operators. Since these operators raise and lower the 3 component of 

angular momentum, and thus the helicity, we can view the pairs of states with 

and without the fermion created by et as pairs of states Ip, A): 

IPYO) ; 4-a P,- 
I > 

I > 
P,; ++lP,l) 7 

and so forth. These relations clarify the intuitive idea that supersymmetry links 

bosonic and fermion particle states. 

7.2 Supersymmetric Dynamics 

The requirement of supersymmetry thus forces a quantum field theory to 

contain spin 3 particles and fields. According to Eq. (157), and its generalization 

to massive states, a spin zero particle in a supersymmetric theory must have a 

spin 3 partner, and a spin 1 particle must have either a spin i or a spin i partner. 

The interactions of these new fermions are linked to the interactions of the bosons 

through the constraint of supersymmetry. 

Perhaps the most interesting case from the viewpoint of first principles is the 

relation between spin 1 and spin 4. Local gauge invariance requires the existence 

of spin 1 particles. Since supersymmetry in turn requires the existence of spin i 

particles, it seems that we might construct a complete rationale for the particles 

which compose the Standard Model. However, the details do not fall into place 

correctly. 

Given the existence of gauge bosons, supersymmetry specifies the quantum 

numbers and interactions of the new fermions. In the simplest realization of 

supersymmetry, the global symmetry charges commute with the supersymmetry 

charges: 

[QA, &A = 0 
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Figure 1 I. Supersymmetry specifies the interactions of fermions from the interactions of the 
corresponding bosons, or vice versa: (a) the interaction vertex for the spin i partner of a gauge 
boaon, (b) the interaction vertices for the spin 0 partner of the left-handed electron. 

We will see below that the strong constraints from this relation are not made 

weaker in more complicated realizations of the algebra. From (158), the partners 

of a set of gauge bosons A: are fermions At which belong to the same (adjoint) 

representation of the gauge group. As shown in Fig. 11(a), the Yang-Mills vertex 

for gauge bosons induces an interaction between the gauge boson and the new spin 

i particle. This interaction is exactly the one present in the simple Lagrangian 

L = -;(Fs,J2 + xi,. DA . (159) 

The Lagrangian (159) is the simple minimal coupling of a gauge particle to a chiral 

fermion, but it happens that, when the fermion and the gauge boson belong to 

the same representation of the gauge group, this Lagrangian is supersymmetric. 

Unfortunately, the representation assignment of the fermions is precisely not 

what is needed to construct the Standard Model. From W  bosons in the I = 1 

representation of weak interaction S11(2), supersymmetry would require I = 1 

fermions ii&. From the gluons, which belong to the octet representation of color 

SfJ(3), supersymmetry would require a multiplet of fermions & which also are 

color octet. These particles have no analogue in the Standard Model. 

In fact, the restriction (158) makes it impossible to explain any fermion-boson 

correspondence seen so far in Nature. A left-handed quark QL has as its supersym- 

$ metry partner a boson GL with color 3, I = 4, and hypercharge Y = 8. The right- 

handed leptons PR or ?L lead to scalar particles with I = 0 and Y = 1. The SU(2) 

doublets of left-handed charged leptons and neutrinos, such as EL = (ve,eL), lead 

to scalar particles with I = f, Y = -5. These quantum numbers are, curiously, 

those of the Higgs boson 4. But it is difficult to understand how lepton number 

could be conserved while d obtains a vacuum expectation value in a scheme where 

4 is the partner of EL. 

Thus, if supersymmetry is the origin of spin i, one cannot extend this idea 

to explain the detailed content of the Standard Model. One must, in fact, pos- 

tulate a new, undiscovered particle as the partner of each known particle of the 

Standard Model. However, there are good reasons to believe that Nature is, nev- 

ertheless, supersymmetric at its most fundamental level. If one believes in the 

grand unification of the gauge interactions of the Standard Model at some very 

high momentum scale mc, supersymmetry is the only known way to stabilize the 

relation rn+ << mc, and is the most natural explanation of the values of coupling 

constants observed at the 2’. These motivations for supersymmetry are reviewed 

in more detail in Refs. 23 and 24. In the remainder of my discussion, I will use 

supersymmetry, quite independently of its phenomenological justification, as a 

powerful geometrical symmetry which organizes our conception of space-time. 

I should remark that, just as the supersymmetry relation between spin 1 and 

spin i particles generates the spin $ interactions, so the relation between spin f 

and spin 0 generates a set of vertices for the spin 0 fields. These are shown in 

Fig. 11(b). The spin 0 partner of the lepton doublet EL, for example, acquires 

a coupling both to the W  boson and to its partner the W, and also a J-scalar 

self-coupling. 

7.3 Spin f and Higher Supersymmetries 

From the viewpoint of the theory of spin, one important feature of supersym- 

metry is that it provides the missing ingredient in the discussion of spin 4 particles 

given at the end of Section 5. We argued there that a consistent theory of spin $ 

requires a conserved spin $ current s,,,,. Such a current would be associated with 
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a global charge 1 

We have now seen that such a global charge is consistent only if it is a super- 

symmetry charge; then a spin 4 field can be included in a field theory only if it 

couples to the current of supersymmetry. 

In such a structure, the spin $ field $,,a becomes the gauge field of supersym- 

metry, and the whole theory acquires a gauge symmetry 

where cd(z) is an anticommuting parameter which defines a local supersymme- 

try transformation. The composition of supersymmetry transformations gives a 

translation, and so the field $,,a should naturally be associated with the gauge 

field of local translations, the gravitation field. Indeed, the massless spin 4 par- 

ticle created by $,,. is naturally paired with the graviton in a multiplet with the 

form of (157). The field +a, is then called the gravitino, and the resulting general- 

ization of general relativity is called supergravity. The Lagrangian which includes 

gravitation and the natural coupling of gravity to Gpor 

(162) 

can be shown to be invariant under local supersymmetry transformations which 

link the fields g,,” and &,,.‘” 

In this line of argument, it seems that there could be at most one spin $ field, 

just as there can be at most one graviton. However, more general supersymm- 

metry algebras than (153) are possible, and by incorporating them, we may build 

larger theories. But this extension also brings in new restrictions, since the higher 

supersymmetry algebras imply still stronger relations among the couplings of the 

model. 

The general restrictions of the Coleman-Mandula theorem on the presence 

of spin 3 changes were worked out by Haag, Lopuszanski, and Sohnius. 26 These 

authors showed that, although the restriction we found on the right-hand side 

of (153) is absolute, more general theories can be built by incorporating several 

supersymmetry charges, each of which has a square which is the total energy- 

momentum. More explicitly, they allow a set of commutation relations 

{ Q;,Q;+} = ~@J&P~ . 

This structure is known as N-e&ended supersymmetry. A theory with N super- 

symmetry charges can be gauged with one graviton and N gravitinos. Each of 

the various supersymmetry charges pairs one gravitino with the graviton and the 

others with spin 1 bosons which must also be present in the theory. These spin 1 

bosons provide a gauge group which does not commute with the supersymmetry 

charges Qb, providing the generalization of (158). We can use (163) to determine 

the exact particle content of theories with this higher symmetry. 

To analyze the implications of (163), consider once again the action of the su- 

persymmetry generators on massless one-particle states moving in the 5 direction. 

As in the paragraph below (154), we can convert the supersymmetry commutation 

relation 

{Q:, Q!+} = 2@(1f t p3) 

to a set of relations for fermion creation and annihilation operators. Define 

&Q: = ai , &Q: = a'+ . 

(164) 

(165) 

The operators ei are helicity raising operators. Then the commutation relations 

(164) become 

{a’,,“} = 6” . (166) 

These operators build up a multiplet of 2N states connected by extended super- 

symmetry. 

The simplest examples of these multiplets occur in theories of N = 2 extended 

supersymmetry. The simplest representation, which is built on a state Jp,O) of 

helicity zero, is 

( 

Q1 IP? 0) 

IP? 0) 

2 IPI 0) 
~‘2 1~81) = ( IP,W ;;; ;: ,P, 0) . (167) 

This multiplet contains a gauge boson, two chiral fermions, and a scalar: (dA, AAA, 

AzA, A;). 

. 
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The N k 2 multiplet with maximum helicity 2 is 

(I&l) ;;;:: Ib.24 > (168) 

which contains a vector boson, two gravitinos, and the gravitons. The vector boson 

may be thought to generate a gauge symmetry unified with gravity. However, in 

this case, the symmetry is only U(1). T o construct higher symmetries within the 

supersymmetry multiplets, we must go to higher N. 

For N = 4, one finds a multiplet 

++4X p,; ++lP,l). 
I > 

(169) 

This multiplet is CPT self-conjugate, it contains one vector boson, 4 chiral fer- 

mions, and 6 real scalar bosons. This is the largest multiplet for which all fields 

have spin less than or equal to 1. The field theory of this multiplet turns out to 

be quite magical; for example, its renormalization group p function vanishes to 

all orders in perturbation 
27 

theory. 

One might similarly ask for which values of N one finds a multiplet with a 

single graviton and no spin higher than 2. The largest such multiplet occurs for 

N = 8: 

Ip,-2) ++ 8 x p,-; 
I > 

~28 x lp,-1) +-+56x p,-; ++70xIp,O) 
I > 

-56x p,; +-+28xlp,l) 
I > 

++ 8 x P, ; 
I > 

++ IP, 2) . 

(170) 
The multiplet contains 28 gauge bosons. These form the antisymmetric tensor 

representation of SO(8), which is also the adjoint representation. Thus, this 

theory naturally contains a unified SO(8) gauge theory. Unfortunately, this group 

is not large enough to contain the Standard Model gauge group S11(3) x S11(2) x 

1/( 1). Worse, this SO(8) has vector-like couplings rather than the chiral couplings 

which are essential to build weak interaction theory. Cremmer and Julia 
28 have 

worked out the detailed structure of the N = 8 supergravity theory and have 

identified a large global symmetry group-a noncompact Es---but so far no one 

has succeeded in building a relation between this group and the gauge group of 

the Standard Model. 

t Thus, the idea that spin i arises as the result of a symmetry of Nature turns 

out to be a very powerful one, but one which stops short of providing a complete 

theory of the fundamental interactions. To build more successful models, we need 

to add to supersymmetry some structure of a quite different kind. 

8 A Fruitful Blend 
One of the most remarkable theoretical developments of the past ten years 

has been the realization that it is possible to merge the ideas of the previous two 

sections in a fruitful way. In Section 6, we studied the idea of building a particle 

theory by putting a l-dimensional quantum field theory on a world line. It is 

not hard to imagine a generalization in which one imagines a particle as a line or 

ring which sweeps out a 2-dimensional surface in space-time. In this context, we 

could build a particle model by putting a P-dimensional quantum field theory on 

this surface. It is not so obvious why this would give an improvement over the 

picture we found for world-line theories, or, on the other hand, why we should 

stop at 2-dimensions rather than studying 3- or 4-dimensional objects embedded 

in space-time. I can only say that the 2-dimensional case offers just the right 

balance between freedom and constraints to allow one to create theories with an 

intriguing amount of structure. This particular case is known as string theory, or, 

with the inclusion of supersymmetry, superstrzng theory. 

8.1 The Bosonic String 

The simplest sort of string theory is one in which a particle is a ring moving 

through space-time. The physical picture of particle motion is that shown on the 

right-hand side of Fig. 12: The particle sweeps out a world-surface in the form of 

a tube. This surface may split or branch, and these branches represent particle 

interactions. All of the properties of the particles described by this motion follow 

from a quantum field theory on a 2-dimensional surface shown on the left. 

In the world-line theory of Section 6.1, we began our discussion by considering 

the world-line to be embedded in space-time. If we take a similar point of view 

here, we would describe the string dynamics by field X“(s, t). The arguments of 

the field (s, t) are coordinates on this surface. With a convenient choice of gauge, 
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Figure 12. The dynamics of a periodically connected 2-dimensional surface is viewed as a 
particle moving and interacting in space-time. 

the X’(s, t) are free fields whose Lagrangian is 

with A = 0,l. The parameter T has the dimensions of (mass)2 and provides a 

natural length scale for the theory. 

Now we can switch our perspective and regard space-time X’ as a set of fields 

which lives on the string. Choose the coordinate s to run from 0 to 2~ around 

the ring. Then X’(s) has the Fourier decomposition 

XP(s) = x; + c 2-x: (172) 
n#O 

Then X( is the center of mass position of the string, conjugate to the total 

4-momentum PJ’. The Xc are the coordinates of string oscillations. These can 

be quantized as harmonic oscillators corresponding to running waves moving to 

the left and to the right around the ring. Let a$ and $, n > 0, be the annihila- 

tion operators corresponding to these two sets of harmonic oscillators. Then the 

dynamics of the string is neatly captured in the formula for the energies of the 

various string states. This is the relativistic mass formula P2 = m2, with 

The offset 22 is the (renormalized) zero-point energy of the two sets of oscillators. 

The relation (173) between the oscillator excitations and the masses of string states 

clarifies that the system is at the same time relativistic and harmonic. 

The mass formula (173) is reminiscent of the mass formula in (151) for the 

particle theory with spin 1. However, the 2-dimensional field theory substructure 

provides three further restrictions. The first restriction is relatively simple: The 

level of excitation in the left-moving oscillators must be equal to the level of 

excitation in the right-moving oscillators. Otherwise, the coordinate system would 

rotate around the ring. The second restriction is a bizarre one: The number of 

dimensions of the space-time in which the string is embedded must be 26. I will 

explain below how this restriction may be relaxed. The third restriction precisely 

fixes the zero point energy 2 to the value (-1). 

Ignoring, for the moment, the strange second requirement, we can work out 

the lowest mass states in the spectrum of the string. The ground state is 

IO) 3 m2 = -4nT. (174) 

This state is an unphysical scalar tachyon, and this also must be eliminated in an 

improved theory. The first excited states are 

4” IO) , iTfp IO) , m2 = -2rT. (175) 

However, these states are eliminated by the requirement that the left- and right- 

moving oscillators have the same degree of excitation. Thus, the next physical 

state of the theory is 

(173) .f”z+v IO) , m2=0. (176) 
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,This mul t ip let  conta ins  a n  exact ly  mass less  sp in  2  part ic le- the gravi ton.  
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F igure  13.  Re la t ion be tween  the amp l i tude  for em iss ion  of a  str ing state a n d  a n  opera tor  
expectat ion va lue  in  the wor ld-sur face.  

F r o m  the d iscuss ion of Sec t ion  5, w e  ought  to b e  susp ic ious  that this sp in  2  

part ic le is de f ined consistent ly,  so  that its unphys ica l  componen ts  a re  not  p roduced  

in  scat ter ing processes.  However ,  in  the str ing theory,  o n e  can  p rove  that the 

unphys ica l  p roduc t ion  amp l i tudes  natura l ly  cancel .  T h e  strategy of this proof  is 

geometr ica l ,  a n d  is i l lustrated in  Fig. 13.  T h e  emiss ion  of any  str ing state occurs  

th rough a  wor ld-sur face of the fo rm shown  o n  the left of the f igure, wi th a  l ong  

p ipe  b ranch ing  off of the m a i n  surface. If w e  de fo rm the p ipe  to b e  very  l ong  a n d  

thin, w e  can  rep lace  the p ipe  wi th a  point l ike per turbat ion of the wor ld  surface, 

wh ich  can  b e  represen ted  by  a  loca l  operator .  E a c h  par t icu lar  part ic le state of 

the str ing co r responds  to a  di f ferent bounda ry  cond i t ion at the e n d  of the p ipe,  

a n d  therefore,  th rough this construct ion,  to a  di f ferent loca l  operator .  For  the 

part ic le state (176) ,  the co r respond ing  loca l  opera tor  is the e n e r g y - m o m e n t u m  

tensor  P ”(.s,t) o n  the wor ld  surface. Th is  is a  conserved  tensor,  a n d  so  the 

unphys ica l  componen ts  of the grav i ton cance l  out  natural ly .  

Actual ly ,  this a rgumen t  revea ls  on ly  a  part  of the deepe r  substructure of str ing 

theory.  In h igher  d imens ions ,  as  w e  have  seen,  the e n e r g y - m o m e n t u m  tensor  is the 

h ighest  rank  conserved  tensor  poss ib le .  However ,  in  2  d imens ions  it is poss ib le  to 

have  ex t remely  la rge  geomet r i ca l  symmet ry  g roups  a n d  cor respond ing ly  h igh- rank  

conserved  tensors.  T h e  spec ia l  symmet ry  invo lved is fami l iar  f rom the theory  of 

c lass ica l  part ia l  di f ferent ial  equat ions:  In 2  d imens ions ,  equat ions  wh ich  d o  not  

have  a n  intr insic scale,  such  as  the Lap lace  equat ion,  a re  so lvab le  by  con fo rma l  

mapp ing .  Unde r  cer ta in condi t ions,  this symmet ry  of con fo rma i  m a p p i n g  surv ives 

into the quan tum theory.  For  f ree f ields, these condi t ions prec ise ly  restr ict the 

total n u m b e r  of f ie lds in  the theory  a n d  the zero-po in t  energy ,  in  just the m a n n e r  

descr ibed  be low  (173) .  S i nce  a  sur face b ranch ing  into a  l ong  thin tube is re la ted to 

a  sur face wi th a  sma l l  ho le  by  a  con fo rma l  t ransformat ion,  the re la t ion shown  in  

I; Fig. 1 3  requ i res  n o  approx imat ion  a n d  app l ies  to every  poss ib le  str ing state. Th is  

m e a n s  that the interact ions of a  str ing a re  un ique ly  de te rm ined  by  its spect rum,  

a  p ro found  genera l i za t ion  of the constra ints of g a u g e  invar iance.  S imi lar ly ,  the 

cance l la t ion of unphys ica l  states that w e  found for the grav i ton genera l i zes  to the 

ful l  s t r ing spect rum:  B y  us ing  the re la t ion be tween  the h igher  states of the str ing 

spec t rum a n d  the h igher  conserved  tensors of the 2 -d imens iona l  theory,  o n e  can  
to show  that a l l  negat ive  n o r m  exci tat ions created by  the opera tors  o, cance l  out  

2 9  
of scat ter ing matr ix  e lements .  

8.2 Decora ted  S tr ings 

T h e  theory  in  wh ich  on ly  the space- t ime coord ina tes  XN(s ,  t) l ive o n  the wor ld  

sur face has  s o m e  wonder fu l  mathemat ica l  proper t ies  but  a lso  conta ins  awkward  

features-a tachyonic  part ic le a n d  the restr ict ion to 2 6  d imens ions .  To  ame l io ra te  

these p rob lems,  w e  migh t  try to put  a  di f ferent 2 -d imens iona l  f ie ld theory  onto  

the str ing wor ld  surface. Fo l low ing  the app roach  of Sec t ion  5.2, w e  can  a d d  

an t i commut ing  coord ina te  + ‘(.s,t). In o rder  for the negat ive  n o r m  exci tat ions 

created by  + ’ to b e  cance l led,  w e  requ i re  a  h igher  symmet ry  wh ich  incorpora tes  

both  con fo rma l  invar iance  a n d  supersymmet ry .  Thus,  to a d d  sp in  to the str ing 

in  the m a n n e r  of Sec t ion  5.2, w e  must  a l ready  a d d  2 -d imens iona l  supersymmet ry .  

Wha t  d o  w e  get  back  in  re turn? 

C o m p a r i n g  this construct ion to that in  Sec t ion  5.2, w e  see  o n e  n e w  feature: 

T h e  f ie ld I,P  is a  funct ion of the coord ina te  s wh ich  runs  a round  the r ing,  a n d  

w e  must  fix the bounda ry  cond i t ion to b e  i m p o s e d  o n  these f ields. T h e  s implest  

cho ice  is per iod ic  bounda ry  condi t ions.  Wi th  this choice,  the zero  point  ene rgy  

turns out  to b e  2  =  0  a n d  so  the n  =  0  Four ie r  componen ts  of the 4 ” l ink a  

mul t ip let  of mass less  part ic les. In the quan tum theory  of the str ing, the opera tors  

co r respond ing  to these m o d e s  satisfy 

just as  w e  found for the l -d imens iona l  case  in  (145) .  T h e  phys ica l  in terpretat ion 

is the same:  These  str ings a re  D i rac  fe rmions  in  space- t ime.  In the d iscuss ion 

be low,  I wi l l  deno te  states of this D i rac  fe rm ion  mul t ip let  as  lo). 

, 
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In the same’string theory, it is consistent to have other strings for which I 

the boundary condition on r,/+‘(s) is different. One may consider, for example, 

antiperiodic boundary conditions: @‘(27r) = -$+‘(O). Now the Fourier expansion 

of V,!?(S) has the form 

If the content of the string t,heory is properly a.rranged, states which acquire 

a .vector character from a left,-moving excitation created by 1/l:” can be naturally 

pAred with states for which the left-moving sector is a spi:or state la). For 

example, the same theory which contains the state (179) will also contain 

$‘(s) = Ce +++4:+) + C.C. 
IQ0 

(178) < 

The zero point energy for these strings is 2 = -i, so the states 

$q IO) (179) 

form a multiplet of massless particles which include the graviton. In fact, $ and 

+p have the same operator relations as the operators 8” and 3’ in (150). Re- 

mirkably, string theory allows particles acted on by these operators to coexist with 

particles acted on by (177). The price of this coexistence is equally remarkable; it 

is that states with an even number of fermions in either the left- or right-moving 

sector cancel out of the S-matrix. This removes the tachyon (0) and also converts 

the multiplet Ia) acted on by (177) from a Dirac to a chiral fermion. 

For either or both choices of boundary condition, the constraint. on the total 

number of fields X” and 11” is that p should run over 10 dimensions. However, it 

is possible to lower this number to 4 dimensions, or any other convenient value, 

by decorating the string world surface with more free fields, or with interacting 

fields which satisfy the constraints needed for conformat invariance. The zero- 

point energy depends on the detailed collection of fields and may be different 

for the left- and right-moving sectors. For example, one can build a theory with 

additional right-moving antiperiodic fermions 2, i = 1,. . ,n, in such a way that 

the total zero point energy is 2 = -4 from the left-moving sector and 3 = -1 

from the right-moving sector. Then the state 

(180) 

This particle carries spin 3 and is, in fact, the gravitino partner of the graviton 

given above. Similarly, the same theory which contains the state (180) will also 

contain 

the spin h supersymmetry partner of the gauge boson. In this way, it is straight- 

forward to construct st.ring theories which have a supersymmetric spectrum, and, 

by extension, a full set of supersymmetric interactions. 

From this point, the possibilities are limited only by one’s imagination in 

assembling 2-dimensionat field theories with which to decorate the string world 

surface. A large number of model-building strategies for string theory are de- 

scribed in Refs. 30-32. Using these strategies, one can build a wide variety of 

theories, some of which might, even resemble the Standard Model. All of these 

theories, or at least all intercst,ing ones, require spin $ or some generalization as 

an input to build the 2.dimensional theory, but then recover spin i, and often 

supersymmetry as well, in it.s spectrum of particles in space-time. 

9 Conclusions 

Though we have found no definite answer to the question posed in the intro- 

duction, we have found ourselves led through a wonderful tangle of speculations 

on the deep struct,ure of Nature. Is spin constructed or is it fundamental? Is it 

the requirement of symmetry? In t,he furthest flights we have taken, it seems that 

space-time itself is too restrictive a notCon, and that we must generalize this in 

order to gain a full appreciation of spin. In any case, there is no doubt that spin 

must play a central role in unlocking the mysteries of fundamental physics. 

is an allowed particle of the theory. This state is massless, has spin 1, and trans- 

forms as an antisymmetric tensor of SO(n). It is, in fact, an SO(n) gauge boson. 
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ABSTRACT 

A perspective on fundamental parameters and precision tests of the Stan- 

dard Model is given. Weak neutral current reactions are discussed with 

emphasis on those processes involving (polarized) electrons. The role of 

electroweak radiative corrections in determining the top quark mass and 

probing for “new physics” is described. 
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1. Introduction 

The Standard SU(3), x sum x U(l)y Model of strong and electroweak 

interactions has proven to be extremely successful and durable. It correctly 

predicted the existence and observed properties of iveak neutral currents as well 

as gluons, W*, and 2 bosons.’ It has confronted a wealth of precise experimental 

data and passed all tests with flying colors, even at the quantum loop level.2 

Nevertheless, the emergence of “new’physics” is anticipated as shorter distances 

arc probed both directly by high ene&y colliders as well as indirectly by precision 

measurements and rare or forbidden reactions. That conviction stems from a 

general dissatisfaction with electroweak symmetry breaking and mass generation 

via a simple fundamental Higgs doublet mechanism. Although that scheme can 

accommodate all known masses and mixing, even CP violation, it does not really 

explain their origin. In addition, Xd4 theory upon which the Higgs mechanism 

is based is trivial (noninteracting) when considered alone and exhibits fine- 

tuuing hierarchy problems when embedded in a grand unified theory. Those 

shortcomings suggest a richer underlying structure with new symmetries and/or 

dynamics must be waiting to be uncovered. Indeed, one hopes that the truly 

final fundamental theory we seek will be free of arbitrary parameters and will 

elucidate the origin of mass. 

A beautiful example of a parameter free (or scale invariant) theory is quan- 

tum chromodynamics (QCD) when considered alone, i.e., isolated from gravity 

and electroweak interactions. That pure SU(3)c Yang-Mills theory describes 

massless interacting gluons and quarks (current quark masses are of electroweak 

origin). The strength of their interactioF is governed by a running coupling 

d(P) _ 
(y3(P) = 4* - 

Iln 1 

(11 - $v#n($/A2) + 0 en2 ’ ( 1 (1.1) 

where NF = # of quark flavors and A k, roughly speaking, a scale at which 

strong coupling arises. One can trade the dimensionless coupling g3 for a mass 

scale A via (1.1) (dimensional transmutation). All hadronic masses, strong decay 

widths, form factors, cross sections,etc.,can then be expressed in terms of A. For 

example, the proton mass m,, = C,A with C, a calculable number independent 

of A. All hadronic mass ratios are, therefore, in principle calculable numbers 

-36- 



dependent only on the dynamics of &CD. Lattice gauge theorists are making 

good progress in computing those ratios from first principles. 

It might appear that QCD has one parameter, A. However, that scale can 

be viewed as the unit o 
5 

mass. Without any additional mass scales to compare 

with or define units, the value of A has no meaning and is not a parameter. Of 

course, in the presence of other physics, the electron volt becomes a convenient 

mass unit (with h = c = 1) and one finds for NP = 4 with modified minimal 

subtraction (MS) 

(1.2) 

which corresponds to 

cr3(rnZ)~ = 0.115 f 0.010. (1.3) 

Note that I have employed conservative errors in (1.2) and (1.3). One could 

probably argue for somewhat smaller uncertainties. The importance of reducing 

the error on as(mz)m will become apparent when SUSY GUTS are discussed. 

The elegance of QCD is to be contrasted with the arbitrariness of the 

SU(2), x U( 1)y electroweak sector. It includes two gauge couplings 

a2(mz& &mz) = 4* - _ 0.03373 f 0.00015 

(1.4) 
w(mz)m = st(mz) _ 

7 - 0.01696 f 0.00003 

(determined via cx and sin2 0,). Their values can be related to a3(m~);i~3; in 

the framework of SUSY GUTS with unification at 1016 GeV and Msusy N 1 

TeV. Much more puzzling are the 16 fermion and boson masses along with the 

CKM mixing parameters which stem from the Higgs mechanism. They range 

from the MeV region (or much smaller if neutrinos have mass) to the present 

top quark mass bound3 

mt > 131 GeV (1.5) 

(with ml z 170 GeV preferred by LEP data). All electroweak masses stem from 

and are proportional to the Higgs vacuum expectation value v N 246 GeV. The 

large disparity of masses indicates extreme differences in the coupling strengths 

of light and heavy particles to the Higgs mechanism. Top couples rather strongly 

to the Higgs and may in fact be closely connected with electroweak symmetry 

breaking. Its discovery may provide the ,key to understanding the “mass prob- 

lcm.” 

Given our current state of knowledge, many questions need to be answered 

before we can claim success in our understanding of electroweak physics. What 

is mt? Why is it 50 large? What is the Higgs mass? Is the Higgs particle 

flmdamental or composite? Why are the other fermions 50 light? What is the 

origin of quark mixing and CP violation? 

At present, low energy (,< few TeV) supersymmetry (SUSY) is the leading 

jrlstification for a fundamental Higgs mechanism. That elegant symmetry alle- 

viates fine-tuning hierarchy problems at the expense of introducing a plethora 

of heavy new particles (sparticles) and provides a connection with quantum 

gravity via superstrings. Currently, SUSY h& no direct experimental support 

(although the unification of gauge couplings 93(p) = g2(p) = g*(p) at p E lOI 

GcV works out very nicely in SUSY GUTS). H owever, its many avid followers 

have no doubt that SUSY is correct and anxiously await its coming at the next 

generation of high energy colliders. A strong point in their favor is the lack of a 

complet,e alternative theory. A negative is their failure to elucidate electroweak 

symmetry breaking and mass generation. In addition, the underlying source of 

supersymmetry breaking is itself an outstanding problem. 

Alternative to a fundamental Higgs is dynamical symmetry breaking via 

fcrmion-antifermion condensation (analogouy to chiral symmetry breaking in 

QCD). Scenarios ranging from tt condensation to complicated technicolor sce- 

narios ha,vve been suggested. Although their b&ic premise is appealing, no com- 

pletc dynamical model currently exists. In fact, generating a realistic ‘pattern of 

fcrmion masses and mixing (including CP viol&ion) poses a significant challenge 

for dynamicists. Interestingly, the generic idea of heavy fermion condensates can 

lead to observable low energy effects in electroweak radiative corrections via the 

S, T, and U parameters of Peskin and Takeuchi.4 I subsequently elaborate on 

that possibility. 

How can we best continue to test thestandard Model and search for “new 
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physics”? I recommend a balanced three-prong approach: 1) High Energy Col- 

liders, 2) Rare or Forbidden Reactions, and 3) Precision Measurements. In these 

talks, I focus on the last approach. 

The current round of experiments has measured a number of electroweak 

observable5 and p&rameters at 1% or better. Already,‘they are testing the Stan- 

dardMode1 at the level of its radiative corrections and probing for “new physics.” 

Such measurements are suggesting the top pole mass (via loops) to be - 170 

GeV and may eventually provide some constraint on the Higgs mass. In addi- 

tion, as we shall see, they are capable of revealing hints of technicolor, 2 bosons, 

etc. If “new physics” is eventually uncovered at high energy colliders, precision 

measurements at lower energies will be extremely important for deciphering it.5 

Before discussing details, let me comment on why precision electroweak mea- 

surements provide such nice constraints. That feature follows, to a large extent, 

from an extremely important relationship” 

4 _ sin’& = z _ I- (m&/m!)2 
0 

(1.6) 

among the bare parameters. That natural relation stems from an underlying 

SU(2)v symmetry which is also present in many SUSY and dynamical scenarios. 

It limits the number of independent parameters or measurements needed to 

define the Standard Model. 

The relations in (1.6) continue to hold for the corresponding renormalized 

parameters, up to finite calculable radiative corrections. Those loop effects ex- 

hibit a sensitive (quadratic) dependence on the top mass7 and a smaller (log- 

arithmic) dependence on the Higgs mass. If “new physics” enters at the loop 

level, it can also alter the radiative corrections. One can, therefore, indirectly 

constrain rnt and rnH or search for “new physics” by precisely measuring and 

comparing a, G,, rnz, rnw, sin2 Bw, and quantities related to them (e.g., I’z, 

neutrino cross-sections, etc.). 

The precision measurement strategy is to experimentally determine, as accu- 

rately as possible, all Standard Model observables. Some may seem redundant. 

For example, it is often asked why measure sin2 0~ in so many different neutral 

current reactions? The answer is any real observed deviation would signal “new 

physics.” Of course, the comparison of sin2 0~ between experiments demands 

a common definition of that renormalized parameter and proper accounting of 

clcctroweak radiative corrections. In the case of the weak mixing angle, several 

definitions have been employed in the literature. Some examples are:8~s~10 

sin2 Ow z 1 - m2w / rni (1.7a) 

sin2 @w(O) E ,-Xc, (1.76) 

(1.7c) 

sin2 ee$ (defined by Zpji vertex). (1.7d) 

They all differ by finite calculable radiative corrections which will be subse- 

qucntly discussed. In principle, one can, therefore, translate between different 

definitions. Nevertheless, some definitions have special virtues or drawbacks. 

The first two definitions involve physical parameters. Unfortunately, their use 

in Born amplitudes induces large radiative corrections in higher orders. Those 

correction5 involve omf/m2, corrections in the case of (1.7a)” and large vac- 

uum polarization effects in the case of (,l.7b).8 Therefore, the use of either can 

be misleading. 
- 

The modified minimal subtraction (MS) definition9 in (1.7~) is theoretical 

rather than physical. It is useful for renormalization group studies and induces 

less complicated higher order corrections. In fact, employing sin2Bw(mz)m 

generally leads to small radiative corrections in neutral current processes. That 

parameter is also convenient for studies of GUT predictions.g I will employ only 

the MS definition with p = mz. In t?ime, I expect all other definitions will 

bccomc obsolete. I 

The final definition sin2 t$ in (1.7d) was invented for LEP studies. Roughly 

qaeaking, it is defined by the ratio of v&tor and axial-vector components (in- 

cluding loops) in the on-mass shell Zpc vertex --t 1 - 4sin2 @. Unfortunately, 

analytic electroweak radiative corrections expressed in terms of sin’ ff: are com- 

plicated and ugly. In addition, the definition is somewhat ambiguous (e.g.,what 

about imaginary vertex parts?). As far as I can tell, the only nice feature of 

sin” f$ is its numerical proximity” to sin2 Ow(mz)m 
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In the case of quark masses, running MS defined masses are sometimes 

more convenient than physical masses, e.g.,renormalization group studies. The 

distinction for light quarks will not coxicem us. However, the top quark mass 

definition should be properly specified iq any discussion of precision electroweak 

studies, particularly if two-loop QCD corrections are included. The top quark 

pole and MS masses are related byI 

sin’ I$ = sin’ f?w(mz)m + 0.0003. (1.8) ’ 

In fact, the only way I can imagine employing sin’f$ is to first compute ra- 

diative corrections USI ‘4 g a sin20w(mz)m definition and’then to translate to 

sin’@ via (1.8). But why not simply use sin20w(mz)m? Unfortunately, 

sin’ 0$ seems to have won the hearts of experimentalists. I just hope that not 

too many errors are committed in its name. 

2. Renormalization Prescription and Parameters 

The basic renormalized parameters of the Standard Model can be categorized 

as masses, couplings, and mixing angles. Masses are traditionally defined” as 

the real part of the propagator pole m ’ = Reso. That definition is manifestly 

gauge independent and directly related to physical observables. However, in the 

case of the 2 resonance, a slightly different definition, mz, has been employed 

in Breit-Wigner fits12 

m2, = 7&poZe) + r;. (2.1) 

Those definitions differ by about 34 Meq which is much larger than the experi- 

mental uncertainty 

mz = 91.187 f 0.007 GeV. (2.2) 

Similarly, in the case of the W* bosons, a renormalized W mass, rnw, is more 

appropriate for low energy studies than the pole mass; so here 

mf E m&(poZe) + I$ (2.3) 

will be employed. That W mass definition differs from the pole by about. 25 MeV, 

while f40 MeV is the goal of future experiments. At hadron colliders, rnw will 

be normalized using mz = 91.187 GeV; so mw as defined in Eq. (2.3) is quite 

natural. At e+e- -+ W+W- facilities, such as LEPII, the W mass extraction 

will be set by definition and inclusion of the relevant radiative corrections. 

4 ch(mf) 
mfbole) = mt(mt)&l + j 

44 2 - + 10.9( - ?r K ) + . ..). (2.4) 

In addition, the leading U(G,m:) corrections are (for rnH 21 200 GeV) approxi- 

mately-5/4 s N -0.3Y o and will be neglected. For a,(ml) N 0.10-0.11, the 

QCD corrections give rise to a 5-6s difference, which can be sizable N 9 GeV 

for ml N 160 GeV. In our discussion, we employ rnt 3 rnt(rnt)m in all one-loop 

radiative corrections. As we shall illustrate, that prescription has the advantage 

of not inducing large O(acr,m:/m2,) two-loop effects. Hence, one can largely 

ignore two loops, modulo leading log summations which are controlled by the 

renormalization group. Equation (2.4) can be used to translate to the top pole 

mass definition (if so desired). 

2.1 Q, G,,, mz, and rnw 

In addition to fermion masses and mixing angles, rnH and three other inde- 

pcndent parameters are needed to specify the Standard Electroweak Model. The 

three parameters can be any combination of (Y, G,, rnz, and rnw. Since the 

first three are already precisely measured, t?hey are generally used as input to 

predict mw. We shall follow that approacl+ however, for some discussions it 

can he cumbersome or even misleading. The introduction of an auxiliary mix- 

ing angle via sin2 &(rnz)m often facilitated a simple closed form presentation 

of radiative corrections. 

The usual fine structure constant, (Y, is defined in terms of the physical 

clcctric charge 

,2Yz~ n-4 - 
4x 34*p 



‘. where p is the ‘t Hooft mass unit14 introduced to keep Q dimensionless in n 

dimensions. The 23 photonic wavefunction renormalization is conventionally 

defined using the vacuum polarization function &(Q’) 

2;’ = 1+ l-I,,(O) 

n,,(9’)=-$ ~QJ(~+~-fn~+3~‘d.(=-r’)fn(m;+q2(r2-~))) 

{ 

/ 

I 
dz(t - z2)fn(r& + q2(z2 - z) (2.7) 

0 >> 

with the sum taken over all charged fermions. Of course, at q2 = 0, one must 

actually employ nonperturbative techniques or real data to obtain the hadronic 

contribution. 

Experimentally, one knows (Y very precisely” 

a-l = 137.0359895 (61). (2.8) 

That atomic physics parameter is, however, not directly applicable for weak 

interaction studies. Instead, one can employ MS renormalization of l&(q2) by 

subtracting only (A + z -en&) terms to define ‘I(~)z. Using a dispersion 

relation to evaluate the hadronic contributions, one finds 

a-‘(rnZ)m = 127.90 f 0.12, (2.9) 

where the error stems from uncertainties in e+e- + hadrons data.‘” Even 

though o has essentially no uncertainty, the error in Eq. (2.9) in extrapolating to 

short-distances represents a limitation for precision tests of thestandard Model. 

It can be reduced by better measurements of low energy e+e- + hadrons or 

eliminated by employing some short-distance (precision) parameter in place of cr. 

For perturbative expansions with g$/4a we will use o(mz);i3S/sin2 @w(mz)m. 

The Fermi constant, G,, is obtained from the muon lifetime via the defining 

equation 

TP -1 = I-@ + all) = 

f(x) = 1 - 8x + 8x3 - x4 - 12z’bnx 

a-‘(m,,) N 0-l - $tn 

Employing rfi = 2.197035 f 0.000040 x lo-“s then gives 

G, = 1.16639(2) x 10e5 GeVe2 (2.11) 

(2.10) 

with essentially no theoretical uncertainty. Most of the radiative corrections to 

muon decay, including rnt dependent loops, have been absorbed into G,. Those 

effects will reappear when we examine the natural relations in Eq. (1.6) or use 

G, to normalize weak neutral current amplitudes. 

The 2 boson mass in Eq. (2.2) has been precisely measured at LEP. The 

experimental uncertainty is insignificant, but the specific definition of rnz is 

important for comparison with rnw and sin’ Bw(mz);i?S for the purpose of ex- 

tracting mt. 

Given the value of a, G,, and rnz; the W’ mass is determined by using 

Eq. (1.6) in conjunction with the one-loop corrections to H,,(O), muon decay, 

and the 2 and W* masses. Those loop effects can be collected into a finite 

quantity traditionally called Ar and used in the relation10n17 

1 - m&/m; = 
7ra 

fiG,,m&( 1 - Ar) ’ 
(2.12) 

where I 

Ar _ 26e 26g2 co;2 0 i 
W e 92 I 

(2.13) 

Normalizing at mr = 160 GeV and rnH “= 200 GeV, one findsl*~lg 

Ar = 0.0390 f 0.0011, (2.14) 

which corresponds to the central prediction mw = 80.32 GeV. The dependence 

of Ar on ml is illustrated in table 1 and the implication for mw is shown in 
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Table 2. In the asymptotic limit of large rnf and rnH, the contribution to Ar is 

given by 6 

6 = e [$ $cot’Ow(mz)m+ 2, (!$)I. (2.15) 

Because they contribute with opposite sign, large rnc effects can be offset by very 

large mH. So, if ml turns out to be much larger than 160 GeV, it could signal 

a very large mH. The exact dependence of Ar on ml and rnH can be found in 

Ref. 17. 

Table 1. Standard Model predictions’**‘g for Ar, Ar(mz)m, and Ai as 
functions of mr(mr)m for rn~ z 200 GeV. The uncertainty comes from 
hadronic vacuum polarization and two-loop effects. 

Ar 

f0.0011 

Ar(mz)m 
fO.OO1l 

A? 

fO.OO1l 

100 0.0593 0.0690 0.0661 

110 0.0562 0.0693 0.0654 

120 0.0531 0.0695 0.0646 

130 0.0499 0.0697 0.0638 

140 0.0464 0.0699 0.0630 

150 0.0428 0.0701 0.0621 

160 0.0390 0.0703 0.0612 

170 0.0351 0.0704 0.0601 

180 0.0309 0.0705 0.0591 

190 0.0265 0.0706 0.0580 

200 0.0218 0.0707 0.0568 

210 0.0169 0.0708 0.0556 

220 0.0117 0.0709 0.0543 

230 0.0063 0.0710 0.0530 

240 0.0006 0.0711 0.0517 

250 -0.0055 0.0712 0.0503’ 

Table 2Standard Model predictions l9 for mw and sin’ Bw(mz)z a9 func- 
tions of ml(ml)m. Those predictions are based on mz = 91.187 GeV, 
(I = l/137.036, G, = 1.16639 x lo-’ GeV-‘, and the assumption rn~ 1200 
GeV. The quoted uncertainties correspond to hadronic vacuum polarization 
and two-loop effects. 

mt(mf);i?S mtbole) mb( GeV) sin2 Bw(mz)jCTS 

(GW (GeV) f0.020 f0.00037 

100 106.2 '79.960 0.23348 

110 116.7 80.016 0.23323 

120 127.2 80.072 0.23296 

130 137.7 80.130 0.23268 

140 148.2 80.190 0.23238 

150 158.7 80.252 0.23206 

160 169.2 80.317 0.23173 

170 179.7 80.384 0.23137 

180 190.2 80.453 0.23100 

190 200.6 80.526 0.23061 

200 211.1 80.601 0.23021 

210 221.6 80.679 0.22979 

220 232.0 80.760 0.22935 

230 242.5 80.843 0.22890 

240 252.9 80.930 0.22843 

250 263.5 81.019 0.22795 

2.2 sin’ f?w(mz)m 

A variety of renormalized weak mixing,angles have been advocated in the 

literature. Some physical definitions are given in Eq. (1.7). Two of Fhose quan- 

tities are related through Ar 
!, 

sin2 Bw = 1 - m&/m; = sin2 &(O)/( 1 - Ar) . (2.16) 

Each of those definitions has its own drawback. The quantity sin2 @w(O) E 

xa/fim2wG, is the ratio of a long-distance parameter, a, defined at zero mo- 

mentum transfer and short-distance quantities G, and mZw. It is, therefore, 

-41- 
\ 



uot a good expansion parameter for weak neutral current amplitudes. When it 

is employed, spurious vacuum polarization corrections of 0(7%) are induceds 

(approximately the difference between cr and cY(mz)-&. Since one strives to 

employ Born level parameters which do not introduce significant higher order 

effects, sin2 &(Oj ’ IS rarely used except in discussions’of Ar. 

The mass definition sin* Bw z l-m&/m; in Eq. (1.7a) does not induce large 

distance vacuum polarization effects. It does, however, introduce weak isospin 

breaking loop effects. An important example is the top-bottom mass difference. 

When neutral current amplitudes are expressed in terms of sin* Bw, radiative 

corrections of O(om~/m*,) are induced. Such an effect can be misleading since 

it gives the appearance of mt sensitivity, e.g., in 2 decay asymmetries, when none 

intrinsically exists. For that reason, sin* 0~ has fallen out of favor as rnc has 

been growing. An exception is the use of sin* Bw E 1 - m&,/m: in the ratio of 

deep-inelastic neutrino neutral to charged current scattering R, E a~c(v,,N --t 

v,,X)/acc(v,,N + pX). That ratio has an intrinsic dependence on om:/m*, 

which cancels with the crm:/m& dependence induced by the use of sin2 0~ in 

the neutral current amplitude. *’ Therefore, to a very good approximation, R, 
measures sin’ 0~ independent of mt and when used in conjunction with mz, can 

be viewed as an indirect determination of mw.20 

An alternative weak mixing angle has been employed by LEP workers. They 

define an effective sin* 8$ at the 2 pole via the ratio of vector and axial vector 

couplings. In principle, that definition should allow a direct determination of 

sin* e$ via forward-backward lepton or tau polarization asymmetry measure- 

ments at the 2. Unfortunately, there are still radiative corrections that must 

be applied to the asymmetries; so the definition of sin* 0$ is somewhat buried 

in computer codes. Fortunately, sin*B$ is numerically very close to the MS 

definition (to be discussed below)” 

sin2 Bw(mz)m N sin2 e$ - 0.0003. (2.17) 

Rather than employing any of the physical weak mixing angles described 

above, it is more convenient to define an unphysical angle via modified minimal 

subtraction (MS) 

sin* ew(dm = e*b)ti/d(~); . (2.18) 

Each of the couplings e*(p)= and $(p)m is individually defined by MS with p 

the mass scale of dimensional regularization. When p is greater than mr, the MS 

prescription is very simple. It corresponds to subtracting all (A + 5 - en&) 

loop corrections. For the Standard Model with three generations and one Higgs 

doublet. that translates tos , 

sin'Bw(p)m = sin2fTow [1+3gg(~+$...& (&+++-],(2.19) 

where ... indicates higher order terms. Because of its simple definition, 

sin’ &++)m is very convenient for grand unified theories (GUTS). For exam- 

ple, in leading log approximation, the minimal SU(5) model predicts (sin* f& = 

3/g) 

sin2 ew(p)- = 3 1 _ ‘09 a(p)Xf3 
MS 8 [ 

-----Pn( y 
18 A ( >I ,p>mt (2.20) 

where rnx is the heavy X boson mass, 0(1015 GeV). 

For most low-energy processes as well as measurements at the 2 pole, it 

is convenient to keep /J fixed at p = mz. That requirement causes a slight 

complication because mt > mz. To deal with that issue is a bit subtle since 

gn(p)m can be defined by charged or neutral current couplings and top affects 

them differently. It is convenient to subtract an extra21p22 

0 1 8. - 
A 3-9 ( 

-sm*/$v en T 
> 0 

(2.21) 

from Eq. (2.19) for p < mt. That additional finite subtraction keeps 7-Z mixing 

independent of enmt in neutral current&iplitudes and allows sin’ Bw(p)m to 

be continuous at p = mt. Numerically, the additional subtraction is small, 

- 0.0002 at p = mz, but its inclusion is important for strict adherence to the 

fif S formalism. 

Predictions for sin2 Bw(mz);C?S can be obtained from o, G,, and mz using 

the relation 
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sin* 20w(mz)m = 
4*a 

fiG,,m$(l - A?) ’ 
(2.22) ’ 

where the radiative correction Ai is given in Table 1 as a function of ml. Note 

that Ai is much less sensitive to rnt than Ar. From the values of Ai, the I 

predictions for sin* Bw(mz)m in table 2 follow. For GUT extrapolations 

. 2 . sin h44mt)m = sin 2 fh(mz)~+ 4mz)m 23 
2n 

I 
s + $sin2ew en 

1 (3* _ 
(2123) 

In Section 3, we will employ sin* ew(mz)lc?s to parametrize weak neutral current 

amplitudes. In terms of that quantity, the electroweak radiative corrections will 

be simplified. 

2.3 Top Quark Mass 

Electroweak observables are sensitive to the top quark mass via loop correc- 

tions to the W and 2 self-energies. As illustrated inTable 2, when o, G,, and 

rnz are given, rnw and sin2Q(mz)m become sensitive determinators of ml. 

Those two latter quantities are related by 

710 

,sin* Wmz)&l - Ar(mz);i?s) 
9 (2.24) 

where the loop corrections Ar(mz)m are given inTable 1. Note that they are 

very insensitive to the value of mt. From Eq. (2.24), one can see that the com- 

bination n&sin* Bw(mz);i?S is rather insensitive to rnc. Therefore, a f0.05% 

determination of rnw (i.e., f40 MeV) is equal to a f0.0002 measurement of 

sin* Bw( mz)m for the purpose of determining mt. 

At present, direct measurements of mw give” 

mw = 80.22f0.26 GeV, (2.25) 

which suggests (from Table 2) ml(pole) N 153 GeV. (Note, the CDF value of 

rniv may be increasing.) Indirect determinations of mw via R, imply2*23 

mw = 80.09 f 0.11 f 0.27 GeV CR, 8~ mz), (2.26) 

which corresponds to a somewhat lower rnc. 

Measurements of sin* &(mz)m at’ LEP and SLA’C via decay asymmetries 

give2 

sin* Bw(mz)liTS = 0.2318 f,0.0006 

sin* ew(mz& = 0.2287 f 0.0010 

(LEP Average) 

(SLD) . 

(2.27) 

(2.28) 

(The SLD number is a preliminary value given subsequent to this talk.) From 

Table 2, we see that LEP results suggest mr(pole) N 170 GeV, which is quite 

consistent with the mw implications. A more powerful LEP constraint on ml 
follows from measurements of the 2 partial and total decay widths. Taken 

together with the above results, one finds globally 

rnt(rnt)m = 160 f 26 GeV 

mt(poZe) = 170 f 26 GeV 
(Global Fit) (2.29) 

where the central values correspond to rnH % 200 GeV and the errors allow for 

57 GeV 5 no 5 800 GeV. 

Given the good agreement between theory and experiment, we will assume 

mt(mt)m 21 160 GeV, rnH 21 200 GeV, and sin* Ow(mz)m = 0.2317 as central 

values in discussions of radiative corrections which follow. 

3. Radiative Corrections and Weak Ndutral Currents 

Electroweak radiative corrections have been calculated at the one-loop level 

for a variety of weak neutral current proces 
T 

s. Here, I will discuss several rel- 

evant examples which involve electrons. In all cases, the renormalization pre- 

scription entails choosing G, and sin* Bw(mz)m as the lowest order expansion 

parameters and explicitly computing the one-loop quantum corrections. As WC 

shall see, the effect of those corrections can be (almost entirely) parameterized 

by the replacements G, -+ pG, and sin20w(mz)m -+ nsin* Ow(mz);,i, where 

p and K are both 1 + O(o) process-dependent quantities. In addition to p and n, 

-4x- 



there are generally bremsstrahlung effects which require a careful study of detec- 

tor characteristics and experimental cuts. We will not discuss bremsstrahlung. 

in any detail, but when necessary, consider radiative inclusive cross sections. 

I 
3.1 Atomic Parity Violation 

The interference of weak neutral current and electromagnetic amplitudes 

gives rise to parity violation in all physical systems. At low energies, such effects 

are generally much too small to observe. However, under special circumstances 

they may be significantly enhanced. For example, Bouchiat and Bouchiat24 

pointed out that parity violating effects in heavy atoms are enhanced by roughly 

.Z3 N lo5 - lo6 relative to hydrogen. To date, atomic parity violation has been 

observed in bismuth, thallium, cesium, and lead.*’ Those experiments confirm 

Standard Model expectations and constrain “new physics” appendages. In the 

case of cesium, progress has been particularly impressive. An experiment in 

Boulder, Colorado has measured atomic parity violation with f2% precision.26 

Concurrently, the atomic theory*’ uncertainty has been lowered to about *l%. 

Hopefully, both errors will be further reduced in the near future. Anticipating 

a f0.5% total error implies a sensitive test of the Standard Model at the level 

of its radiative corrections and probe of “new physics” such as 2’ bosons28 and 

technicolor loop effects.*l 

In addition, the possibility of scrutinizing atomic theory and even eliminat- 

ing most of its uncertainty by comparing parity violation in chains of isotopes 

has been advocated.*’ Given the impressive history of atomic physics experi- 

ments, one might envision a time when those presently difficult measurements 

become routine laboratory procedures and reach kO.l% accuracy. Given such 

possibilities, a thorough understanding of electroweak radiative corrections is 

required. Here, we review the status of such calculations.30~31~32*33 

The low energy electron-quark parity violating Hamiltonian (due to Z ex- 

change) is conventionally parameterized by3’ 

G 
Hpv = -J! ( Clu?y,ysetiy”u + C&eLy,,etiy”ysu 

lh 

where represent heavy quark terms q = c, b, t. Following our renormalization 

prescription, G, has been used to normalize the effective interaction and the CS 

are given by (in lowest order) 

Cl, 

1 8 

= - 1 - 2 -sin* 3 Bw(mz)m > 

Cld = cl, = -f 1 - $in2eW(mz)~ 
> 

Cz, = i (1 - 4sin* Ow(mz)m) 

c2d = & = -i (1 - 4sin* ew(mz)&. 

The Czq terms are suppressed by 1 - 4sin* Ow(mz)m 2 0.07, due to the elec- 

tron’s neutral current vector coupling, and thus are naturally small. That suppres- 

sion is fortunate because those amplitudes undergo strong interaction renormal- 

izations at low energies and are therefore less clean theoretically than the Cr, 

which are not renormalized by strong interactions31 (due to CVC) at q* = 0. In 

fact, for heavy atoms, the Ct, are of prime importance because they add coher- 

ently over all quarks in the nucleus and parity violating effects are proportional 

to the so-called weak charge Qw 
1 

Qw(Z, A) = 2[(A + Z)cl, + (2.4 - z)c,,] . ’ (3.3) 

Compared to Qw, Czp, Claand electron-e ectron parity violating effects in heavy ! 
atoms are quite negligible*? (e.g., < 0.1% for cesium); hence, we ignore them in 

this discussion. More important are nuclear anapole moment effects which can 

be several percent relative to Qw and are not reliably computable.25 Fortunately, 

those contributions to atomic parity violating transitions can be eliminated by 

averaging transitions involving pairs of hyperflne lines.26 
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To obtain the one-loop radiative corrections to Qw, we proceed in steps. At 

the quark level, one combines the radiative corrections to muon decay and the 

electron-quark neutral current amplitudes (at q2 = 0) to give (perturbatively)31 

Cld = ---i& 
( 

1 - ~n’pv(0)sin20w(mz)~ 
> 

where 

(3.4) 

P&=1-~+ o(mz)m 

1 

3 m: Y WC2/0 2r ~~+jj+c2-$+~ - 
( 

i en< 
c= - c +Fiq > 

-~-4,l-4,,,[,.(~)+ll_~(l-~,~),l+,l-4~~,,,} (3.5n) 

K&(O) = 1 - & 
{ * 

f p-iiQi - 2sZQf)Ln (2) - ($2+$)enc2+~-~ 

-~(1-4~z)((“(~)+Q)}-~{~ 

+(~-4~~)‘,1-4,~,(,“(~)+~)+~(~-,,~+~.’)(1+(1-la~)~)}. 

In those expressions g2 - sin2 &.v(mz)m, c2 f cos’ &(mz)m, f = m&/m& 

and M is a hadronic cutoff N 0.7 N 1 GeV used in yZ box diagrams. The M 

dependence signals hadronic uncertainties which we subsequently address at the 

nucleon leve1.32 Fortunately, that uncertainty is suppressed by a 1 - 4s’ factor 

and rendered negligible. 

In the perturbative expressions of Eq. (3.5), we have judiciously employed 

a = l/137 and cY(mz)m = l/127.9 for different contributions. (The difference 

is of two-loop order.) The first coupling is employed for QED loops and low mo- 

mentum photon exchange (e.g., yZ mixing) while the latter is more appropriate 

for short-distance electroweak loops such as box diagrams. Our choice reduces 

two-loop uncertainties since it incorporates most leading logs. 

The corrections in Eq. (3.5a) have the following origins.31 The first term is 

due to a QED renormalization of the electron’s axial-vector current at q2 = 0. 

That term as well as some other low energy photonic effects should actually be 

recalculated for heavy atoms using bound state electron’propagators.34 However, 

those modifications are expected to be ‘small; so we neglect them. The next 

four terms in p’pv result from self-enerw and vertex corrections to the neutral 

current amplitudes17 and muon decay corrections (via G, normalization). The 

dependence on ml and rnH reflects a difference in Z and W self-energies. It is 

similar to the dependence exhibited in Eq. (2.15) from the comparison of mw 

and mz. The 0(am~/m2w) term is potentially important for large ml; so it 

is of interest to also examine two-loop corrections of that form. Employing 

ml E mt(rnt)m and assuming rnH N 1.4mt, one finds (roughly) 

(3.6) 

where . . represent nonenhanced two-loop effects. As previously mentioned, 

t,hc QCD correction is very small lg because ai %?? definition of rnc is employed. 

Effect,s that grow as rn: are also fairly insignificant if ml is not too large. Since 

other uncalculated two-loop corrections are potentially just as large as those in 

Eq. (3.6), we ignore all such effects and instead assign an uncertainty to p’Pv 

which reflects their neglect. The last three terms in Eq. (3.5a) come from WW, 

rZ, and ZZ box diagrams. 

The corrections to n;“(O) in Eq. (3.5b) al so exhibit hadronic sensitivities. 

The sum in that expression is over all fermions with mass < rnz and Qi = electric 

charge, T3i = f1/2 (a color factor of three must be included for quarks). That 

term and its neighbor (from W* loops) are ipduced by yZ vacuum polarization 

mixing. Such mixing involves quarks at q ’ = 0 and hence cannot be reliably 
1 

obtained from the naive perturbative result in Eq. (3.5b). Instead, y dispersion 

relation must be used in conjunction with e+e- + hadrons data to properly 

determine the quark contribution. 32 We subs:quently give the results of such an 

analysis. The remaining corrections to n’& are from the electron charge radius 

and box diagrams. 

We now focus on hadronic effects and uncertainties in Eq. (3.5) when applied 

to heavy atoms. The following discussion summarizes and updates the original 

analysis of Ref. 32 where details can be found. 
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The hadronic vacuum polarization corrections to yZ mixing have been ex- 

tracted from e+e- 4 hadrons data most recently by Jegerlehner.” Employing 

his results and the analysis of Ref. 32, one finds (for s2 = 0.2317) 

1 
3 !x + -6.88 f 0.50. (3.7) 

quarks 

The uncertainty in that contribution will turn out to be the dominant theoretical 

uncertainty (modulo atomic theory). In principle, it could be reduced somewhat 

by better e+e- + hadrons data. 

The nonperturbative result in Eq. (3.7) can be mimicked by employing 

effective quark masses’” m, ~62 MeV, md N 83 MeV, m, N 215 MeV, m, N 1.5 

GeV, and rnb IT 4.5 GeV and multiplying by the QCD correction (1 + oS/x) N 1.042. 

We subsequently use those masses to estimate changes in t&(q2) for q2 # 0. 

A second hadronic uncertainty enters plPv and nlpv via low frequency con- 

tributions to yZ box diagrams. Those effects were studied inRef. 32 for nucleons 

using a form factor analysis. There, it was shown that the electron-nucleon par- 

ity violating Hamiltonian was given by 

HPV = -%,yse(C1,~‘p + Cl,tir“n) + 
s 

(3.8) 

where 

1 
CI, = sp’pv( 1 - 4&(0)sin2 &(mz)m) 

1 I c,, = -- 2 PPV - 0.3 a(mt)m(l - &), (3.9) 

with p’pv and K’ pv(0) as given previously, but the rZ box contribution replaced 

by 

4 en - +~-+ll.Ofl.O . ( > M2 (3.10) 

(That value is slightly updated compared with Ref. 32.) Here, we again have 

some hadronic uncertainty. Fortunately, it is suppressed by 1 - 4s2 in Eq. (3.5). 

That suppression factor will be maintained in going from nucleons to heavy 

nuclei and thus render additional ‘two-nucleon correlation effects (of the type 

discussed in Ref. 35) small and presumably unimportant. 

In terms of Cl,, and Cl”, the weak charge is given by 

/ 
Qw(A, Z) = ?(A - Z)Cl, + 2ZC1,. (3.11) 

From the above formulas, one finds (for rnt = 160 GeV, rnH = 200 GeV, 

sin” Ow(rnz)ji?s = 0.2317) 1 

p’pv = 0.9873 f 0.0004 f 0.0004 (3.12a) 

n&(O) = 1.0029 f 0.0025 f 0.0005, (3.12b) 

where the first error comes from one-loop hadronic uncertainties and the second 

corresponds to (uncalculated) higher order effects. From those results, one finds 

C,, = 0.03481 f 0.00013 (3.13a) 

Cl, = -0.49372 f 0.00028 (3.13b) 

Qw(Z,A) = (0.9874 f O.OOOS)(Z - A)+(0.06962 f 0.0024)Z. (3.13~) 

In the case of ‘i:Cs where the most precise measurements have been carried out, 

Qw(‘~$s) theory = -73.19 f 0.14. (3.14) 

That prediction is extremely insensitive to the values of rnt and rnH employed.21,36 

Changing those parameters modifies p’pv via Eq. (3.5a) but that effect is almost 

completely canceled by the change in si ‘n’ Bw (mz)m (see Table 2). Therefore, 

Eq. (3.14) represents a testable predictipn with very little uncertainty. It is to 

be compared with the experimental result26 

! 

Qw(‘$s) exp. = -71.04 f 1.58 f 0.88, (3.15) 

where the errors are experimental and atomic theory.27 The agreement is quite 

good and must be viewed as a success for thestandard Model. As the errors in 

Eq. (3.15) are further reduced, we should see an interesting confrontation with 

theory at the level of electroweak radiative corrections. One can even probe 
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for “new physics.” Two examples, Z’ bosons and technicolor models, will be 

subsequently discussed. 

Rather than comparing Qw with a sin2 Bw(mz)m derived from o, G,, and 

mz, one could emplo alternative strategies. For example, a sin2 Bw(mz);i?S 

directly measured in % decay asymmetries or derived from o, G,, and mw [see 

Eq. (2.24)] could be used in the Qw predictions. In that case, Qw(‘iiCs) will 

exhibit the dependence on ml and rnH given by the p’pv in Eq. (3.5a). To be 

competitive with other loop constraints on ml and rn”, one must aim for a 

f0.2% measurement of Qw(‘$s). S UC an advance represents a significant h 

challenge for experiment and atomic theory. 

As mentioned before, one might envision measuring Qw(Z, A) for a 

chain of isotopes and comparing those values to eliminate most atomic 

theory uncertainties. 2g Neutron distributions may cause variations between ( 

isotopes.3’) The p& dependence also cancels in such a comparison; so it can be 

considered as an alternate way to measure sin’ 6w(mz);i?s. To be competitive 

with Z asymmetry measurements, ratios of weak charges for widely separated 

isotopes would need to be measured to kO.l% precision. 

3.2 Polarized Electron-Carbon Scattering 

Low energy polarized electron scattering experiments also probe the weak 

neutral current and extensions of the Standard Model. By measuring the parity 

violating asymmetry 

A -duR-duL 
pal - duR + duL 

(3.16) 

for right- and left-handed electron scattering, one detects the interference between 

y and Z exchange amplitudes. Various asymmetry experiments have already 

been carried out or are planned. They range from the classic SLAC deep-inelastic 

e-D experiment3s to lower energy measurements at BATES3’ and CEBAF. 

One possibility suggested by G. Feinberg4’ is particularly simple. It in- 

volves the elastic scattering of polarized electrons on a spinless isoscalar target 

such as 12C or 4He. For those cases, axial-vector hadronic matrix elements are 

negligible and the vector current matrix elements are parameterized by a single 

form factor which is identical for the electromagnetic and weak neutral current 

amplitudes. (For now, we neglect strange quark radiil’ and nuclear isospin im- 

purity effects42 which can modify the asymmetry. Such subtleties will be subse- 

quently addressed.) Therefore, hadronjc matrix element uncertainties cancel in 

the -&I ratio and the predicted lowest. order asymmetry depends on Cl, + Grd 

(or Cl, + Cl,). One finds (in lowest order) 

A pot - - i g(C1, + Cl,) = -gsin2 &.v(mz)m (O+ + O+), (3.17) 

where q is the momentum transfer. An experiment3’ at BATES on 12C gave 

sin2 6’w(mz) = 0.200 f 0.051 where the error is mainly statistical. One could 

envision a reduction in the experimental uncertainty to *l% by longer runs. 

At that level, eC is competitive with atomic parity violation experiments; so it 

becomes important to assess all theoretical uncertainties and include electroweak 

radiative corrections. 

Discussion of the radiative corrections is facilitated by considering the quan- 

tit,y 

(3.18) 

Modulo nuclear isospin impurity effects (which are < 1% for 4He and 12C and 

should be corrected separately42), in the limit q2 -+ 0, radiative corrections to 

that ratio have the same form as in the atomic parity violation discussion. They 

modify the r.h.s. of Eq. (3.18) to32 

-$C,,+ Cl,) = P~vn~v(0)sin28w(mz)~+0.15 o(m:)m(l - 4s2), (3.19) 

where p&” and “bv(0) were previously given? Eqs. (3.5) and (3.12). Numerically, 

one finds the prediction 

- 0.2295 f 0.0003 (o+ -+ o+), (3.20) 

which is applicable to 4He and 12C after correcting for nuclear isospin impuri- ( 

tics). 
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Of course, real scattering asymmetry measurements must be made at q2 # 0. 
Varying q2 will modify the asymmetry prediction in Eq. (3.20) due to changes 

in the radiative corrections and the presence of nuclear strange quark charge’ 

radii effects. (Nuclear isospin impurity effects will also exhibit some q2 depen- 

dence. We contin to assume that they are treated separately or are measured 

experimentally under the phenomenological prescription we subsequently give.) 

Collecting all q2 dependent modifications of Eq. (3.20) into a correction 

factor 1 + R(q2), one expects 

PO1 

(A > 
-G 2 

= 0.2295( 1 + R( 42)) 

2r a 

(3.21) 

R(0) = 0 

where R(q2) will exhibit some process dependence. For very low q2, one expects 

contributions to R(q’) to be small. QED corrections from bremsstrahlung and 

low momentum photon exchange largely factorize and cancel in the asymmetry 

ratio. Residual effects can be computed and should not introduce an error larger 

than f0.5% in R(q2). In the case of p>” and K;~, they are slightly modified for 

q* # 0 primarily from changes in 72 mixing, yZ box diagrams,and the Z& term 

in Eq. (3.5a). For low q*, those effects are small and tend to cancel.32 In the case 

of the BATES kinematics, 1q21 N 3 x lo4 MeV2, we expect R(q2) to be modified 

by about 0.001 N 0.002 due to changes in p’pv and nbl/. 

More controversial is the effect of strange quarks on R(q2). For q2 # 0, the 

strange radius of the nucleus can give rise to a shift in the asymmetry. For 

example, Musolf and Donnelly 43 found that strange quarks can give a q2/mf,, 

contribution to R(q2) for small 1q21 when Jaffe’s estimate41 of the strange ra- 

dius is employed. That corresponds to about a 3% reduction in the asymmetry 

for BATES’ kinematics. Given the uncertainty in such a prediction (the strange 

radius has not been experimentally observed), it represents an obstacle for inter- 

preting precision measurements of the asymmetry at the !c1% level. One could 

overcome that uncertainty somewhat by first measuring the strange radius of 

a nucleon. Such experiments are planned. 43 Alternatively, we propose to over- 

come this problem by a direct experimental approach to all R( q2) effects. If one 

can measure the polarization asymmetry with high experimental precision for 

several values of q”, then the R(q’) dependence should be ascertained and one 

can extrapolate to q 2 = 0 for comparison with the Standard Model prediction 

in Eq. (3.20). With such a procedure, it seems feasible that a confrontation be- 

tween experiment and theory can be made at the &l% level. We shall assume 

such a determination is possible in’our later discussion of “new physics” sensi- 

tivity. 

3.3 Deep-Inelastic Polarized eN Scattering 

Having described in some detail the radiative corrections to atomic parity 

violation and elastic polarized eC scattering, I will now briefly outline various 

other neutral current tests that are possible using longitudinally polarized elec- 

tron beams. 

The most famous parity violating asymmetry was the SLAC eD + eX 

experiment of 1978. 38 That measurement confirmed the Standard Model and 

gave the first really precise determination of sin2 l+ (to about 10%). In terms 

of the deep-inelastic variables I, y, and Q2 

AD(z, Y) 3GP 1 ---= 
Q2 5&a 

cl, - -Cld + ; ; ;; 1;;: @2u - ;c2d)] 
2 

(3.22) 

+ sea quark effects + radiative corrections.44 

Many of the radiative corrections can be,absorbed into G, --+ pG, and sin2 0~ + 

r((q2)sin2 0w(rnZ)m in the C,,. (1 do not give the relevant p and n here.) However, 

there are important QED corrections to Ihe asymmetry denominator which must 

be included in any detailed study. 

Employing the SLAC polarized 50 t: eV electron beam, one could envision 

a new measurement of AD (or AP) to about *l%. At that level, one would be 

competitive with other future low energy tests and would probe physics at N 1 

TeV. 
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3.4 Polarized e--e- Scattering 

Another potentially interesting parity violating asymmetry involves polar- 

ized electrons scattering on unpolarized electrons e- + e- -+ e- + e- 

I A 
ec 

= hz - duL 
doR + duL ’ 

(3.23) 

That quantity is actually similar to ALR at the 2 pole, except Eq. (3.23) is 

tiny when Q2 is very small. In the Standard Model 

(3.24) 

to lowest order. Higher order corrections are included via the replacement G, -+ 

PG,, sin2 ew(mz)m -+ 4&*) sin’ Bw(mz)m and including QED effects. The 

p and IE differ somewhat from those appropriate for atomic parity violation. 

Indeed, WW box diagrams are particularly important since they do not have a 

1 - 4sin’ ew suppression factor. 

Although the absolute asymmetry, A,,, is tiny, one has a huge cross section 

to work with; so enormous statistics are possible. The question is what sys- 

tematic error is achievable? A f 1% measurement of A,, would be a tremendous 

probe of “new physics.” Indeed, as we will subsequently see, it would be a nice 

way of detecting possible 2’ effects. The challenge is to measure this very small 

asymmetry. 

3.5 2 Pole Asymmetries - ALR 

The most interesting use of polarized electrons is at the 2 pole resonance 

where ALR can be precisely measured. P. Rowson4’ has given a thorough dis- 

cussion of that asymmetry at this school. Here, I would like to interject some 

theoretical comments. 

At the 2 pole, various asymmetry measurements are possible. They include 

Forward-Backward, Left-Right, and Polarized Left-Right asymmetries. Those 

quantities can, in lowest order, be conveniently expressed in terms of the so- 

called chiral asymmetry parameter Af for fermion species f 

2Ufaf Af = 2 
I$ + af 

(3.25) 

af = T3f = f1/2 , of 7 T3f - 2Qpin2&v(w)~ . 

The forward-backward asymmetry for elte- -+ ff is given by 

dfFB = aded, . (3.26) 

Of course, one must include electroweak radiative corrections, effects due to q2 
slightly off resonance,etc. After all such corrections are made, sin’ ew(mz)m 

can be extracted from the four LEP experiments. They give the average (in- 

cluding T polarization asymmetries) 

sin2 C3w(mz)m = 0.2318 f 0.0006 (LEP Average) (3.27) 

where the small error is possible because so ‘many measurements are included. 

LEP actually presents sin* @$ values. I have used a translation due to Gambino 

and Sirlin [see Eq. (l.S)]” 

sin’e$ = sin2 Ow(mz& + 0.0003 . (3.28) 

Electron polarization opens up two new asymmetry measurements: 

A ‘JL - OR LR = ___ = A, = 
2(1 - 4sin2 ew(mz)m) 

at + CR 1 + (1 - 4sin2Bw(mz)m)2 
(3.29) 

and 

Ar’(f) = a$ . (3.30) 

The latter is particularly large for e+e- + b& and gives one a nice way to tag B 

vs. B mesons in oscillation studies. The A&is extremely important because it 

allows a very precise determination of sin’ Bw(mz)m which is straightforward 

and clean. 

To unambiguously extract sin2 &(rnz)m from ALR, one must include 

the effect of electroweak radiative corrections. Those loop effects differentiate 
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(slightly) f = p, u, and d flavor final states because of different vertex correc- 

tions. One finds (independent of rnt and mH) at the 2 pole 

ALF$P+P-)= 
20 - kin2 fMmz)& 

1 + (1 - 4sin2 Bw(mz)&2 
_ o,oo46 

ALR(UI~) = 2(1 - 4sin2 Bw(mz)m) 

1 + (1 - 4sin2 Bw( mz)liis)2 
_ o oo25 

’ 
(3.31) 

ALR(dd) = 
2(1 - 4sin2 edmz)~) 

1 + (1 - 4sin2 ew(mzJmj2 
_ o,oo18 

. 

Those corrections are small, but they must be applied for high precision mea- 

surements. In addition, there are effects due to q2 deviations from rn; which 

must be taken into account. 

Baaed on - 50,000 2 decays, the SLC collaboration recently presented (after 

this talk was given) sin2 0$ = 0.2290 f 0.0010, which implies 

sin’ Ow(mz)m = 0.2287 f 0.0010. (3.32) 

The power of that measurement is evidenced by the small error even with such 

limited statistics. 

Comparison between Eqs. (3.32) and (3.27) indicates a 2.7 sigma difference. That 

confrontation is starting to get interesting. Let me give some interpretations. If 

I suppose that the SLC measurement is not inconsistent with any single LEP 

measurement, then a straight average gives 

sin’ Ow(mz)m = 0.2310 f 0.0005 (Asy. Ave.). (3.33) 

From Table 2, we see that such a value corresponds to mt(pole) N 190 GeV which 

is heavy but not out of the question. Consistency with Eq. (3.33) will require upward 

movement in mw to - 80.45 GeV. Recent CDF (p re iminary) results do indicate 1’ 

upward movement in mw. It will be interesting to follow mw developments. 

Another possibility is that sin2 Ow(mz)m is really low, near the SLC value 

in Eq. (3.32). That could be a signal for some “new physics.” I will return to such 

a scenario when the S, T, and U parameters are discussed. 

It is clear that improvements in ALR are very exciting. Those measurements 

can determine sin’ Bw(mz)m to about f0.00025 and thus establish a standard 

for that fundamental parameter at the *O.l% level. It could then be used in 

conjunction with other precision measurements to first constrain mt and then 

mu. In addition, it will be important for probing “new physics,” a subject I 

next address. 

4. “New Physics” Signatures 
, 

Precision electroweak measurements test the Standard Model at the level of 

its radiative corrections and probe for “new physics.” The “new physics” may 

arise at the tree level, as in the case of extra 2’ bosons,or be induced primarily 

via quantum loop effects, e.g., SUSY and technicolor scenarios. Whatever the 

source, we already know that existing experiments allow at most from a few 

tenths of a percent to perhaps a few percent deviations from theStandard Model. 

Therefore, clear discovery of some “new physics” is unlikely to come simply 

from improved precision in a single experimental measurement. Instead, one 

will check various scenarios by global fits to all data. Also, should some new 

phenomenon be directly observed at high energies, low energy constraints will 

allow us to sort out its properties. 

To illustrate the utility of precision electroweak measurements, we consider 

here three cases: 1) the effect of 2’ bosons on low energy neutral current phe- 

nomena 2) modifications of low energy observables due to heavy loop effects, 

e.g., technicolor models,and 3) the importance of precision measurements for 

grand unified theories. Our discussion will be somewhat general; however, we 
- - will focus on atomic parity violation, polarized e-C scattering, e e *and ALR, 

since they were reviewed in Section 3. Fpr concreteness, we will assume a future 

set of experiments in the first three areas will lead to combined theoretical and 

experimental errors 
! 

J$ql;;c,, = f0.5% 

AA(eC),,~/Ap,t = l l% 

AA,,fA,, = f4% . (4.1) 
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Those hopes are to be compared with the existing best experiments which give We consider the appendage of N weak neutral gauge bosons Z,, i = 1,2,. . . 

AQw(Cs)/&w(Cs) = f2.5%, and AA(eC)/A = f25%. Achievement of those I to the Standard Model. The fermionic sector of the electroweak neutral current 

goals is most likely for atomic parity violation. The values in Eq. (4.1) were 

chosen because, as we shall see, they probe “new physics” at roughly the same 

level. I 

interaction Lagrangian is given by’s 

I 

LClnl = -eAJ’Ji”’ - 922” J,“” - 
cos ew J 

ig2 tan 19w c 62: JL 
t 

4.1 Z’ Bosons where 

Extra neutral gauge bosons (generically called Z’ bosons) can be easily ap- 

pended to the Standard Model via additional V’( 1) gauge symmetries. They arise 

quite naturally in grand unified theories (GUTS) and some superstring models. 

For example, the SO( 10) model has one such additional boson which is denoted 

by Z, while Es has Z, as well as a second flavor diagonal neutral boson, Z$.47 

The discovery of additional Z’ bosons would have profound implications. 

Besides signaling new forces in nature, their specific properties could point to a 

particular GUT, left-right model, compositeness, etc. 

If such bosons exist, they may eventually be produced and studied at high 

energy colliders. #For example, the Fermilab tevatron pjj collider CDF group has 

given the bounds (at 95% CL)” 

f 

J,“” = x(--sin’ &vQ~!RY~~R + (T3f - Q+n2 hv)f~dr. 
r 

with Qf the fermion electric charge (Qe = -l), T3f = weak isospin. The Xi in 

Eq. (4.3) are arbitrary but the normalization is chosen such that Xi N 1 in many 

GUTS. In fact, for Es models 

mz, > 340 GeV 

mz, > 320 GeV . (4.2) 

We anticipate those searches to continue up to about 500 GeV as the Fermilab 

luminosity and energy (1.8 TeV + 2.0 TeV) increase. At the LHC, the potential 

for finding Z’ bosons should extend to the 3-5 TeV region depending on their 

specific properties. 

To complement Z’ production searches, it is useful to look for indirect hints 

of a Z”s existence via low energy phenomenology. Here, we will.give a general 

discussion and then focus on atomic parity violation, polarized e-C scattering, 

and A,, as specific probes of Z’ bosons. In the case of ALE, it would be sensitive 

to Z-Z’ mixing; but I will not consider that possibility. 

(4.3) 

(4.4a) 

(4.4b) 

(4.4c) 

3&X =3&X = -Qx = +1 da 
Q’Q = Qf = -39,x, = -3QiL = +1 

Q& = Q&, = Qza = -m 

Q$ = Q$ = Q& = C+ = d@ . 

(4.5a) 

(4.5b) 

In general,one would expect all of the Z; to mix with one another as well 

as the ordinary Z. However, we know from LEP physics and ALR that the Z 

couplings exhibit little if any mixing. Theref 
9 

re, we do not consider ordinary Z 

mixing in this discussion. For Es-inspired models, the combinations 

Zfl=ZrcosP+ZesinP 

Z’p = -Z, sin p + Z, cos B 

- n/2 5 P I K/2 (4.6) 
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will be taken as mass eigenstates with mz, < rnZlp. 

Given the above interactions, one can easily work out the modifications of, 

weak neutral current amplitudes due to Z’ bosons. Here we give the results for 

Qw(Cs), A&eC) and A,, in the case of I& inspired models with X, = X,J, = 1 

and the couplings n Eq. (4.5). One finds4’ 

Qw(‘$s) = -73.19 f 0.14 + 65.41 {z{ ( - cos2 p + 

+ f# (sin2p - $sinpcosp)) (4.7) 

while for A,, 

-f -!$ (sia’p- Esia/?cosfl))] . 

Those quantities are most sensitive for /I = 0, the SO(10) model where 

Zp = Z,; so we focus on that scenario. In that case, the above expressions 

become (ignoring Z,) 

4 Qw(‘;$s) = -73.19 f 0.14 + 65.4--+- 
x 

(4.10) 

One sees that a f0.5% measurement of Qw(Cs) probes Mzx at the 1.2 TeV level. 

Indeed, if we were to attribute the central values spread in Eqs. (3.14) and (3.15), 

i.e.,AQw = 2.2 to a Z,, it would correspond to mx N 500 GeV. Amazingly, such 

a massive Z, would not have been detected in any ,other precision measurement 

or collider experiment [see Eq. (4.2)1. A new measurement of Qw(Cs) to f0.35 

would see a 500 GeV Z, at the 6a level. Also, for other cesium isotopes, one 

finds , 

4 Qw(‘33+$Cs) = -73.19 -0.986X + (65.4 +0.62X)% . (4.11) 
x 

Measuring Qw for chains of Cs isotopes and other atoms could reveal the cou- 

plings of an extra Z’. 

To probe the mz, N 1 TeV level in polarized eC scattering requires a mea- 

surement of APO, to fO.S% which is hard but not impossible. At issue is the 

control of R(q2) in Eq. (4.10) at that level. If a deviation from the Standard 

Model is found in atomic parity violation, low energy polarized electron scatter- 

ing experiments may provide our best means of confirmation. 

In the case of A,,, one finds from Eq. (4.10) that a 1 TeV Z, can be observed 

(at the la level) by a f4% measurement of A,,. Of course, just measuring A,, 
at any level is a tremendous challenge. Nevertheless, the practicality of such an 

experiment should be examined. 

4.2 S,T, and U 

A nice formalism for studying heavy physics effects on gauge boson self- 

energies was introduced by Peskin and T!akeuchi,4 and the S, T, and U parame- 

terization. Here,we describe the implementation of that formalism and current exper- 

imental constraints on those parameters. 1 

Heavy new fermions, such as technifermions, a heavy fourth generation, 

etc., enter low energy phenomenology through gauge boson self energies. In 

the electroweak sector,those include the vacuum polarization functions l&(q2), 
~ 

lI,z(q2), IIzz(q2), and lTww(q2). Using MS subtraction removes heavy parti- 

cle contributions to the first two by absorbing such effects into the definitions 
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o(mz)m and sin’ ew(rnz)m There are, however, residual effects in IIzz and 

IIww that remain after renormalization and are observable as corrections to the 

natural relationships in Eq. (1.6). 

The heavy new fermion loop effects can be parameterized by three observables 

SW, Sz,and T defined b y2’ 

SW, Sz, and T are measured in the following way. Employing o, G,, mz, 

I mt = 169 GeV, and rn” = 200 GeV (along with light fermion masses and mixing) 

completely specifies the St.andard Model, module “new physics” or deviations 

in ml or rnH. If such effects are presy t, they lead to shifts in the radiative 

corrections previously discussed (see Section 2)2’ 

H&$(m&) - II$i$(O) 4mz )m 
4 I = 4sin2 0w( rnz)m 

SW = Ztt”” - 1 (4.12) 
MS 

HyF(m”,) - II~~(O) dmz);C?S 
4 

sz = ZTW - 1 (4.13) 
MS = sin2 20w( rnz)m 

= a(mz)mT = p(0)"ew-l (4.14) as well as a change in the p parameters of Section 3 

where “new” means only heavy new particle loops are included, In means a 

modified minimal subtraction is applied, and o(mz)m has been factored out. 

In terms of the Peskin-Takeuchi parameters, 

s = sz 

T=T 

u=sw--sz . (4.15) 

The T and U correspond to isospin violating effects, while S is isospin conserving. 

Even without “new physics,” SW, Sz, and T provide a convenient means for 

approximating deviations from our assumed ml = 160 GeV and rnH = 200 GeV 

values. Deviations give rise to22,50 

3 TE- 
16ns2 

m’v’~~Gev’2) - &en (a). (4.16) 

Note that U = +f!n(mr/160 GeV) is much smaller than T and can be generally 

ignored. 

Ar = 0.0390 f 0.0011 - 6.0195Sw + 0.0361Sz - 0.0258T 

Ar(mz)m = 0.0703 f 0.0011 + b.OO84Sw 

A+ = 0.0612 f 0.0011 + O.Oll& - 0.00782T 

pneW(0)= l+ 0.00782T 

used in all weak neutral current amplitudes. 

From the changes given above, one finds the new predictions 

sin2 8w(mz)m = 0.2317 f 0.0004 + 0:00365Sz - 0.00261T 

mw = 80.32 f0.02 + 0.45T - 0.63s~ + 0.34s~ GeV 

Qw(‘;;Cs) = -73.19 f 0.14 - 0.8s~ - 0.005T 

Apo/(G 
( $f 92/u) 

= 0.2295( 1 + R(q2) + 0.016Sz - 0.003T) 

ALR(hadrons) = 0.1436 f 0.0030 -!O.O29Sz + 0.020T 

rZ/rpdard Model = 1 - O.OOSSSz + 0.0105T 

r(Z + e+e-)/I’f&t: = 1 - 0.0021Sz + 0.0093T. 

(4.17) 

(4.18) 

(4.19a) 

(4.19b) 

(4.19c) 

(4.19d) 

(4.19e) 
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From those expressions, we see that most precision experiments are sensitive to 

a linear combination of Sz and T. The exception is rnw which depends on both 

SW and Sz. In fact, one can isolate SW by comparing rnw and sin’ Bw(mz);iiS 

(measured via a Z 
P 

ecay asymmetry)2’ 

mw - 80.32 GeV 

> 

sin2 Bw(mz)m - 0.2317 

80.32 GeV ’ 0.2317 
. (4.20) 

In addition, one notes that Qw(C s and A,,l(eC) are rather insensitive to T ) 

and thus provide direct measurements of .5’~.~l 

By comparing experiments with the theoretical predictions, including Sand 

T dependence, one obtains constraints on those parameters. Various existing 

constraints along with anticipated future advances are illustrated in Table 3. 

Taking SW = Sz = S, one finds 

S = -0.20 f 0.16 + 0.84T . (4.21) 

The data is consistent with S and T N 0 but could accommodate an S N 1 if T 
is also O(1). 

Table 3. Present experimental constraints on SW, Sz, and T along with 
anticipated future sensitivities. Central values of m, = 160 GeV and rn~ = 
200 GeV are assumed 

Experiment 

mw = 80.22 f 0.26 GeV 
LEP Asymmetries 
(sin*Ba(mz)~ = 0.23113 f 0.0006) 
ALH (SLD) 
Qw(‘$s) = -71.04f 1.81 

rz = 2492 f 7 MeV 

rc+c- = 83.33 f 0.29 MeV 

R=w 

Current Constraint 

T - 1.4s~ + 0.76.S~ = -0.22 L!Z 0.60 

Sz - 0.69T = -0.03 f 0.20 

Sz - 0.69T = -0.82 f 0.30 

Sz - 0.005T = -2.7 zt 2.0 f 1.1 

T - 0.36Sz = -0.05 f 0.27 

T - 0.23s~ = -0.64 f 0.37 

Sz - 0.69T = 0.30 zt 2.3 

T - 0.4Sz = -0.03 f 0.67 

T - 0.028Sz = 1.1 f 1.3 

Future 

f0.09 

fO.15 

fO.10 

f0.5 

f0.27 

f0.37 

? 

f0.24 

f0.65 

Why is S interesting? Each new heavy chiral Sum doublet contributes 

1/6x to S;51 so a signal for heavy fermions could be S > 0. Technicolor models 

have many heavy doublets. Indeed, one expects (including enhancements) 

, 
S N (0.05 - 0.10)N~Nr~ + 0.12 (technicolor) , (4.22) 

where NT is the number of technicolors and No is the number of flavor doublets. 

(The +O. 12 comes from a heavy effective Higgs in such a scenario.) For a generic 

one-generation model with ND = 4 and NT = 4, one expects’ S N 0.9 N 1.7. So 

far, there is no evidence for S > 0, but S m  1 is not completely ruled out. 

In the future, individual experiments are expected to reach a sensitivity of 

0.1 - 0.5 for S and T. At that level, technicolor should unveil itself if it is 

real. We note that supersymmetric theories do not introduce additional chiral 

fermions and thus naturally give very small S and T. So, as long as their values 

remain close to zero, it bodes well for supersymmetry enthusiasts. 

4.3 SUSY GUTS 

Precision measurements of the Standard Model’s parameters allow one to test 

and constrain grand unified theories. In those theories, couplings and masses 

evolve as one goes to higher energies and are constrained by natural relations 

in the full theory. For example, gs,, = gzO = grO in many simple gauge group 

unifications, such as SU(5). One can, therefore, use low energy couplings to 

constrain GUT physics such as the unification scale Mx and the proton decay 

rate. 

Let us consider as an example the $upersymmetric (SUSY) SU(5) model 

with two Higgs doublets and a generic (average) SUSY scale Msusc. One predicts 
3 

mz K sin2 0w(mz)~ 
M,yN--exp - 

2 [( 

1 

2 4mz)m a3(mz)?i;jS )I 
(4.23) 

~(p -+ e+rO) N 1 X 103’*’ X [&$I4 yr. 
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MSUSY 2175mz exp 
1 - 5sin’ @,(rnz)m 7 

4mz )m + 3a3(mz)m )I (4.25) 

I 
where r(p + e+rr’) is the proton partial lifetime l/P(-+ e+rr’). Employing 

aa( = 0.115 f 0.010 (4.26a) 

a-‘(mz)m = 127.90 f 0.12 (4.266) 

sin’&(mz)m = 0.2318 f 0.0006 (LEP) (4.26~) 

gives the predictions 

Mx N (9::‘) x 1Or5 GeV 

r(p + e+r”) N 6.4 x 1034*‘*2 yr 
(4.27) 

independent of A4susy (to a good approximation). The large uncertainty stems 

mainly from the error in os(mZ). (Experimentally, r(p + etrro) 2 8.5 x 1O32 

yr.) The prediction for Msusy 

Msusy 21 75 GeV N 1,900 TeV (4.28) 

has a broad range. (Indeed, it scales as A&!) 

Of course, those predictions are somewhat sensitive to the specific SUSY 

masses, “new physics” appendages, etc. Nevertheless, they do point out the need 

to determine og(mz) and sin2 @w(rnz)m with the highest precision possible. 

5. Outlook 

The discovery of weak neutral currents marked a tremendous success for 

the SU(2)t x U(1) model. Now, that theory has been tested at the level of 

its quantum corrections via 1% (or better) measurements. So far no hints of 

“new physics” have emerged, but rnf has been constrained to - 160-170 GeV. 

Confronting that prediction with a direct determination of ml, after its discovery, 

will be very exciting. An intriguing outcome would be a very heavy ml, well 

beyond the loop constraint. Indeed, the heavier top turns out to be, the more 

interesting it becomes. 

After mt is known, precision measmements may provide some constraint on 

rnf,. At least the light rnH 21 100 GeV and heavy rnH z 800 GeV cases may 

bc differentiated. Confirming the Higgs’ existence will require direct discovery 

at high energies and exploration of its’properties. That occurrence must wait 

for the next generation of colliders. ’ 

To the dismay of technicolor advocates, there is no evidence for S > 0; how- 

ever, S - U( 1) is not ruled out. The next generation of precision measurements 

will probe S down to about f0.2. At that level, technicolor or some other heavy 

fcrmion effect might well emerge. In addition, we saw that Cs atomic parity vi- 

olation is already sensitive to mz, N 500 GeV and is capable of reaching to - 1 

TeV. Similar sensitivities are possible with polarized eC and ee scattering ex- 

periments; but reaching that level will not be easy. Nevertheless, such pursuits 

are worth the effort. Those low energy measurements complement precision de- 

terminations of rnw, sin2 ew(mz);irs via AtR,etc., searches for rare or forbidden 

processes, and high energy collider explorations. Collectively, they test the Stan- 

dard Model and provide guidance for our scientific imaginations, as we strive to 

decipher and appreciate the laws of Nature. 
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POLARIZED ELECTRON SOURCES” 
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ABSTRACT 

The fundamentals of polarized electron sources are described with particular ap- 

plication to the Stanford Linear Accelerator Center. The SLAC polarized electron . 

source is based on the principle of polarized photoemission from Gallium Arsenide. 

Recent developments using epitaxially grown, strained Gallium Arsenide cathodes 

have made it possible to obtain electron polarization significantly in excess of the 

conventional 50% polarization limit. The basic principles for Gallium Arsenide 

polarized photoemitters are reviewed, and the extension of the basic technique to 

strained cathode structures is described. Results from laboratory measurements 

of strained photocathodes as well as operational results from the SLAC polarized 

source are presented. 
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1 Introduction 

These lectures describe the fundamentals of polarized electron sources with 

particular application to the requirements of SLAC. The SLAC polarized electron 

source is based on the principle of photoemission from the semiconductor Gallium 

Arsenide (GaAs). Several laboratories have such polarized sources in operation. 

Recent developments using this technique have made it possible to obtain much 

higher polarization than previously. A discussion of these developments is one of 

the main points of these lectures. Before the discussion of high polarization, the 

conventional polarized electron source techniques are reviewed. 

The lectures are organized as follows: 

l The SLAC requirements for a polarized electron source. 

a The basic methods to produce polarized electrons. 

l The Gallium Arsenide photoemitter. 

l Polarization enhancement due to Strain-A Brief History. 

l The effect of strain on band structure. 

a The creation of strain. 

l Parameters for selective optical pumping. 

l The role of the “critical thickness.” 

l The SLAC-Wisconsin-Berkeley work with InGaAs. 

s The SLAC-Wisconsin work with GaAs grown on GaAsP. 

a Performance of strained cathodes on the Stanford Linear Collider (SLC). 

2 SLAC Requirements for a Polarized Source 

SLAC experiments presently run in two modes; fixed-target operation and 

SLC operation. These modes have quite different source pulse lengths and set 

stringent requirements for the polarized electron source. 

I f= 120 Hz. 
I I 

e 5 x x 3 x 10er’ m-rad. The source emittance. 

R/L Reversal; Pulse by Pulse. 

ISLC ODeration I 

I e < x x lo-’ m-rad. I 

I-- R/L Reversal: Pulse bv Pulse. I 

These requirements call for a pulsed, high-peak current source capable of de- 

livering amperes of current, having very low emittance, 120 Hz operation, and 

pulse-by-pulse spin reversal. It follows that the polarization should be as high as 

possible. The technique of photoemission from GaAs meets these requirements. 

Conventional GaAs cathode structures have a polarization limited to less than 

50%, while the newly developed cathode structures are capable of achieving sub- 

stantially higher than 50% polarization. 

3 Some Methods for Producing 
Polarized Electrons 

The following list is not meant to be exhaustive and serves only to point out 

the variety of techniques available.’ 

1. Beta decay radioactive sources (polarization from the V-A weak interaction). 

2. Polarization by scattering of electrons (spin orbit coupling, e.g., Mott scat- 

tering). 

3. The photoionization of state-selected atomic beams (the PEGGY I source). 

4. Optical pumping of alkali atoms with polarized light (the Fano Effect). 

5. Ionization of polarized metastable He4 from a gas discharge. 
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6. Optical pumping of III-V semiconductors with polarized light (the conven- 

tional GaAs source). 

Technique 3 was realized by PEGGY I, a source designed and constructed 

by a Yale group.’ This source was proposed by a SLAG/Yale group in 1971 for a 

SLAC inelastic electron-scattering experiment. The source was a Li6 atomic beam, 

state selected by sextupole fields and then photoionized to extract the electrons for 

injection into the accelerator. This type of source is primarily of historical interest 

for SLAC. While the polarization is high (- SO%), the electron current is far too 

low for present SLAC experiments. The original PEGGY I SLAC experiment 

ran at currents approximately 1000 times smaller than the normal fixed-target 

accelerator currents. For SLC operation, such a source is out of the question. 

Technique 5 has been developed by a Rice group’ and may meet the require- 

ments for a CW accelerator such as CEBAF. The currents are in the range of 

10d5 - 10T6 A, and the polarization can approach 90%. 

Technique 6 is the basis for the SLAC p o arized 1 source used for the 1978 

parity experiment4 and presently being used for the SLAC SLC and fixed target 

programs. 

4 The Gallium Arsenide Photoemitter 

The classic picture of photoemission from a solid, and in particular from a 

semiconductor, can be viewed as a three-step process5 

s Absorption of a photon and creation of an electron-hole pair followed by 

electron thermalization to the bottom of the conduction band. 

l Transport of the electron to the surface by diffusion. 

l Passage through the surface layers and escape into vacuum. 

This scenario requires p-type high mobility photoemitters with a large enough 

band gap so that the surface can be activated to negative electron affinity. This 

technique was first proposed as an intense source of polarized electrons by Garwin, 

Pierce, and Siegmann in 1974p The first realization of the technique was by Pierce, 

Meier and Zuicher in 1975.’ A SLAC source based on this technique was built at 

SLAC and used successfully for the observation of parity violation in deep inelastic 

scattering by Prescott et al4 in 1978. The polarization achieved with the SLAC 

source was 35-400/o. 

441 The Attainment of Negative Electron Affinity 

In order to obtain substantial electron polarization, the optical pumping of 

the electrons must be between the highest lying valence band states and the bot- 

tom of the conduction band. The electrons thermalize rapidly by lattice photons 

(- 10-12 set) and diffuse to the surface. Under these conditions there will be a 

negligible electron emission to the vacuum since the electron affinity of solids, and 

in particular GaAs, is about 4 eV. Electron affinity (x) is the energy separation 

between the vacuum level and the conduction band minimum. For a significant 

extracted electron current the electron affinity must be made near zero or neg- 

ative. Under these conditions the electrons emitted into the vacuum originate 

from up to 50,000 A deep into the structure, while under positive electron affinity 

conditions the emitted electrons must originate from within about 100 A from the 

surface. One of the attractive features of GaAs is that negative electron affinity 

can be readily achieved. Two basic effects contribute to the attainment of negative 

electron affinity. These are band bending at the surface due to the p-type doping 

of the GaAs, and the addition of surface layer monolayers of an alkali metal and 

either 02 or NFr. 

The addition of an alkali monolayer to the surface alone lowers x close to zero. 

The loss of Cs electrons to the bulk forms an effective lowering of the potential 

seen by electrons. In practice Cs is the alkali used together with NFs. The 

net combined effect is to lower the vacuum level such that x is approximately 

-0.4 eV. Under these conditions, substantial quantum efficiencies are obtained. 

Figure 1 shows a schematic representation of a negative-electron- affinity surface 

obtained with these effects. 

4.2 Optical Pumping with Polarized Light 

The polarization obtained from a III-V semiconductor photoemitter can be 

understood in a simple way as a two-level transition between P and S states 

pumped by circularly polarized light in analogy to the Fano effect. A more com- 

plete picture requires reference to the semiconductor band structure. A band 

structure diagram for GaAs in the vicinity of the band gap minimum is shown 

in Fig. 2. The band gap diagram is shown as a plot of electron energy (E) vs. 

lattice momentum (k). The two distinct band regions representing the conduction 

and valence band are separated by an energy gap (Es) and are made up of s and 
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p orbital6 respectively. Without spin-orbit coupling the p orbital6 forming the 

valence band have a six-fold degeneracy at k  = 0 that breaks into two bands with 
different effective masses away from k = 0. With the addition of spin-orbit COU- 

pling, an additional splitting (Au) results at k  = 0 forming a fourfold degenerate 

J = 3/2 and a twofold degenerate J = l/2 lower in energy by Au. For k  # 0, 

the degeneracy of the upper band is removed, and splits into a pair of bands each 

twofold degenerate (heavy and light hole bands). The standard terminology is 

heavy hole for the lower curvature and light hole for the higher curvature bands. 

For GaAs, E, = 1.424 eV and Ae = 0.340 eV at 300°K. 
Polarization is accomplished by pumping with circularly polarized light at the 

band-gap minimum so that there is excitation of the J = 3/2 valence band, but 

at a wavelength such that excitation of the J = l/2 split-off band is not energet- 

ically possible. The result is a net polarization for the electrons excited to the 

conduction band, but limited to 50% polarization. The simple argument to show 

this polarization results from the evaluation of the matrix elements between the 

lJ,m~), 11/2, *l/2) conduction band states and the 13/2,f3/2) and 13/2,&l/2) 

valence band states. For example, pumping with cr+ light (Yr,r interaction op- 

erator) results in the ratio of transition probabilities between conduction band 

11/2, *l/2) states and valance band 13/2, -3/2) and 13/2,-l/2) states: 

I (112, -l/21 cl 1312, -3/2) 12 = 3 

I (l/2, IPI K,I P/2, -l/2) I2 * 
The transitions are shown in Fig. 2. Since the two non-zero transitions are in the 

ratio of 3:1, the net polarization is bounded by P= &$ = -50%. 

This argument is somewhat of an oversimplification since there is the pre- 

sumption of a quantization axis independent of electron momentum. A more 

detailed calculation averaging over electron momenta directions with respect to 

the optical axis yields the same result of 50% polarization. The above results are 

for an unstressed crystal. Of course, in practice, the electron polarization may be 

significantly less than 50% due to depolarization effects in the crystal. Bulk GaAs 

typically yields a polarization of about 30% at room temperature and 35 to 40% 

at or below liquid nitrogen temperature, while thin GaAs epitaxial cathodes have 

been observed to approach the ideal polarization of 50%. An early measurcmcnt’ 

of the polarization from bulk GaAs at low temperature as a function of excita- 

tion photon energy is shown in Fig. 3. The photon energy dependence shows 

1 2  3  4  
201  1c221u Photon Energy (eV) 

Fig. 3 
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a maximum polarization of about 40% near the band edge and a relatively fast 

fall-off to zero polarization as transitions from the split-off spin orbit band start 

to contribute. At even higher photon energies, the polarization again becomes 

non-zero and eventually even changes sign as other band-to-band transitions are 

excited. 

4.3 Spin Depolarization Effects 

Depolarization effects can be characterized in terms of a spin relaxation time 

without specific reference to a depolarization mechanism. Depolarization will 

result if the characteristic spin relaxation time is short compared to the electron 

lifetime in the material before photoemission. This electron lifetime with respect 

to photoemission is generally short compared to the electron lifetime in the lattice 

with respect to electron-hole recombination, that is, the probability for electron 

recombination is small compared to electron photoemission. 

Defining the characteristic t imes rp’p. E mean lifetime in bulk before photoe- 

mission, and T, E spin relaxation time, the solution for the equilibrium pumping 

conditions yields:s 

NT-N1 Ts p=-------=---- 
NT + N1 Ts + Tpe 

x PO 

where P and PO are the final electron polarization and the initial polarization 

directly after excitation to the conduction band respectively. Note that when 

r, >> TV=, P = 1, and when 7, << TV., P = 0 as expected. 

There is an extensive literature of models for depolarization effects! Models 

include depolarization effects in the lattice structure from electron-hole spin ex- 

change collisions, and surface depolarization from spin exchange in the cesiated 

surface. The former type of effect should show less depolarization as the struc- 

ture is made thinner, while surface depolarization effects should be independent of 

sample thickness. These hypotheses can be tested by preparing epitaxialIy grown 

GaAs structures of varying thickness and measuring the sample polarizations. 

This experiment has been done by a Wisconsin-SLAC-CEBAF-Il l inois collabora- 

tion” using GaAs structures ranging from 0.9 pm to 0.2 pm. The data show 

a clear dependence of max imum polarization as a function of sample thickness 

ranging from approximately 40% for the thickest sample to approximately 50% 

for the thin 0.2 pm sample. This dependence of polarization on sample thickness 

;, is evidence for spin relaxation in the bulk of the structure as opposed to surface 

’ depolarization. The observed polarization for the thinnest sample of 0.2 pm is 

consistent with 50%. These data are shown in Fig. 4. 

5 Polarization Enhancement  Due to Crystal Strain: 
A Brief History 

Polarization enhancement by adding strain to the basic cubic crystal structure 

can be regarded as the second era in polarized electron sources using photoemission 

from III-V semiconductors. The addition of strain to the crystal changes the band 

structure in such a way that the degeneracy of the band structure at the band 

gap minimum is broken. The heavy-hole and light-hole bands are then no longer 

degenerate at k  = 0 and selective optical pumping of the higher lying band may 

be achieved leading to the excitation of a single transition and consequently a 

hypothetical max imum electron polarization of 100%. 

Historically, the theory of strained crystals and the implications for polariza- 

tion have long been recognized. The paper of Dyakonov and Perel”is one of the 

earliest accounts. The first observation of the effect of strain on polarization was 

measured by observing the dependence on strain for the degree of circular polar- 

ization of the photons emitted in photoluminescence from GaSb.? The observa- 

tion of strain enhanced photoluminescence polarization for GaAs was observed by 

Zorabedian, Garwin, and Sinclair in a 1982 SLAC experiment described fully in 

the Ph.D thesis of P. Zorabedian.13 In both of the above experiments the strain 

was applied to the crystal by mechanical means. It was not thought possible at the 

time to turn this technique into a practical electron source due to the difficulties 

of applying mecanical strain and at the same time also extracting the electrons. 

In more recent t imes the creation of strained crystals by epitaxial growth on a 

substrate with a slightly mismatched lattice constant has become a proven tech- 

nique. The technique was not thought to be practical for electron cathodes due to 

the relatively thin structure that was expected to be able to support the required 

strain, thus leading to a very low quantum efficiency cathode. 

The first observation of strain enhanced eleclron polarization from a nega- 

tive electron affinity (NEA) photocathode was reported by a SLAC-Wisconsin- 

Berkeley collaboration with an epitaxial layer of InGaAs grown on a GaAs sub- 

I4 strate. A polarization of about 70% was observed. Shortly thereafter, a KEK- 
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Nigoya collaboration reported enhanced polarization with an AlGaAs-GaAs su- 

perlattice structure, obtaining a polarization of about 70%.” The superlattice 

band structure is similar to that of strained crystals, and is an interesting topic 

in its own right. However, superlattice photocathodes have not yet been utilized 

for accelerator physics experiments and will not be discussed further in these 

lectures. Next, a Nagoya group reported enhanced electron polarization with epi- 

taxially strained GaAs grown on a GaAsP substratej6 New results with strained 

GaAs on a GaAsP substrate achieving about 90% polarization were subsequently 

reported by a SLAC-Wisconsin 17 collaboration. 

6 The Effect of Strain on Band Structure 

Strain alters the band structure of a direct band gap crystal such that there 

is a strain-dependent energy difference of the heavy-hole and light-hole bands 

relative to the conduction band given by: 

E,C.HH = Eo(GaAs) + 6& - 6Es , 

EcsLH = Eo(GaAs) + ~EH+ 6Es - (6Es)‘/2Ao + . . . , 0 

where Eo(GaAs) is the direct band gap of fully relaxed GaAs and An is the spin- 

orbit splitting. The quantities 6En and 6E.q represent the hydrostatic shift of 

the center of gravity of the Pz,z multiplet and the linear splitting of the P,jz 

multiplet, respectively, and are given in terms of the biaxial strain c parallel to 

the interface by: 

6s~ = L?a[cll - cl& , 

6~9s = b[91+ 2C”1&, 

where the parameters a and b are the interband hydrostatic pressure and uniaxial 

deformation potentials, respectively, and the Cij are the elastic stiffness constants 

appropriate to the GaAs crystal structure. 

For both InGaAs grown on a GaAs substrate and for GaAs grown on a GaAsP 

substrate, the substrate has a smaller lattice constant than the relaxed lattice con- 

stant of the epitaxial layer which is grown on the substrate. The lattice constants 

of InGaAs and GaAsP can be fixed independently by choosing the fractions of 



In and P, respectively. When these lattice constants are set to be different from / 

the lattice constant of the other side of the heterojunction by about l%, and if 

the epitaxial layer is grown suitably thin so that a coherent strain is developed 

without appreciable production of dislocations, then a biaxial compressive strain 

is developed in the plane of the interface for the epitaxial layer. If the substrate 

lattice constant were larger than the relaxed lattice constant of the epitaxial layer 

the resulting strain would be tensile. 

Since for the structures described above the biaxial strain e is compressive, the 

effect of strain is to increase the band-gap energy of GaAs for the case of GaAs 

grown on GaAsP, and to remove the degeneracy of the heavy-hole and light-hole 

levels such that the heavy-hole band moves up in energy and the light-hole band 

moves down relative to the unstrained case. 

7 The Creation of Strain 
Strain may be introduced after the fact by mechanical means, or during the 

growth process by epitaxial lattice mismatch growth as briefly described above. 

The addition of stress by mechanical means has several disadvantages which make 

it impractical for a polarized source. First, the stress must be applied normal to 

the surface of the crystal so that the surface can be illuminated with photons. 

Consequently, the crystal is more likely to fracture since the stress is along the 

thin direction of the crystal. Second, the fact that the angle between the stress 

axis and the optical axis is 90’ results in a maximum polarization of 80% as 

opposed to the maximum polarization of 100% when the stress axis and the optic 
13 axis are parallel. 

Since the basic principle to achieve polarization greater than 50% is based 

on the removal of the degeneracy between the light-hole and heavy-hole valence 

bands so that one of the two bands may be selectively pumped, a possible ap- 

proach would be to use crystals that have a natural non-cubic symmetry resulting 

in a natural splitting of these bands. Such is the case for tetragonal crystals. The 

ternary chalcopyrites are tetragonal, have reasonably high electron mobility, and 

have a very large natural band splitting readily permitting selective optical pump- 

ing. Examples of these crystals are CdSiAsz, ZnSnPz, CdGePz, and CdSnAsz all 

being II-IV-V2 semiconductors. In particular, CdSiAss is a direct band-gap semi- 

conductor and a very attractive candidate since it has a large band gap (Es = 1.74 

eV) and a large heavy-light hole splitting. However, experimental studies to date 

have not resulted in the observation of a polarization enhancement. r* Further- 

more, the achieved quantum efficiencies have also been very low. 

The successful method to achieve strain has been by lattice mismatch. The 

basic idea is to grow a thin crystal structure on a thick substrate or buffer layer 

with a slightly different lattice constant. Provided the grown epitaxial layer is 

not too thick, the epitaxial layer will grow pseudo-morphically, that is, the lattice 

constant of the epitaxial layer will accommodate to the lattice constant of the 

buffer layer in the plane of the interface. The structure is shown schematically in 

Fig. 5. 

As outlined above, this structure gives: 

1. A splitting of the mj = f3/2 (heavy hole) and mj = &l/2 (light hole) 

states into a pair of doublets due to the uniaxial component of the stress. 

2. A shift of the center of gravity of the doublets relative to the bottom of the 

conduction band due to the hydrostatic component of the strain. 

It then follows that if the splitting of the bands is sufficiently large, u* selective 

optical pumping is possible. Lattice compression in the plane of the interface 

results in the heavy-hole band lying higher and a polarization with the same sign 

as the unstrained case. Lattice tension in the plane of the interface results in the 

light-hole band lying higher and a polarization opposite in sign to the unstrained 

case. 

8 Parameters for Selective Optical Pumping 

The splitting of the heavy-hole and light-hole bands at the band gap minimum 

must be large enough to permit selective optical pumping of the higher of the two 

bands. The splitting itself will depend upon the amount of strain and hence 

can be controlled by the degree of lattice mismatch. The required splitting is 

dominated by the fluctuations in the band gap energy due to spatial fluctuation 

in impurities and dopants. This effect has come to be called “band tailing” and will 

also depend on temperature through the temperature dependence of the Debye 

screening length. The band tailing effects have been studied by Zorabedian 13 who 

finds, for GaAs at 300” and a p doping of 5 x 101scm-3, that the rms band tail 

potential is V,,, x 40 meV. Consequently a minimum splitting of about 50 meV 
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~EH = 3.8 meV/kbar The hydrostatic term . 

6Es = 6.2 meV/kbar The linear strain splitting , 

Thus a splitting of 50 meV requires N 8 kbar of stress which is achieved with a 

strain c = e z 1%. 

9 The Role of the Critical Thickness 

The epitaxial layer that is to be strained by the lattice mismatch can only 

support the strain up to some maximum thickness beyond which the strain in the 

epitaxial layer is relieved by the production of misfit dislocations. The character- 

istic thickness at which this change takes place is called the critical thickness. 

Theoretical considerations based on thermodynamic equilibrium arguments 

at the heterojunction interface can be used to calculate an equilibrium critical 

thicknessrg It has been experimentally confirmed that the dislocation density in 

the structure increases rapidly when the critical thickness is exceeded?’ However, 

experimental evidence indicates that the lattice strain is preserved to a thickness 

beyond the critical thickness, although with an increased epitaxial-layer disloca- 

tion density. Significant strain relief can be observed only above a second critical 

thickness (the non-equilibrium critical thickness), which is roughly an order of 

magnitude greater than the equilibrium thickness? 
11 Several models have been proposed to explain the persistence of lattice strain. 

The data of Ref. 21 are shown in Fig. 6. The effective critical thickness transition 

is clearly seen in the data and indicates that highly strained epitaxial thicknesses 

as large as 0.1 pm can be grown. This thickness is sufficiently large for a practical 

cathode. The critical thickness theory of Ref. 22 for the case of GaAs is shown 

in Fig. 7. The theory is in good agreement with data and indicates that for both 

strained InGaAs and GaAs, thicknesses of at least 0.1 pm with high strain can 

be grown. These parameters have been used as guidance to grow the SLAC- 

Wisconsin-Berkeley samples and indicate that the required strain of about 1% 

can be achieved with samples up to about 0.1 pm in thickness. 

. 
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10 The SLAC-Wisconsin-Berkeley W o rk 
with InGaAs 

The structures grown by the SLAC-W isconsin-Berkeley collaboration proved 

to be the first successful demonstration of enhanced electron polarization from 

a strained III-V semiconductor. The samples were grown at the Electronics Re- 

search Laboratory of the University of California at Berkeley by Molecular Beam 

Epitaxy (MBE). Two strained samples and one unstrained control sample were 

grown. The two strained samples were a thin epitaxial layer of InGaAs grown on 

a GaAs relaxed buffer layer giving a compressive biaxial strain in the plane of the 

interface, and a thin epitaxial layer of GaAs grown on a relaxed InGaAs buffer 

giving a tensile strain in the plane of the interface. 

10.1 Design and Characterization of the Structures 

The two strained structures are shown schematically in Fig. 8 and Fig. 

9. In each case the strained surface layer is 0.1 pm thick and p-type with a 

Be doping concentration of about 5 x 10rscm-3. The target In fraction (x) for 

each case was x = 0.13. The relaxed buffer layers were thick in comparison to 

the strained surface layer. These parameters were chosen to obtain a splitting 

between the heavy-hole and light-hole bands of about 60 meV. The corresponding 

strain required to achieve this splitting is about 0.9%. 

For the strained InGaAs sample, the structure consisted of 0.1 pm of p-type 

In,Gar-,As with x = 0.13 grown on a p-type GaAs buffer layer. The substrate 

wafer itself was GaAs, and the purpose of the epitaxial GaAs was to provide a 

high-quality platform for MBE growth and to change from n-type to p-type GaAs 

since n-type GaAs substrates were used. On the other hand, the strained GaAs 

sample required a relaxed buffer layer of InGaAs that was achieved by first growing 

on a standard GaAs substrate an In,Gal-,As layer graded in In concentration 

from x = 0 to the target x  = 0.13 for 2.0 pm followed by a fixed x = 0.13 layer of 

4.0 pm. The final strained surface layer of thickness 0.1 pm GaAs followed. 

For each of these strained samples the buffer layers have a larger band gap 

than the strained surface layer. Consequently, when the samples are optically 

pumped near the band gap minimum, there is no photoemission from the buffer 

layers. Only at shorter wavelengths will there be electron photoemission from the 

Strained InGaAs Grown on GaAs 
Latt ice-mismatched Heterostructure 

0.1 pm p+In Ga  As 

0.2 pn  p+ Ga As 

0.6 pm n+ Ga  As \ \ \ 

Fermi Level 

V.B. r 
E = 0.86 %  InGaAs in biaxial compression 

Fig. 8 
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Fig. 9 

;, buffer layers. This feature is important for extracting high polarization electrons 

! from the strained layers only. 

The unstrained control sample was grown to provide a sample with an un- 

strained InGaAs surface layer well above the critical thickness so there could be 

no polarization enhancement from strain. The structure was identical to that of 

Fig. 8 except that the -surface epitaxial layer was made 1.14 /.rrn thick, well above 

the critical thickness. 

In order to measure the strain achieved in the epitaxial layers, the samples were 

analyzed by Bragg x-ray diffraction. The rocking curves around the (004) Bragg 

reflection were taken using the Cu Ka line. Here, one expects to see individual 

Bragg peaks from the substrate, unstrained buffer layer, and the strained epitaxial 

surface layer since they all have different lattice spacing along the direction of 

growth. The separation of the peaks can then be interpreted not only to give the 

relaxed lattice constant but also the strained lattice constant along the growth 

direction. The x-ray rocking curves are shown in Fig. 10 for the unstrained and 

strained In,Gar-,As structures. For these samples the buffer layer is the same as 

the substrate so only two Bragg peaks are observed. 

Since the 1.14 pm thick sample is sufficient to be fully relaxed, the observed 

lattice spacing of this sample (O~&,,A, = 5.7023 A) was used to determine the 

In concentration giving x = 0.123. As a result of the biaxial strain in the het- 

erostructure interface, the InGaAs peak of the 0.10 pm sample shifts toward a 

smaller Bragg angle reflecting a lattice expansion along the [OOl] direction. The 

observed lattice spacing oL = 5.7470 A measures the strain perpendicular to the 

heterostructure interface by the relation eL = (al - ~~,,c.A,)/~,,,G.A,. The bi- 

axial strain ~11 in the plane of the interface is related to the perpendicular strain 

& by the expression 23 

The biaxial strain thus measured for the 0.10 pm sample was e = ell = 

-0.00859. Given the uncertainty in the indium concentration of the 0.10 pm 

sample, this strain corresponds to between 80% and 100% of the fully allowed 

strain. 
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l&2 Results Showing Strain Enhanced Polarization 
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Figures 11(a), (b), and (c) show the measured electron-spin polarization as 

a function of excitation wavelength for the 1.14 pm and 0.10 Pm-thick InGaAs 

structure and the 0.10 pm-thick GaAs structure, respectively. The results for (a) 
and (b) are described more fully in Ref. 14. The electron spin polarization was 

measured by Mott scattering at 65 keV. The electron gun and Mott-scattering 

apparatus have been described elsewhere. ” Th e experimental uncertainty shown 

in the figure includes the statistical error only. 

In the wavelength region of less than 870 nm, the observed electron polariza- 

tion is consistent with previous measurements on thin-GaAs samples.“Although 

electrons produced in the InGaAs layer can also contribute in this region with 

a lower polarization, the contribution to the net spin polarization is negligible 

because of the much larger photoemission from the GaAs substrate and buffer 

layer. However, in the wavelength region between 880 and 910 nm where the 

photoemission from GaAs is diminished, the spin polarization is lower due to the 

lower spin polarization in photoemission from the InGaAs layer. In the wave- 

length region greater than 900 nm, the spin polarization of the samples show a 

significant difference. The polarization of the (b) strained InGaAs sample rises 

sharply at about 920 nm reaching 71% at about 980 nm. The sharp enhancement 

at about 920 nm corresponds to the expected gap energy between the light-hole 

band and the conduction band for an indium concentration between 0.121 and 

0.133, values consistent with the uncertainty in the indium concentration and the 

x-ray analysis. The sample still has significant photoemission and high polar- 

ization somewhat beyond the expected heavy-hole to conduction band transition 

expected at a wavelength of 950 nm. This can be explained by a partial strain re- 

laxation in the epilayer causing the heavy and light-hole bands to converge towards 

the relaxed InGaAs valence band located at 990 nm. The partial strain relaxation 

may also explain why the maximum polarization does not reach the ideal 100%. 

On the other hand, the polarization of the 1.14-pm-thick sample remains at 40% 

and does not show any enhancement. The observed 40% polarization is consistent 

with values measured for bulk GaAs. 

The results for the sample shown in Fig. 11(c) are for GaAs in tension where 

the transition at the band gap minimum corresponds to the light-hole conduction 

band transition. Here, as expected, the polarization must reverse at the expected 
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tra n s i ti o n  w a v e l e n g th  c o m p a ra b l e  to  th a t fo r  th e  c a s e  o f c o m p re s s i o n . T h e  s a m p l e  

1  o f F i g . 1 1 (c )  w a s  n o t a s  fu l l y  c h a ra c te r i z e d  i n  te rm s  o f fra c ti o n  o f fu l l  s tra i n , s o  

th e re  i s  a  l a rg e r u n c e rta i n ty  a s  to  th e  e x p e c te d  w a v e l e n g th  fo r  th e  h e a v y -h o l e  

to  c o n d u c ti o n  tra n s i ti o n . H o w e v e r, th e  q u a l i ta ti v e  fe a tu re  o f th e  e x p e c te d  s i g n  

re v e rs a l  o f th e  p o l a r i z a ti o n  i s  d ra m a ti c  a n d  i n  a c c o rd  w i th  th e  fe a tu re s  e x p e c te d  

fo r  a  th i n  s tra i n e d  l a y e r i n  te n s i o n . 

T h e  re l a ti v e  p h o to e l e c tri c  q u a n tu m  e ffi c i e n c i e s  w e re  m e a s u re d  fo r  th e s e  s a m - 

p l e s  u s i n g  a  m o n o c h ro m a te r-h a l o g e n  l a m p  s y s te m  a n d  n o rm a l i z e d  to  th e  a b s o l u te  

q u a n tu m  e ffi c i e n c y  m e a s u re d  a t th e  H e N e  w a v e l e n g th  o f 6 3 2 .8  n m . In  th e  re g i o n  

w h e re  p h o to e m i s s i o n  c a n  c o m e  o n l y  fro m  th e  In G a A s  l a y e r, th e  q u a n tu m  e ffi -  

c i e n c y  fo r  th e s e  s a m p l e s  w a s  ty p i c a l l y  2  -  3  x  1 0 m 4 . T h i s  l o w  q u a n tu m  e ffi c i e n c y  

i s  d u e  to  th e  re l a ti v e l y  l o w  b a n d  g a p  e n e rg y  o f In G a A s  (x  =  0 .1 3 ) o f a b o u t 1 .2 3  

e V  c o m p a re d  to  a  b a n d  g a p  e n e rg y  o f 1 .4 2  e V  fo r  G a A s . T h e  l o w e r b a n d -g a p  

e n e rg y  re s u l ts  i n  a  l o w e r q u a n tu m  e ffi c i e n c y  a n d  a l s o  m a k e s  i t m o re  d i ffi c u l t to  

a c h i e v e  a  n e g a ti v e -e l e c tro n -a ffi n i ty  s u rfa c e . P r a c ti c a l  c a th o d e s  fo r  th e  a c c e l e ra to r  

s h o u l d  h a v e  a  q u a n tu m  e ffi c i e n c y  w e l l  i n  e x c e s s  o f 1 0 e 3 . T h i s  q u a n tu m  e ffi c i e n c y  

c a n  b e  re a d i l y  a c h i e v e d  w i th  G a A s  m a k i n g  i t v e ry  d e s i ra b l e  to  u s e  s tru c tu re s  o f 

s tra i n e d  G a A s  i n  c o m p re s s i o n . 

1 1  T h e  S L A C -W i s c o n s i n  W o rk  w i th  G a A s  
G ro w n  o n  G a A s P  

T h e  S L A C - W i s c o n s i n  s tu d i e s  o f e n h a n c e d  s p i n  p o l a r i z a ti o n  w i th  s tra i n e d  

G a A s  c a th o d e s  h a v e  fo c u s e d  o n  o p ti m i z i n g  p a ra m e te rs  fo r  m a x i m u m  p o l a r i z a - 

ti o n  a t q u a n tu m  e ffi c i e n c i e s  u s e fu l  fo r  a  p o l a r i z e d  s o u rc e . 

1 1 .1  D e s i g n  a n d  C h a ra c te ri z a ti o n  o f th e  S tru c tu re s  

T h e  s a m p l e s  g ro w n  fo r  th e s e  s tu d i e s  w e re  c h o s e n  to  c o v e r a  ra n g e  o f e p i ta x i a l -  

l a y e r th i c k n e s s e s  v a ry i n g  fro m  0 .1  p m  to  0 .3  p m . T h e  th i c k  re l a x e d  b u ffe r  l a y e rs  

o f G a A s l -,P, w e re  c h o s e n  to  h a v e  a  l a tti c e  p a ra m e te r c o rre s p o n d i n g  to  a b o u t a  

0 .9 %  l a tti c e  m i s m a tc h  to  th e  G a A s  s u rfa c e  l a y e r a n d  to  th i s  e n d  th e  p h o s p h o ru s  

c o n c e n tra ti o n  x  w a s  v a r i e d  fro m  0 .2 1  to  0 .2 8 . T h e  s a m p l e s  fo r  th e s e  s tu d i e s  w e re  

g ro w n  b y  th e  S p i re  C o rp o ra ti o n ” u s i n g  m e ta l -o rg a n i c -c h e m i c a l -v a p o r-d e p o s i ti o n  

(M O C V D ). T h e  s c h e m a ti c  s tru c tu re  o f th e .s a m p l e s  i s  s h o w n  i n  F i g . 1 2 . T h e  
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0  < x <  0.27 

(2.5 w) 

Fig. 12 
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Layer  
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(0.11 pm) 
Eg=l .50 eV 

strncture is similar in design to the InGaAs structure with x = 0.27 producing 

approximately the same strain of about 0.9%. 

A 0.25 pm-thick p-type GaAs buffer layer was grown on a (100) p-type GaAs 

substrate oriented 2O towards the (110) direction. In order to produce a strain- 

relieved GaAsr-,P, layer on GaAs, a 2.5 pm-thick GaAsr-,P, layer was grown 

with an increasing phosphorus fraction from 0 to x to accommodate the lattice 

mismatch, followed by an additional 2.5 pm-thick GaAsr-,P, layer with a fixed 

phosphorus fraction. The lattice-mismatched GaAs layer was then grown on this 

buffer. The epitaxial surface layers were p-type doped with zinc to a value of 

4 - 6 x 10’“cm-3. In order to preserve an atomically clean surface the samples 

were anodized to form an oxide layer of about 100 A on the GaAs surface. This 

oxide layer is subsequently removed chemically before the samples are placed in 

ultra-high vacuum. As in the InGaAs structures, the buffer layer (here GaAsP) 

has a larger band gap than the strained surface layer. Photoemission from the 

buffer is thus negligible when the sample is optically pumped near the band gap 

minimum where the polarization enhancement will occur. 

The samples were analyzed with x-ray diffractometers at the Spire Corpora- 

tion and in the Department of Materials Science and Engineering at the University 

of Wisconsin. Asymmetr ic (115) reflections were used to measure the phospho- 

rous fraction of the GaAsr-,P, buffer layer, and (004) reflections were used to 

determine the epitaxial layer strain az described in Ref. 17. A typical x-ray 

rocking curve is shown in Fig. 13. Here the substrate peak is distinct from 

the GaAsr-,P. buffer layer and therefore three distinct peaks are observed. The 

strained buffer layer in compression corresponds to a larger lattice constant in the 

direction normal to the growth and thus appears distinctly at a smaller Bragg 

scattering angle. 

Photoluminescence was used as an additional characterization tool for these 

samples. Photoluminescence measurements detect the recombination photons re- 

sulting from electrons recombining with a hole in the valence band. The wave- 

length of the resulting recombination line measures the band gap energy for the 

particular band-to-band transition that has been excited, and therefore the ob- 

servation of photoluminescence from the strained epitaxial surface layer will show 

any shift in the band gap energy due to strain. The photoluminescence of the 

present samples was measured with helium-neon laser excitation and the photo- 
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Fig. 13 

tv luminescence peak from the strained epitaxial surface layer is clearly observed. 

! s ome typical photoluminescence spectra for these samples are shown in Fig. 14. 

When these data are combined with the information obtained from the location of 

the x-ray peak from the buffer layer, which independently gives the phosphorus x 

value, the band gap energy measured with photoluminescence can be interpreted 

to give the fraction of the strain expected for a fully strained sample. The fig- 

ure shows spectra from three different samples of the present set, each having a 

somewhat different fraction of the fully allowed strain. These numbers are listed 

for the individual samples in row 4 of Table 1. The best sample has 87% of the 

fully expected strain and should be the best sample with respect to polarization 

enhancement. 

Table 1 summarizes the parameters for the five samples studied: the phos- 

phorous fraction, the GaAs epitaxial layer thickness, the lattice mismatch, the 

measured strain, the calculated gap energies z6 of the heavy and light-hole bands 

relative to the conduction band, and the calculated equilibrium-critical thickness 

(hzq). The measured strains represent the most probable value inferred from the 

x-ray and photoluminescence analysis, expressed as a percent of the calculated 

strain for full lattice accommodation. The phosphorous fraction was chosen so 

that the energy splitting between heavy and light-hole bands was greater than 50 

meV. The GaAs epitaxial layer thicknesses were chosen to be both greater and 

less than the non-equilibrium critical thickness experimentally observed by Orders 
21 and Usher. 

11.2 Results Showing Strain Enhanced Polarization 

The electron-spin polarization was again measured by Mott scattering at 65 

keV. Measured polarization results at room temperature from the samples listed 

in Table I are shown in Fig. 15. The experimental uncertainty shown in the figure 

is the statistical error; for most points 6P. < 1%. There is an overall absolute 

uncertainty 6Pe/Pe of 5% in the polarization. 

In the energy region greater than about 700 nm, both GaAsP and GaAs layers 

contribute to the photoemission, resulting in no polarization enhancement. In 

the energy region smaller than 700 nm the photoemission from GaAsP diminishes 

sharply as the excitation photon wavelength increases, and the major contribution 

to the photoemission can come only from the GaAs layer. For sample 3 the 
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Photoluminescence Spectra 
from GaAs Samples with Different Strain 

800 850 900 
Wavelength (nm) 

Table 1. Strained GaAs samples 

I SamDle 1 2 3 4 5 I 

0.210 0.243 0.279 0.244 0.238 

~ GaAs thickness (pm) 0.11 0.15 0.11 0.20 0.30 

Lattice mismatch (%) 0.76 0.88 1.01 0.88 0.86 

Measured strain (%) 76 85 87 81 61 

ECIHH (eV) 1.46 1.47 1.48 1.47 1.46 

ECpLH (eV) 1.51 1.52 1.54 1.52 1.52 

hSq (A) 133 110 92 110 113 

Fig. 14 
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Fig.15 

+ polarization is observed to increase sharply at about 800 nm reaching 90% at 
/ 

about 850 nm. The sharp polarization enhancement at 800 nm and the maximum 

polarization at 850 nm correspond to the expected gap energies EclLH and ECeHH, 
respectively. The photocurrent lifetime was also measured for this sample at a 

wavelength of 825 nm yielding an effective lifetime of 168 hours. 

The polarization of samples 1,2, and 3 shows a systematic shift of the location 

of the polarization enhancement towards longer wavelength as the phosphorous 

fraction is increased. This shift is consistent with the expected change in the en- 

ergy gap E CILH due to increased strain. The maximum polarization at the photon 

energy corresponding to the gap energy E c*aH increases from 82% to 90% as the 

phosphorous fraction is increased, most likely due to a more selective excitation 

of the heavy-hole band, since the heavy-hole, light-hole splitting increases from 

50 meV to 67 meV for these samples. 

Although the buffer layers for samples 4 and 5 have the same phosphorous 

fraction as sample 2, the polarization of these samples shows a systematically 

different behavior. The polarization enhancement shifts toward lower energy as 

the GaAs thickness is increased from 0.15 pm (sample 2) to 0.20 pm (sample 4) 

and to 0.30 pm (sample 5). For sample 5, photoemission is observed beyond the 

expected band gap energy E C*Hx. This is a strong indication that the lattice 

is partially relaxed and that the heavy and light-hole band energies are merging 

towards the values expected for relaxed GaAs. However, even though there is 

considerable relaxation of the strain, the maximum polarization of both samples 

reaches more than 80%. Since the epitaxial layer of sample 5 is about 30 times 

thicker than the equilibrium critical thickness, this high polarization demonstrates 

a significant persistence of lattice strain. 

The measured quantum efficiencies for these samples were all on the order of 

lo@ in the high polarization region. As expected, the quantum efficiency increases 

with GaAs epitaxial layer thickness. However, the gain in quantum efficiency in 

the high polarization region is offset by a commensurate decrease in polarization 

due to the increased relaxation of the sample strain. For the present samples, the 

highest quantum efficiency that corresponds to at least 80% polarization is 0.13% 

measured for sample 4. 

The measured quantum efficiencies for these samples will also depend on the 

vacuum system in which they are installed due to different limiting pressures. 
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When samples from some of these cathode wafers were installed in the SLAC test 

gun system, the quantum efficiencies were higher, reaching about 1%. 

A  strained epitaxial layer thicker than the equilibrium critical thickness is 

metastable, and lattice strain may relax under the heat treatment required for 

cathode activation. Such a strain relaxation from annealing has been reported for 

strained heterostructures by J. M . Baribeau et al.” To study the effect of heating 

on sample polarization, sample 5 (0.30 pm epitaxial layer thickness) was heat 

cleaned at successively higher temperatures up to 57O”C, the cathode activated, 

and the spin polarization remeasured. The observed photon energy dependence 

of the polarization enhancement was reproducible and the difference in maximum 

polarization was only about 5%, indicating that the sample strain was stable over 

this temperature range of heat cleaning even though significant strain relief was 

already present at room temperature. 

Heavy doping produces significant potential fluctuations in the conduction 

and valence bands (band tailing effect) as described in Ref. 13. The band gap 

energy smearing due to the band tailing for the present samples is estimated to 

be about 30 meV at room temperature. A  smearing of this magnitude is not 

negligible in comparison to the energy splitting between the heavy and light-hole 

bands, and may limit the maximum polarization. To study the possible effect of 

this smearing on the spin polarization, the polarization of samples 3 and 4 was also 

measured at liquid nitrogen temperature (77”K), w h ere band tailing effects should 

be significantly smaller. While no significant change in maximum polarization was 

observed, the energy shift of the polarization enhancement was consistent with the 

increased band gap energy obtained at 77“K. 

After the first set of cathodes described above, additional cathodes of GaAsP 

from the Spire Corporation were obtained and also characterized with photolu- 

minescence, x-ray, and polarization measurements. The polarization of alI the 

samples can be plotted as a function of the measured band gap energy shift and 

the inferred heavy-hole, light-hole energy splitting to show that the polarization 

properties of the samples are highly correlated with the size of the strain. The 

photoluminescence peaks determine the band gap directly, and the energy shift 

of the band gap energy can be determined relative to an unstrained sample. The 

x-ray measurements can be used to determine the lattice constant and hence the 

strain in the plane of the interface, which in turn permits evaluation of the heavy- 

ho$ light-hole energy splitting through the relations in Section 6. The compiled 

results from all the Spire samples are shown in Fig. 16 and Fig. 17. These plots 

show that the polarization is correlated with the size of the strain, and that higher 

strain will possibly lead to still higher polarization. 

12 Performance of Strained Cathodes on the 
Stanford Linear Collider 

The first physics run using strained cathodes was the 1993 SLC run for the 

SLD detector collaboration. Due to concerns about sufficient quantum efficiency, 

the thickest spire cathode of 0.30 /.rrn rather than the highest polarization cathode 

was chosen for the run. Tests of the SLC gun in the laboratory using 850 nm 

excitation were done in order to measure the charge capability of the cathode 

under operating conditions. The saturated charge (the maximum charge for high 

laser power) was found to scale linearly with cathode voltage, unlike the scaling 

at low laser intensity that follows a conventional Schottky effect scaling where 

” the log of the photocurrent scales as the square root of the voltage. The high 

laser-power operation resulted in a saturated charge of 19 nC, very close to the 

space charge limit of about 21 nC for 120 kV. The quantum efficiency measured 

with low laser power at 120 kV and 830 nm was about 1%. Since the SLC gun had 

a load-lock system for the installation of cathodes, the higher quantum efficiency 

relative to that observed for the tests described above was not surprising. 

The laser used for the 1993 run was a newly developed Nd:YAG pumped 

Ti:sapphire laser, Q switched and cavity dumped. This laser, designed and built 

at SLAC,z’provides up to 100 PJ energy at the cathode in each 2.0 ns F W H M  

micropulse at wavelengths up to 870 nm. 

During the run, the excitation wavelength of the source was gradually raised 

to 865 nm where the measured polarization was observed to peak, resulting in 

a polarization of about 65% at the interaction point as measured by a Compton 

polarimeter. The corresponding polarization at the source, while not measured 

directly, is higher since there is depolarization in the SLC arc. Results from 

a Mller polarimeter at the end of the linac were consistent with about 70% 

polarization from the source. 

Since these Summer Institute lectures (July 1993), a strained cathode was used 

for fixed target experiment E-143 late in 1993. A  cathode of thickness 0.10 pm was 
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used and a polarization of about 86% was measured at the experimental interac- 

tion point. This experiment was running at the relatively low electron current of 

about 4 x log electrons per pulse and a relatively low cathode quantum efficiency 

comparable to the quantum efficiency obtained for the test measurements. The 

observed polarization was in excellent accord with the test measurements. 

Since the fixed target beam is 2 ps in duration, a new f lashlamp-pumped 

T:sapphire laser was developed at SLAC specifically for fixed target running.30 

The performance of this laser for the E-143 run has been excellent. 

Future linear collider running will utilize the highest polarization cathodes, 

and while the polarization is not expected to be as high as the 86% obtained for 

the low current 1993 fixed target run, it will certainly be higher than the 1993 

SLC run. First measurements of the polarization early in 1994 gave a polarization 

of 80% at the source and about 78% at the interaction point. 

In conclusion, Fig. 18 shows the evolution of the polarization performance 

for GaAs type photocathodes. A bulk GaAs cathode, at a temperature of O’C, 

used at SLAC for the 1992 SLC run gave a polarization of about 30%. A band 

gap shifted AlGaAs cathode used for the 1992 E-142 fixed target experiment 

gave about 40% polarization. Thin epitaxial GaAs photocathodes, as measured 

in the test laboratory, gave close to the theoretical limit of 50% and finally, the 

best performance achieved in the test lab for strained GaAs, gave a polarization 

approaching 90%. Further R&D on strained cathodes will address the issues of 
. . . opt imrzmg the parameters for high polarization and high current operation. 
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FIG U R E  C A P T IO N S  

1)  Negat ive-electron-af f in i ty  sur face b a n d  structure d iag ram.  

2 )  B a n d  g a p  structure of G a A s  in  the vicinity of the b a n d  g a p  m in imum.  

3 )  Po lar iza t ion  as  a  funct ion of pho ton  exci tat ion ene rgy  for bu lk  G a A s .  

4 )  Po lar iza t ion  d e p e n d e n c e  o n  samp le  th ickness for epi taxia l ly  g rown  G a A s  

samples .  The  hor izonta l  ax is  is the wave leng th  of the laser  exci tat ion rad i -  

at ion. 

5 )  Epi tax ia l  G a A s  g rown  o n  a  G a A s P  buffer be fore  a n d  after the pseudomor -  

ph ic  g rowth  show ing  compress ion  in  the p lane  of the interface. 

6 )  The  m e a s u r e d  latt ice constant  of epi tax ia l  I n G a A s  g rown  o n  G a A s  as  a  

funct ion of epi tax ia l  layer  th ickness for di f ferent f ract ions of In. 

7 )  Ca lcu la ted cri t ical th ickness f rom the theory of Ref. 2 2  as  a  funct ion of 

latt ice m ismatch  for the case  of G a A s .  
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8) Schematic diagram of the SLAC-W isconsin-Berkeley InGaAs structure to 

produce a strained InGaAs epitaxial surface layer in compression. 

9) Schematic diagram of the SLAC-W isconsin-Berkeley structure to produce a 

strained GaAs epitaxial surface layer in tension. 

10) X-ray rocking curves for the (004) reflection from the In,Gar-,As het- 

erostructures. 

11) Electron-spin polarization as a function of excitation photon wavelength (a) 

for the 1.14 pm-thick sample, (b) for the 0.10 pm-thick strained InGaAs 

sample, and (c) for the 0.10 pm-thick strained GaAs sample. The arrow 

on the horizontal axis in (b) shows the wavelength corresponding to the 

expected light-hole to conduction-band energy difference compatible with 

the indium concentration uncertainty and the x-ray analysis. 

12) Schematic diagram of the SLAC-Wisconsin structure to produce strained 

GaAs in compression on a GaAsP buffer layer. 

13) X-ray rocking curve for the (004) re ec ion from the GaAsr-,P, heterostruc- fl t 

ture. 

14) Photoluminescence spectra from strained GaAs samples showing samples 

with different strains. 

15) Electron-spin polarization as a function of excitation wavelength for the 

samples of Table I: sample 1 (crosses), sample 2 (diamonds), sample 3 (open 

circles), sample 4 (squares), and sample 5 (solid circles). 

16) Max imum polarization vs. band gap shift determined from photolumines- 

cence measurements. 

17) Max imum polarization vs. heavy-hole light-hole energy splitting inferred 

from x-ray measurements. 

18) Polarization vs. wavelength for strained GaAs, unstrained thin GaAs, bulk 

GaAs, and AlGaAs cathodes. 

‘Y 

TABLE CAPTIONS 

1: Properties of the strained GaAs samples. 
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ABSTRACT 

I discuss a number of interrelated hadronic spin effects which test funda- 
mental features of perturbative and nonperturbative QCD. For example, 
the anomalous magnetic moment of the proton and the axial coupling SA 
on the nucleon are shown to be related to each other for fixed proton 
radius, independent of the form of the underlying three-quark relativistic 
quark wavefunction. The renormalization scale and scheme ambiguities 
for the radiative corrections to the Bjorken sum rule for the polarized 
structure functions can be eliminated by using commensurate scale rela- 
tions with other observables. Other examples include (a) new constraints 
on the shape and normalization of the polarized quark and gluon struc- 
ture functions of the proton at large and small xbj; (b) consequences of the 
principle of hadron helicity retention in high IF inclusive reactions; (c) 
applications of hadron hclicity conservation to high momentum t,ransfcl 
exclusive reactions; and (d) the dependence of nuclear structure functions 
and shadowing on virtual photon polarization. I also discuss the impli- 
cations of a number of measurements which are in striking conflict with 
leading-twist perturbativc QCD predictions, such as t.he cxtraordina.rily 
large spin correlat.ion ANN observed in large angle proton-proton scattcr- 
ing, the anomalously large p* branching ratio of the J/G, and the rapidly 
changing polarization dependence of $th J/qh and continuum Irpton pair 
hadroproduction observed at large IF. The azimuthal angular depcntlcncc 
of the Drell-Yan process is shown to be highly sensitive to the projcctilc 
dist,ribution amplitude, the fundamental valence light-cone w?vefunction 
of the hadron. 
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1 Introduction and Overview 
A central goal in the study of quantum chromodynamics is to understand the 

, 

nonperturbative structure of hadrons in terms of their quark and gluon degrees 

of freedom. The polarization 
I 

properties of the nucle.ons are described globally 

in terms of their magnetic moments and axial coupling constants. Additional 

constraints on nucleon spin structure are obtained from exclusive processes par- 

ticularly the ratio of helicity-changing (Pauli) and helicity-conserving (Dirac) form 

factors. 

The most direct tool and sensitive test for probing the quark and gluon sub- 

structure of the proton is polarized-lepton polarized-target deep inelastic scat- 

tering. By using a combination of polarized light nuclear targets, experimen- 

talists are now able to extract detailed information on the shape and magni- 

tude of the helicity-dependent nucleon structure functions for each quark flavor: 

Au(s, Q’), Ad(r, Q*), As(z, Q2). A combined analysis of recent SMC deuteron 

target data from CERN and 3He data from the SLAC El42 experiment by Ellis 

and Karlinerl gives the value 

AC = Au + Ad + As = 0.27 f 0.11 (1) 

for the percentage of proton helicity carried by the sum of all quarks (and anti- 

quarks) in the nucleon, and the individual integrated values 

Au = 0.82 f 0.04, Ad = -0.44 f 0.04, As = -0.11 f 0.04 . (‘4 

Thus, the helicities of the up quarks in the proton are highly correlated with that 

of the proton, whereas the down and strange quarks are antialigned. 

In a naive nonrelativistic three-quark model of the proton, one would expect 

AC = 1. As I will discuss below and in Section 10, relativistic binding of the quarks 

reduces the prediction of a three-quark model for AX by 25%. In contrast, in the 

Skyrme model, in which the nucleon emerges as a spin-i topological soliton of 

an effective chiral Lagrangian, one predicts AX - 0(1/N,) due to the decoupling 

of the SU(3) flavor-singlet axial current.’ In more conventional descriptions, 

one can obtain a small value for AC if the gluon polarization in the nucleon 

is large and positive. The negative value for the strange quark hclicity As can 

then be generated through perturbative QCD radiative corrections, i.e., the gluon 

anomaly. 

However, it should be emphasized that the extracted values for AX and As 

are somewhat uncertain because of higher twist corrections, Regge extrapolations. 

QCD radiative corrections, and oth& uncertainties’which I will discuss in Sections 

6-9. I will report results from the most recent experiments, including a new and 

preliminary analysis from the SMC experiment using polarized muons scattering 

on polarized proton targets in Sect& 5. The SLAC-Yale, EMC, and recent SLAC 

El42 measurements are reviewed in’ detail in this volume by Emlyn Hughes.3 

Theory predicts that the polarization-dependent measures of the nucleons are 

interrelated in subtle ways; for example, the first moment of the nucleon structure 

functions are related to the nucleon axial couplings through the Bjorken and 

Ellis-Jaffe sum rules, and the anomalous magnetic moments are related through 

the Drell-Hearn-Gerasimov sum rule to logarithmic integrals of spin-dependent 

photoabsorption cross sections. In fact, as emphasized by loffe et al.: the DHG 

sum rule is the analytic extension of the Bjorken sum rule evaluated at zero photon 

virtuality. This relation provides important constraints on the magnitude of the 

coherent higher-twist contributions to the Bjorken and Ellis-Jaffe sum rules at low 

Q2. 1 review the DHG constraint in Section 7. 

Polarization-sensitive scattering experiments can also test dynamical princi- 

ples such as perturbative QCD factorization and hadron helicity conservation by 

tracing the flow of particle helicities through the reactions and measuring spin cor- 

relations. Although much of the observed phenomena can be understood within 

standard QCD mechanisms, there are a number of extraordinary experimental 

anomalies, such as the large and sudden jump in the spin-spin correlation ANN 
observed in large angle elastic proton-p oton \ scattering, the violation of hadron 

helicity conservation observed in vectortpseudoscalar decays of the J/t), and the 

striking pattern of polarizations seen in massive lepton hadroproduction, both in 

the continuum, and at the J/$. In Sect+ 17 I discuss recent work with Branden- 

burg, Khoze, and Miiller which shows how azimuthal correlations in the Drell-Yan 

process can provide direct information on hadron structure at the amplitude level. 

A simple language for encoding the helicity structure of relativistic composite 

hadrons is given by the light-cone Fock expansion. In this framework, the hadron 

eigenstate is written as a sum over free quark and gluon Fock states with the 
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same global quantum numbers. The projection on the n-particle Fock state is the 

light-cone wavefunction 

1Ln(Xi, kli, Xi) (3) 

Here I 
k+ k” + k” 

Xi=p+=pO 

is the longitudinal light-cone fraction, the kli are the relative transverse momenta, 

and the Xi are the quark and gluon helicities. The wavefunction $n(xi, kli, Xi) 
is the probability amplitude for the hadron to be in this n-particle Fock state 

at fixed light-cone time 7 = t - z/c with particle momenta p,’ = x,P+ and 

Pli= zip1 + kli, 

The central advantage of the light-cone description is that it allows a wavefunc- 

tion interpretation of hadrons as composite systems of a relativistic quantum field 

theory. One is not restricted to states of fixed particle number; all quantum fluctu- 

ations consistent with conservation laws and global symmetries are allowed.5 The 

description of the hadron is boost invariant, since the wavefunction $n(xi, kli, Ai) 
is independent of the hadron four-momentum. Form factors are simple convolu- 

tions of the 1ight;cone wavefunctions. More generally the light-cone wavefunctions 

act as the interpolators between hadron matrix amplitudes and quark and gluon 

scattering amplitudes. A more complete discussion is given in the Appendix. 

Thus, given the light-cone Fock wavefunctions, one can compute form fac- 

tors, polarized and unpolarized structure functions, decay constants, exclusive 

amplitudes, higher twist matrix element coefficients, etc. In principle, one can 

determine the light-cone wavefunctions for both bound states and continuum scat- 

tering states in QCD by diagonalizing the light-cone Hamiltonian as an eigenvalue 

problem on the free light-cone Fock basis: 

HLcIW = M2P'.) , 

In fact this has been done on a discrete basis assuming periodic boundary con- 

ditions for a number of simpler quantum field theories such as QCD(l+I) and 

QED(l+l). Recently, Klebanov and Dalley6 have used the discretized light- 
I cone quantization (DLCQ) method to solve more complicated theories such as 

QCD(l+l) with adjoint matter representations. There also has been strong 

progress in solving field theories displayipg spontaneous symmetry breaking. The 

complications of the equal-time vacuum is replaced by constraint equations for 

the nondynamical zero modes of the theory. 

The use of light-cone wavefunctions aJso allows one to study relations between 

the magnetic moment and the axial coupling of the nucleon which follow from its 

underlying relativistic quark substructure. For example, Schlumpf and I’ have 

found that the relationship between pP and gA is controlled by the kinematics of 

the Melosh transformation connecting the rest frame wavefunction to the light- 

cone, and it is essentially independent of the dynamical form of the light-cone wave 

function. At large proton radius, pP and gA are given by the usual nonrelativistic 

formulae. At small radius, pP becomes equal to the Dirac moment, as demanded 

by the Drell-Hearn-Gerasimov sum rule. In addition, as R1-10, the constituent 

quark helicities become completely disoriented and gA+O. At the physical radius 

RI = 0.76 fm, one obtains the experimental values for both pP and gA, and 

the helicity carried by the valence u and d quarks are each reduced by a factor 

N 0.75 relative to their nonrelativistic values. Thus, for the proton’s empirical 

size MpRl = 3.63, the three-quark mode1 predicts Au = 1, Ad = -l/4, and 

AX = Au + Ad = 0.75. Although the gluon contribution AG = 0 in this model, 

the general sum rule2 

is still satisfied, since the Melosh transforvtion effectively contributes to L,. 
It should be emphasized that deep inelastic polarized structure function and 

g1(5,Q2) and its sum rules actually measurk the quark helicity content of the 

nucleon, not the rest frame quark spin projection Sj. 

Although the fJ2 evolution of deep inela?stic structure functions is well un- 

derstood from perturbative QCD, we only have general constraints on the pcr- 

turbative and nonperturbative dynamics which control the shape of the helicity- 

dependent quark and gluon distributions. For example, in order to insure posi- 

tivity of fragmentation functions, the distribution functions Ga,b(x) must hchavc~ 

as an odd or even power of (1 - x) at x -+l according to the relative statistics 
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of a and 
8 b. Thus, the gluon distribution of a nucleon must have the behavior: 

G~/N(“) - (1 - ~1’~ at z-i1 to ensure correct crossing to the fragmentation func; 

tion DN,~(.z). On the other hand, in the 241 limit, a constiluent of the proton is 

far off-shell and t 

d” 

e leading behavior in the hadron wavefunctions is dominated 

by perturbative CD contributions to the interaction kernel. We thus may use 

the minimally connected tree-graphs to characterize the threshold dependence of 

the structure functions. The gluon distribution of a hadron is often assumed to 

be radiatively generated from the QCD evolution of the quark structure functions 

beginning at an initial scale Qi. The evolution is incoherent, i.e., each quark in 

the hadron radiates gluons independently. However, as can be seen in the ligh- 

cone Hamiltonian approach, the higher Fock components of a bound state in 

QCD contain gluons at any resolution scale. Furthermore, the exchange of gluon 

quanta between the bound-state constituents provides an izzteraction potential 

whose energy-dependent part generates a nontrivial, nonadditive contribution to 

the full gluon distribution G,,,(z,Qi). In Sections 11 and 12 I will discuss rercnt 

work by Burkardt and Schmidt and myself9 which develops analytic reprcscn- 

tations of polarized quark and gluon distributions in the nucleon. The analysis 

incorporates general constraints obtained from the requirements of color coherence 

of gluon couplings at z - 0 and the helicity retention properties of perturbative 

QCD couplings at I - 1. 

One of the most important tests of QCD is the Bjorken sum rule. An essential 

part of the QCD analysis is the evaluation of the perturbative radiative corrections 

to structure function moments. However, there is considerable uncertainty izz 

the radiative corrections, particularly at low momentum transfer due to scale 

ambiguities, scheme dependence, and higher twist corrections. In these lectures I 

will discuss a new approach based on work with Hung Jung Lu 10 
zn which the 

scale and scheme dependence of perturbative QCD predictions can be eliminated 

by relating observables to each other. For example, we show in Section 15 that 

perturbatively calculable obscrvables in QCD, including the annihilation ratio 

R,+,-, the heavy quark potential, and radiative corrections to structure functiozz 

suzn rules, are related to each other at fixed relative scales. QCD can thus be test.4 

in a new and precise way by checking that the radiative corrections to the Bjorken 

sum rule and the radiative corrections to the anzzihilation cross section track both 

in their relative normalization and in their commensurate scale dependence. 

Although the net correlation of’the quark helicity with the proton helicity in 

inclusive rcactiozzs is apparently small, the spin corrclatiozzs of large angle elastic 

pp scattering zzeverthcless display a dramatic structure at the highest measured en- 

ergies fi - 5 Gel/.” These measurements are izz strong conflict with the expecta- 

tions of perturbative QCD which prddicts a smooth power-law fall-off for exclusive 

helicity amplitude with increasing momentum transfer.z2 The strong polarization 

correlations observed in pp scattering are clearly of fundamental interest, since 

the microscopic QCD mechanisms that underlie the spin correlations between the 

incident and final hadrons must involve the coherent transfer of helicity informa- 

tion through their common quark and gluon constituents. The implications of the 

spin correlation zneasurements will be discussed in Section 18. 

A basic but nontrivial property of the gauge couplizzgs of PQCD is “hadron 

helicity retention”: a projectile hadron tends to transfer its helicity to its leading 

particle fragments. A particularly interesting consequence is the prediction that 

the J/t) and the continuum lepton pairs produced in pion-nucleus collisions will be 

longitudinally polarized at large ZF. Helicity retention also provides important 

constraints on the shape of the gluon and quark helicity distributions. In the 

large ZF domain, with Q”( 1 - X) fixed, leading twist and znultiparton higher twist 

I3 processes can be of equal importance. In the case of large momentum transfer 

exclusive reactions, the underlying chiral structure of perturbative QCD predicts 

that sum of hadron helicities in the initial state must equal that of the final 

state.z4 Although hadron helicity conservation appears to be empirically satisfied 

in most reactions, the most interesting cases are its dramatic failures such as the 

large branching ratio for J/T,/IA~T. I will discuss the implications of this failure of 

pcrturbative QCD predictions izz Sectio; 17. 

In tlzese lectures I will give a survey of just a few of the many areas of polar- 

ization studies possible in hadron physids. Although most of the topics discussed 

in these lectures are concerned with quark or gluon helicity, there are also inter- 

esting linear polarization effects predict&d by the theory, such as izz ‘I decays, or 

in the planar correlations of four-jet events in e+e- annihilatiozz. In addition, the 

oblatezzess 
15 

of a gluon jet can be used to determine its axis of linear polarization. 

One of the most promising areas in the future of polarization studies will be the 

analysis of spin transfer from the initial electron to the final state hadrons and 

jets in e+e- annihilation. 
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2 Helicity Structure Functions of the Nucleon 
The distributions of quark helicities in a polarized nucleon are directly de- 

termined from measurements of deep inelastic polarized-lepton-polarized nucleon 

scattering. The key m 
e 

asure is the cross-section asymmetry for parallel versus 

antiparallel lepton and nucleon longitudinal polarizations: 

One can then identify the lea.ding-twist helicity structure function 

s1(z,Q2) = AI(~,Q*)~‘~(~,Q~) = AI(~, Q2Mr, Q2) 
241 + R(z, Q2)] ’ 

(8) 

. . 
where R = u: “fu; ‘. As usual Q2 = -q2 and 2Mv = 2~. q, and z = ~1,; = 

Q212p. q. 
Th e gr structure function has a simple probabilistic interpretation in the par- 

ton model. In the Bjorken limit with fixed “hi, 

gl(s, Q2) = f %e~lqt(~, Q2) - qt(x, &")I , 

where qr(z,Q2) = G,,,,,(I,&*) + Gq,,P,(z,Q2) is the number distribution of 

quarks (plus antiquarks) with helicity aligned with that of the proton. The deep 

inelastic kinematics set the light-cone momentum fraction z = k+/p+ of the struck 

quark in the hadron wavefunction equal to the Bjorken variable ~t,i. The individual 

up and down quark helicity distributions in the proton u(z, Q’) and d(z, Q2) can 

then he obtained, modulo small nuclear and isospin-symmetry correct,ions, by 

combining proton target and deuteron or 3He data. 

It is also apparent from the light-cone Fock-space description of the proton 

(see Appendix) that the integral of the quark helicity distributions ca.n be obtained 

at low Q2 from forward matrix elements of the axial current: 

(PIA;IP) = Mv-mrllp) = Aq UP), (11) 

where S,, is the proton spin vector. The notation Aq sums both the quark and 

antiquark contributions in the proton. 

The axial current of the quarks can also be written 

(12) 

where R, I, = f (1 3 ys) projects the right- and left-handed chiral components 

of the quark fields. For massless quarks, chirality coincides with helicity. If we 

choose t.he Drell-Yan light-cone frame with Q+ = 0 and the p = + component of 

the axial current, then its matrix element’in the light-cone Fock space is diagonal 

in particle number. The axial current matrix element thus measures the lirst 

moment of the quark helicity distributions: 

1 

Aq = J Wq,(", Q2) - a("> Q2)1. (13) 
0 

Note that this moment has zero anomalous dimensions. The axial coupling of 

tlte nucleon measured in b-decay n-+pe-Fe, og t ether with isospin symmetry, thus 

determines 

Au - Ad = gA = 1.2573 f 0.0002. (14) 

Similarly, hyperon decay plus SU(3) symmetry determines the combination 

Au + Ad - 2As = 0.59 f 0.02. (15) 

A discussion of the uncertainties in these values due to the assumption of isospin 

and SU(3)-flavor symmetry has been discussed by l6 Lipkin. The neutron values 

are obtained from isospin symmetry. 
I 

3 The Bjorken Sum Rule ’ 
Much of our understanding of the helicit 

9 
structure of hadrons comes from 

rigorous constraints, such as the Bjorken sum rule for the integral of the spin 

dcpcndent structure functions, and the Drell-Hearn-Gerasimov sum rule, which 

relates the anomalous magnetic moment of a composite system to an integral over 

the photoahsorption cross section. In fact, as we will discuss below, the DHG and 

Bjorken sum rules can be regarded as low and high Q2 limits of one fundamental 

measure. 
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The most celebrated application of current algebra is the Bjorken sum rule l7 fo1 

polarized lepton-polarized nucleon scattering. The sum rule is based on the fact. 

that the matrix element of the commutator of the electromagnetic currents TOI 

polarized protons i given by the proton matrix element of the axial current. I”ol 
T the isospin-changing proton-neutron difference, this gives 

jdx[g:(x,Q2)-g;(r,QZ)I= fgA [I-* +... . ] 
0 

(lf4 

The Bjorken sum rule has the remarkable feature of relating the first moment of 

the helicity-dependent structure functions of the nucleons, which are measured 

at high Q2, to a nearly static quantity, the axial coupling constant SA which is 

measured at Q2 N 0 in the p decay of the neutron. This sum rule has played 

an historic role in high energy physics, providing the first hint that the structure 

functions must become essentially Q2-independent at fixed I = &. Bjorken’s 

derivation was based on current algebra, with the essential ansatz that the current 

commutators have the same structure as the currents of free quarks. However, as 

in the case of the Bjorken scaling of the parton model, the Bjorken sum rule is 

only a first &pproximation; radiative corrections of leading twists (powers of a,) 

and higher twist (powers of l/Q?) 1 a so appear. In practice, there are a host ol 

important theoretical issues that must be understood to actually test the Bjorkcn 

sum rule. In the following, 1 will make a brief survey of some of the underlying 

physics. 

The radiative corrections to the Bjorken sum rule reflect the fact that gluon 

radiation induced by the scattering process eq+eg depolarize the quark helicity. 

According to perturbative QCD, deep inelastic lepton-nucleon scattering at high 

Q2 can be identified with lepton scattering on effectively free quark currents of the 

target. A crucial assumption is that the large distance effects of confinement of the 

quarks in the final state can be neglected-the important invariant length scales 

which are probed in the forward virtual Compton amplitude are of order l/Q. 

The Bjorken-scaling of the structure functions is then equivalent to the impulse 

approximation, i.e., the absence of final-state interactions of the outgoing quark 

with the spectators of the target nucleon. In light-cone gauge A+ = 0 the final 

state gluon interactions between the active and spectator systems give corrections 

, 
of order ei/Q2, since the exchanged gluon momenta et are finite. However, tile 

contributions from gluons associated with vertex corrections and gluons emitted 

from the struck quark with momentaP2 N Q2 are only logarithmically suppressed. 

Thus, one obtains a perturbative series in powers of,c+(Q) from the leading order 

corrections. The leading twist corrections are universal since they are the same 

whether the target is a quark or a hadron. The lowest order correction in a, was 

first obtained by ‘s Kodaira. The pyrturbative QCD corrections have now been 

evaluated by Larin, Tkachev, and Vermaseran I9 through order CX~(Q) in MS 

scheme. 

The numerical value of the perturbative corrections to any finite order de- 

pends on the choice of renormalization scheme, e.g., MS and on the choice of 

renormalization scale. In Section 15, I will discuss recent work done with Hung 

,luug Lu 10 In which we show that the scale ambiguity can be consistently resolved 

for any choice of scheme through the first two orders of perturbation theory by us- 

ing the methods of Ref. 20. We also show that the scale and scheme ambiguity of 

the leading twist PQCD radiative corrections can be eliminated by relating these 

corrections to the radiative corrections for other observables. These “commell- 

surate scale relations” greatly diminish the uncertainty in the perturbative QCD 

corrections. In addition, we note that the radiative corrections to the Bjorkcn sum 

rule are identical to those of the Gross-Llewellyn Smith sum rule-up to small 

corrections of order c~i(Q”). 

Thus, a basic test of QCD can be made by considering the ratio of the Gross- 

Llewellyn Smith and Bjorken sum rules: 
21 

&-LLs/B~(Q~, 6) = 
3 SC1 dx [Fip(x, Q2) - F,“p(x, Q”)] 

; s,’ dh [g;(x, Q2) - 9% Q2)] 
(17) 

Since the Regge behavior of the two suni rules is similar, the empirical extrapo- 

lation to E -+ 0 should be relatively free of systematic error. Moreover, PQCD 

predicts I 

RGLLs/oj(Q2,C+O) = 1+ 0 (a:(Q)) + O ; (18) 

i.e., hard relativistic corrections to the ratio of the sum rules only enter at three 

loops. Thus, measurements of the ratio of the sum rules could provide a remark- 

ably complication-free test of QCD-any deviation from RcLLs,B,(Q’, c-+0) = 1 
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must be due to higher twist effects which should vanish rapidly with increasing 

Q2. 

4 The Ellis-JTffe Sum Rule 
The Bjorken sum rule applies to the isospin-nonsinglet proton-neutron differ- 

ence, and it is thus insensitive to the helicity carried by strange quarks in the 

proton. We can also apply the same analysis to the proton alone: 

1 

dx g;(x, Q2) = ; ;A, + ; Ad + iAs 1 + p(Q) -++.. . 1 (19) 7r 
0 

The radiative corrections to this sum rule are only known to order as.22 If one 

assumes that the strange quark contribution As in the proton is small, then the 
23 above result gives the original Ellis-Jaffe sum rule. 

One also obtains a nonzero contribution to the sea quark h&cities if the 

gluons in the nucleon are polarized.24 This contribution arises from the quark loop 

contribution to g*~*--+g*~* in the forward virtual Compton amplitude, i.e., from 

the scattering of the leptons on the quarks arising from the gluon’s substructure: 

Aq = -q Ag(Q2). 

The result is independent of the scale Q since the product crS(Q2)Ag(Q2) is 

a renormalization-group invariant. However, the actual value for Ag(Q2) de- 

pends on the internal nonperturbative structure of the proton. Since it is isospin- 

invariant, the gluon anomaly contribution cancels in the evaluation of the Bjorken 

sum rule. 

The “gluon anomaly” contribution adds to any “intrinsic” sea-quark polar- 

ization inherent to higher Fock states in the bound state wavefunction. 25 The 

anomaly contribution only arises if the gluon virtuality is large compared to the 

mass of the sea quark; thus, the analysis requires the introduction of a minimum 

transverse momentum cutoff for the gluons, which is a gauge-dependent separation 
26 

of scales. As noted by Carlitz, Collins, and 27 
Mueller, it is possible in principle 

to physically isolate the anomaly contribution by demanding a coincident high m 

jet in the nucleon fragmentation regime. 

In the next section, I will discuss theoretical constraints on the shape of the 
I quark and gluon helicity distributions which follow from. general QCD principles. 
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5 Comparison of Experiqnent and, Theory for the 
QCD Helicity Sum Rules 

A complete discussion of the SLAC-Yale, EMC, and the most recent SLAC 

El42 and CERN SMC measurements of the polarized structure functions of the 

nucleons can be found in Emlyn Hughes’ contribution to this volume and in a 

recent presentation of the SMC data by Vernon 2* Hughes. I will only summarize 

the main results 
29 

here. 
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Figure 1. Experimental values for the integrals ry and rp of the helicity-dependent struc- 
ture functions, compared with the Bjorken sum rule prediction at Q2 = 5 GeV*. From Ref. 
28. 

The experimental values for the sum rule integrals from the original EMC/SLAC 

measurements, together with the recent results from the El42 and SMC experi- 
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ments are summarized in Fig. 1. The predicted value for the Bjorken sum rule 
is rp - r; = 1 y = 0.209(l) without radiative corrections. Taking cy, = 0.26(Z) 

in MS scheme at &* = 5 GeV’, the leading twist radiative corrections througl’l 

order c~i reduce the predicted value to ry - r; = 0.185(4) at Q2 = 5 GeV2. This 

prediction for the(Bjorken sum rule at Q* = 5 GeV2 appears as a diagonal band 

in the plot of I’: versus r;. The recent results from El42 for the neutron asym 

metry extracted from a 3He target are represented as a band for ri’. The recent 

SMC deuteron target measurement appears as a constraint on the sum r: + 1-y. 

Within errors of order 15%, the experiments do not appear to be in conflict with 

the Bjorken sum rule. 

However, there is a possible conflict with the leading-twist Ellis-Jaffe predic- 

tion. The preliminary value from the recent measurement of the Spin Muon Col- 

laboration for proton targets gives rT(SMCQ” = 10.5 GeV*) = 0.152fO.O15(stat)* 

O.OlS(syst), where the systematic error includes uncertainties from the Regge ex- 

trapolation to z-+0. The predicted value, including the leading order correction, 

but neglecting strange quarks, is r{ = 0.177f0.010 at Q2 = 10.5 GeV’. The com- 

bined data from all of the experiments gives r;(World) = 0.145 It 0.01 f 0.012. 

This discrepancy with the predicted value I’: = 0.172f0.010 at Q2 = 5 GeV’ cau 

be taken as evidence for a polarized strange quark contribution in the nucleon. 

However, as’ emphasized by Burkert and loffe, higher-twist corrections could sig- 

nificantly reduce the predicted value. 

Figure 2 presents another representation of the data, assuming the validity of 

the Bjorken sum rule, as well as the constraint from hyperon decay Au + Ad - 

2As = C - 3As = 0.59(2). The figure shows that the El42 measurement of the 

neutron asymmetry is consistent with a small strange quark polarization and a 

large value for the total quark polarization C = Au + Ad + As N 0.6, of the sanle 

order as the quark momentum fraction. (The nonrelativistic three-quark model 

predicts C = 1.) However, the asymmetry measured by the SMC on polarized 

deuteron targets implies a large and negative strange quark polarization in the 

nucleon: As * -0.2 and correspondingly, a small value for the total quark hclicity 

C. The recent (preliminary) analysis from the SMC experinent using polarized 

muons scattering on polarized proton targets gives 2s AX = 0.36 f 0.21, and 

As = -0.07 f 0.06 (21) 
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Figure 2. Experimental values for the total quark helicity C and the strange quark h&city 
As in the nucleon. The hyperon beta decay constraint is assumed. From Ref. 28. 

The overall average from the SMC exp&iments is C = 0.2s f 0.11, and AS = 

-0.09f0.04. Any apparent discrepancy between the El42 and SMC nleasurements 

could be due to different low-z extrapolations or large higher-twist corrections, 

corrections which would most strongly affect the lower energy data. The new 

HERMES gas jet target measurements planned at DESY and the higher energy 

plab = 50 GeV/c El43 experiment now underway at SLAC will hopefully be able 

to clarify these issues. In addition, d eep inelastic neutrino scattering can also 

provide direct information on the polari ytion of strange quarks in the nucleon. 

6 Higher-Twist Corredtions to Deep: Inelastic 
Scattering I 

Power-law-suppressed l/Q ” corrections to the Bjorken sum rule, as well as the 

structure functions themselves, are an inevitable complication to the physics of 

inelastic lepton-proton scattering. For example, at small values of Q2 comparable 

to l/11’ where IZ is the separation of quarks in the nucleon, the interfcrencc of an)- 

plitudcs whcrc: two diffcrcnt quarks are struck ruust bc taken illto account. Thcsc 
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contributions give corrections to t,he Bjorken sum rule of order Ng( Nq - 1)/Q” IL”, 

where Nq is the number of quark constituents in the nucleon. ‘” Thesr corrections 
can be labclled as intrinsic higher-twist effects corrections since they ticpcnd on 

the detailed structure of the nucleon itself. The intrinsic higher order contribu- 

tions to structure fun 1. tlons give corrections of relative order A&o/(l - z)Q2, 

i.e., they become very large at z-+1, since the lepton can scatter on a cohcr- 

ent multiquark system carrying a large fraction of the nucleon momentum. In 

particular, t,he scattering of the lepton on the two-valence quark system gives 

a large higher twist contribution to the longitudinal structure function at large 

2. Such contributions have in fact heen observed in the SLAC and NMC deep 

inelastic scattering measurements, and are taken into account in the analysis of 

” structure function evolution. Higher twist corrections are also caused by finit.c 
mass effects, finite intrinsic transverse momentum smearing, and insert,ions due to 

vacuum condensates. QCD condensate corrections t,o the quark and gluon prop- 

agators give extrinsic power-law suppressed corrections, since they are essentially 

target-independent. Iiowever, as emphnsizcd by Muellcr,32 such terms are diflicult 

to distinguish from the Borcl sum of perturbative higher order contributions in 

a,(Q2). Thus, it is difficult to identify the condensate corrcct,ions unless one first 

ha.s control over the leading-twist corrections of very high order. 

Therr is however, a r&able way to estimate the int,rinsic higher-twist corrcc- 

tions to QCD Sum rules. As shown by Ioffe et al!, the integrals over the structure 

functions 

r,,“(Q2) = & O” dv 
J 

p’“Q’/2M,,, 

y’&,& Q2) 

that appear in the Bjorken and Ellis-Jaffc sum rules arc-u,> to a factor of Q*-- 

precisely the same integrals I,,, = (2Mi,,/Q2) I’,,,(Q”) which appex in t,hr 

Drell-Hearn-Gerasimov sum rule for the proton and neuf.ron anomalous magnetic 

moments: (See Section 7.) 

The G1 structllre function is equal to the polarized photoahsorpt.ion cross section 

at Q2 = 0 and 

+(:I (XT, &‘)-.~I(~, Q2) (2.1) 
P 

in the Bjorkcn limit. The sum rule integrals I’,,,(Q2) must rhus each change sign 
I 

as Q” decreases. This identification provides a powerful const.raint on the path of 

the Bjorken integral r,(Q”) - I’,(Q2) a4 Q* d IS ecreased to the photoabsorption 

point. Figure 3, which is taken from a redent analysis hy,Burkert and Ioffe4, shows 

t.hat resonance contributions to the Bjorken integral are likely to give significant 

corrections to the leading-twist predictions at momentum transfers Q2 < 2 GeV*. 

It would clearly he interesting to measure the sum rule integrals in the low Q* 

domain to see this transition. Note the effect of the resonances and moment 

const,raints at low Q* has a very strong effect for the Ellis-Jaffe sum rule for 

r,(Q2). It would also be inf.eresting to find similar low Q2 constraints for the 

Gross- Llewellyn Smith sum rule for the charged-current structure funct.ions. 

0 

g -0.5 

-1 .o 

I I I I I 

0 2 

2-94 & (GeV2)’ 7623A4 
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Figure 3. Connection between the Djorken and DHG sum rule int.rgrals I(Q') for the pro- 
t,on. neutron, and proton-neutron diflerence. At QZ = 0 tl le integrals are constrained by 1.11~ 
nucleon anomalous magnetic morncnt,s. The curves ir+zlnde an estimarr of resonance contrite- 
tions up to mills 1.8 GeV. From Burkert and loffe, Rd. 4. 

Recently, Ji and IJnrau3’ have noted that, technically, the Bjorken sum rrtlc 

integral, as dcfincd from the sa.turation of a current commutator, inclutlrs the: 

elast.ic nucleon pole cont,ribution a.t z = 1, whereas thr DIIG sum ruic clock 1101, 

incllldr this cout.ribution; t 111’ DtIG integration starrs at thr inc%la.stic tllr~*shcd~l 



srhrest, = (Mr,+mn)2. However, since experimentalists always define the measured 

sum rule integral excluding the nucleon pole contribution, this complication does 
34 not actually occur in practice. 

, 

I 7 The Dre 1-Hearn-Gerasimov Sum Rule 
One of the most important constraints on the spin structure of both elemen- 

tary particles and composite systems is the Drell-Hearn-Gerasimov sum 35,36 
rule. 

The DHG sum rule was originally derived as a constraint on the anomalous mag- 

netic moment of spin-l/2 systems by writing an unsubtracted dispersion relation 

for the forward helicity-flip Compton amplitude and the low-energy theorem.37 

The generalization to arbitrary spin has been made in Refs. 36 and 38. 

The DHG sum rule for spin-l/2 and spin-l systems takes the form 

ODdw 
/ 

; [UP@‘) - ‘TA(W)] , (25) 

where pcl = ~1 - & and p. = pr - 6 are by definition the anomalous magnetic 

moment for the spin-l/2 and spin-l systems, respectively, ap (0~) is the total cross 

section for absorption of a photon with spin parallel (antiparallel) to the spin of 

the target, and w is the photon energy, with wts the threshold energy. The result 

is totally general, applying to both elementary fields such as leptons, quarks, W’s, 

and Z’s, as well as composite systems such as baryons, vector mesons, and nuclei. 

Although an experimental verification of the DHG sum rule for nucleons has been 
39 carried out, it would also be interesting to verify this result for deuterons. 

The extension of the DHG sum rule analysis to include the quadrupole moment 

of a spin-one system requires a low-energy theorem to second-order in the photon 

energy. At this order, the polarizability enters the Compton amplitude in addition 

to the quadrupole moment. Hiller and 14’ have shown how one can use a dispersion 

relation due to Tung I1 in order to obtain the following sum rule for the nonforward 

Compton amplitude: 

where A4 is the mass, QII = Qr + & defines the,anomalous quadrupole moment, v 

is (s - u)/4, and fp (fA) is the helicity amplitude for parallel (antiparallel) photon 

and target spins. The standard Mandelstam variables s, t, and u are used. The 

optical theorem takes the form I 

h fP*A = pvOP,A. (27) 

Thus, in the forward direction, this extended sum rule reduces to the DHG Sum 

Rule, with the use of w = v/M. A su’m rule that relates Q. to total cross sections 
41 does not exist. 

One of the most interesting consequences of the DHG sum rule occurs if we 

take a pointlike limit such that the threshold for inelastic excitation becomes infi- 

nite while the mass of the system is kept finite. In such a case the photoabsorption 

cross section and the integrals that appear in the RHS of the sum rules vanish 

as the size R -+ 0 or the excitation energy Vrh -+ 03. Thus, in the pointlike 

limit, the magnetic moment of a spin-half system must approach the Dirac value 

p-tp~ = e/2M up to structure corrections of order M/A, [or (M/A)2 if the un- 

derlying theory is chira1].42 We can apply a similar limit for spin-one composite 

systems: Q. -+ 0 and p. + 0. Therefore,.pr = & and Qr = -& are the canon- 

ical moments of a spin-one system. Note that this analysis is nonperturbative. In 

the case of the standard model, the integrals in are higher order - 0(a2); thus, 

again pw = G and Qw = -+, up to Schwinger-like radiative corrections of or- 

der a/s. Thus, in the pointlike limit, both the magnetic moment and quadrupole 

moment of any spin-one system must approach the canonical values predicted by 

electroweak theory for the W:‘” 

Note that any spin-half or spin-one &tern is required to satisfy the extended 

DHG sum rule. Thus, one cannot distiqguish an elementary lepton, quark, W, 
or 2 from a compact composite system simply on the basis that its magnetic 

moment and quadrupole moment are cl 
P 

se to those predicted by the standard 

model, since such behavior is also automatically attained for any composite system 

with size small compared to its Compton scale, i.e., RM < 1. Specific models for 

compositeness of leptons and intermediate vector bosons are discussed by Brodsky 

and Dre11:2 Abbott and Farhi: and Claudson, Farhi, and Jaffe.44 The DHG sum 

rule has also been used to place constraints on quark and lepton compositeness 

and excited states in the strong-coupling standard model by Jaffe and Ryzakl” 
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t, However, the case of the axial coupling of a composite system is more subtle. 

As we shall show in the following section, the natural limit of gA for a composite 

spin-$ system is limM&+ogA = A not g,j = 1 as required for leptons and quarks 

in the standard model. Thus, it would be necessary to enforce strict chiral sym- 

metry if one wishes to pse composite systems simulate the chiral properties of the 

elementary fields of the standard model. 

Hiller and I 
40 

have also shown that the ratios of the three electromagnetic 

form factors Gc : GM : GQ = (1 - $7) : 2 : -1 are identical for elementary spin- 

one W”s and for composite spin-one hadrons in QCD at large momentum transfer 

since the leading helicity-conserving amplitude is dominant. Thus, at large Q2, 

perturbative QCD predicts that the ratio of form factors for deuterons, p*, etc., 

become identical to those of the pointlike spin-one fields of the standard model. 

One of the most remarkable consequences of natural magnetic moments is 

the prediction of null zones in exclusive radiative processes. For example, the 

tree-graph contributions to the differential cross section 

at the special angle cos0 = ed/ew = l/3 provided that the W+ and the quarks 

have natural magnetic and quadrupole moments as defined by the DIIG sum 

46 rule and its extensions. More generally, the Born contribution to any radiative 

cross section with an arbitrary number of incident and outgoing charged lines will 

vanish at the photon emission angle which satisfies the null zone condition that all 

ratios ei/pi k are equal. Again, this occurs only if provided p,, = 0 and Q. = 0. 

Thus, all helicity amplitudes for the subprocess u&W+7 simultaneously vanish 

at cos0 = ed/eW provided that the W+ and the quarks have natural moments. 

The occurrence of null zones requires not only the destructive interference of 

radiation from all of the convection currents pC + py of all of the incident and 

final particles, but in addition, the radiation from all of the spin currents must 

also cancel among themselves. This fact follows from the same reason that the 

precession and Larmor frequencies of a spin-$ particle in an external magnetic 

field are identical when there is no anomalous moment and the gyromagnetic ratio 

g = 2; in such a case, the spin currents can be generated by a pseudo-Lorentz 

transformation and the spin-current contributions vanish at the same angle as the 

convection contributions. Thus, the mohents defined by the DHG sum rule and 

, its extension in the pointlike limit also are the monienta that preserve null zones. 

A discussion of bounds on the W anomqlous moment that can be obtained from 

present p$!+WyX data is presented in Ref. 47. 
I 

The Drell-Hearn sum rule also has important consequences for the computa- 

tion of the magnetic moments of baryons in &CD. Magnetic moments are often 

computed using the quark model formula ji = C%, /?ii . This formula is correct 
f 

in the case of atoms where the mass of the nucleus can be taken as infinite. How- 

ever, magnetic moment additivity can& be correct in general: the DHG sum 

rule shows that in the limit of strong binding where the constituents become very 

massive and the hadron becomes pointlike, its magnetic moment must equal the 

Dirac value, not zero as predicted by quark moment additivity. The flaw in the 

conventional quark model formula is that it does not take into account the fact 

that the moment of a system H is derived from the electron scattering amplitude 

eH-+e’N’ at nonzero momentum transfer Q. The Dirac value in the pointlike 

limit actually arises from the Wigner boost of the wavefunction from p to p-t-q. A 

detailed discussion of this and the resulting relativistic corrections to the moment 

are given in Ref. 48. On the other hand, the overlap of light-cone Fock wave- 

functions does provide a general method for the evaluation of hadronic magnetic 
42 

moments and form factors. 

8 Regge Behavior of Deep Inelastic Structure 
Functions 

The high energy behavior s >> Q2 behavior of the virtual photoabsorption 

cross sections oFF(s, Q2) which underlay the,deep inelastic structure functions is 

dictated by Regge theory. In general, analyticity predicts that an hadronic ampli- 

tude at high energy s >> -t has the form of a s:m of terms [l~exp(;~aR(t)]B(t)saR”) 

where the f sign is determined by crossing symmetry. Each Reggeon lorresponds 

to systems of exchanged particles with speci#ic global quantum numbers. The 

longitudinal virtual photoabsorption cross sections ar,t(s, Q2) are related by the 

optical theorem to the forward virtual Compton amplitude illustrated in Fig. 4(c); 

thus, Regge theory predicts UT,I, N ~Rs~~(~)-‘C’R(Q~). The above form provides 

an empirical method for extrapolating data into the Regge regime. One should 

first analyze the Regge behavior of the virtual photoabsorption cross section at 
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o fixed Q2, just as one does for hadronic cross sections such as u(a+p)-u(a-p) in or- 

der to set the domain where the Regge parametrization is applicable. The critical 

issue is what happens in the Bjorken scaling limit. Do the Pomeron and Reggeon’ 

contributions observed at fixed Q2 lead to Regge behavior of structure functions 

Fz(z, Q2) = CR qRx l-afi(o) at small z as a scaling function of 1: = Q2/211fv, or 

do such terms decouple as Q” increases? 

The Regge behavior of structure functions can be analyzed most simply within 

the format of the “covariant parton model” developed by Landshoff, Polkinghorne, 

and Short. 4g Th e virtual photoabsorption cross section has the space-time struc- 

ture shown in Fig. 4(a). 

The structure function F~(z, Q2) = CT,UeilGP,N(z, Q2) can be thus written 

as an integration over quark- and antiquark-nucleon cross sections: 
49 

where Z = (I; + p)? is the subprocess energy squared and k2 = -&(Z - kl) + 

xM2 - k: is the interacting quark or antiquark virtuality. 

The physics of the parton model corresponds to the “aligned jet” regirnca where 

k: and k” are of order of hadronic scales. For this domain of kinclnatics 2 - -A.“/= 

for small I. Thus, if uyp(?, l;“) w PO”-‘, then the structure functions will Ujorkrn- 

scale and have the Regge behavior Fz(s,Q’) N x1-O, at small I. Additional 

contributions to the structure functions also arise from the symmetric pair regime 

where k2 N O(Q2). For example, the leading twist contribution to FL(x,Q~) 

which violates the Callarl-Gross relation comes from this domain. Howevc*r, in 

this case 

4(x, Q2) - C CR~Q~) ($) ‘+ (30) 
R 

so that the Rcgge contributions to FL evidently do not scale if nn < 1. Thus, 

aside from the Pomeron cont.ribution, the nonleading Reggeons decouple from tllc 

st.ructure function contributions which arise from the I;’ N S(Q’) symmet.ric jet 

regime. 

It seems paradoxical that Regge behavior, which reflects soft hadron physics 

and hadron exchange processes, could be compatible with the charge and mo- 

mentum sum rules of the part.on model. In fact if one considers the difference of 

q-k 

r’ 

x 

r* 
u 

P,R 

P P 

Figure 4. Space-time picture of deep inelastic scattering in the target rrst-framca. (a) Con- 
trll)ut.ion to the leading twist structure function from qp interactions. (b) Two-step scattering 
process contributing to shadowirlg of nuclrar structure functions. (c) Regge contributions to the 
forward virtual Compton amplitude. 

scattering of leptons on a proton and a g,edanken “null” proton which consists of 

charge-less valence quarks, tlLe Pomeron and Reggeon contributi,pns to the deep 

inelastic structure functions cancel. An analysis of this problem is discussed in 

Ref. 50. 
I 

-92. 



9 Polarization-Dependent Nuclear Shadowing 
The space-time picture of deep inelastic scattering shown in Fig. 4(a) which 

leads to Regge behavior of structure functions also provides the physical basis for 

understanding the sha 

tions.5’ 
*O’ 

wing of deep inelastic lepton-nucletis scattering cross sec- 

In the small x domain, t,he @j pair with mass M2 has an effect.ive lifetime 

T=&=s(&) in the nuclear target rest frame. Thus, at small 2, the 

nuclear dependence of the virtual photoabsorption cross section will simply reflect 

the nuclear dependence of the a+(F) cross section at ? = -k2/z. As in ordinary 

Glauber theory, one must take into account “two-step” and higher mllltiscat,tering 

processes in a nuclear target, such as those shown in Fig. 4(b) where the quark 

scatters coherently on an upstream nucleon N, before intera.cting inclnstically on 

a nucleon N? further inside the nucleus. Hullg Jung Lu and I have shown 5’ that 

the Pomeron contributions to Z(qN) lead to destructive int,erferencc of tile onc- 

step and multistep scattering amplitudes, so that only the front nllclcons in the 

nucleus see the full hadronic structure of the incoming virtual photon, thus pro- 

ducing shadowing of the nuclear structure functions: D $,,(s, Q”) < Au;,&, Q2). 
Conversely, the phase of the coherent Reggeon contributions to Z(?N) Icads to 

constructive interference of the one-step and multiple step amplitudes a.nd hence 

“antishadowing”! u,‘.,(s, Q’) > Ao$~(s,Q’) at moderate values of .u - 0.13, AS 

originally predicted by Nikolacv and 52 Zakharov. The ratio of antishadowing to 

shadowing contributions is fixed from the observed Pomeron and lkggeon bchav- 

ior of the isospin singlet and nonsinglet nucleon structure functions (,hemsrlvcs. 

Anot,her interesting spin effect in QCD is the prediction that. nuclear shad- 

owing depends on the virtual photon polarization. In models where shadowing is 

dur to the deformation of nucleon structure functions in rhe nuclrus, one wolfId 

not, expect such any deprndencc on photon polarization. As noted a.bov-. nuclear 

shadowing (in t,he target rest frame) arises from the destructive interference of 

the multiple scattering of a qua.rk (or antiquark) in the nucleus. The qij pair is 

formed at a formation time (coherence length) 7 0: I/al,jnd before the target. In 

order to get significant multiple scattering and interference one needs a cohercnre 

length comparable to the nuclear size. However, Jloyer, Del Duca; and I found53 

that. the coherence length is significantly shorter (by a factor of l/h) for t,he 

longit.udinally polarized photon than the transverse case. Thr reason for this is 

t.hat the int,ernal transverse momentum and hence the virt,ual mass and rnergy 

of the qij pair is larger by a nearly constant factor.in the longitudinal case, thus 
, 

shortening its lifetime. Thus, the nuclear attenuation is’delayed to smaller values 

of 5bi in the longitudinal compared to the transverse cross section. Nikolaev 54 

has also recently discussed the possibiliv of smaller nuclear shadowing of a~. on 

the grounds that the qij system has a smaller transverse size in the case of a lon- 

gitudinally polarized photon, and it is thus more color transparent. In this case, 

diminished longitudinal shadowing would persist for all Il,j. 

10 Connections between Global Spin Measures”” 
J,ight-cone qua.ntization has a number of unique features that make it appeal- 

ing for solving relativistic bound-state problems in the strong coupling regime, 

most notably, the ground state of the free theory is also a ground state of the 

full theory, and the Fock expansion constructed on this vacuum state provides a 

complete relativistic many-part.icle basis for diagonalizing the full theory. 56 The 

mrthod seems therefore to bc well-suited t,o solving quantum chromodynamics. 

For practical calculations one approximates the field theory by truncating the Fock 

space.5i Th e assumption is that a few excitations describe the essential physics 

a.nd that adding more excitations only refines this initial approximation. This is 

quite (Ii&rent from the instant formulation of QCD where an infinite number of 

gluons is essential for formulating even the vacuum. In this paper, we restrict our- 

selves to an effective three-quark Fock description of the nucleon. In this effective 

theory, all additional degrees of freedom (including zero modes) are parameterized 
58 

in an effcctivc potential. In such a theory the constituent quarks will also acquire 

effective masses and form factors. 

After truncation, one could in principlebbtain the mass M and light-cone 

wavefunction I*) of the three-quark bound-states (see the Introduct,ion) by solving 

the Hamiltonian eigenvalue problem 

(31) 

Given the eigcnsolutions Iq) one could then compute the form factors and other 

properties of the baryons. Even without explicit solutions, one knows that the 

helicity and fiavor structure of the baryon eigenfunctions must reflect the assumed 

global SlJ(6) symmetry and J,orentz invariance of the theory. However, since WC do 



” have an explicit representation for the effective potential in the light-cone IIamil- 

tonian ffEptive for three-quarks, we shall have to proceed by making an ansatz 

for the momentum space structure of the wavefunction q. This may seem quite’ 

arbitrary, but as we will show below, for a given size of the proton, the predictions 

and interrelations letween observables at Q2 = 0, sucli as the proton magnetic 

moment pp and its axial coupling g,~, turn out to be essentially independent of 

the shape of the wavefunction. 

The light-cone model given in Ref. 59 provides a framework for representing 

the general structure of the effective three-quark wavefunctions for baryons. The 

wavefunction q is constructed as the product of a momentum wavefunction, which 

is spherically symmetric and invariant under permutations, and a spin-isospin 

wave function, which is uniquely determined by SU(G)-symmetry requirements. A 

Wigner” (Melosh’l) t t’ ro a Ion is applied to the spinors, so that the wavcfunction 
62,63 

of the proton is an eigenfunction of J and J, in its rest frame. To represent 

the range of uncertainty in the possible form of the momentum wavefunction we 

choose two simple functions of the invariant mass M of the quark: 

h.o.(M’) = NH.o. exp(-M2/2PZ), 
(32) 

$~ow,,(M~) = N~o,,,(l + M2/P2Fp t 

where @ sets the scale of the nucleon size. Perturbative QCD predicts a nominal 

power-law fall off at large kl corresponding to p = 3.5?* The invariant mass M 

can be written as 

3 ii., + m2 M2=~------, 
cl Xl 

where we used the longitudinal light-cone momentum fractions Z, = pT/P+ (P 
and p, are the nucleon and quark momenta, respectively, with P+ = PCJ + Pz). 
The internal momenturn variables Zli are given by il, = $1, - I,~L with the 

constraints c Lli = 0 and CZ; = 1. The M e OS I h ro a Ion has the matrix repre- t t’ 

sentation 61 

(34) 

with n’ = (O,O, l), and it becomes the unit matrix if the quarks are collinear 

, 
Rhf(x,,O,m) = 1. (35) 

Thus, the internal transverse momedtum dependence of the light-cone wavefunc- 

tions also affects its helicity structure. 

The Dirac and Pauli form factors F~(Q2) and Fz(Q*) of the nucleons are 

given by the spin-conserving and thelspin-flip vector current J$ matrix elements 
(Q2 = -q2)42 

Fl(Q2) = (p + 4, T IJ$IP,T), 

(QI - iQzMQ2) = -2M(p + q, T j.f;jp, 1). 
(36) 

We then can calculate the anomalous magnetic moment a = limQ2,0 Fz(Q2). [l’he 

total proton magnetic moment is pp = (e/2M)(l + up).] The same parameters as 

in Ref. 59 are chosen; namely, m = 0.263 ,GeV (0.26 GeV) for the up- and down- 

quark masses, and p = 0.607 GeV (0.55 GeV) for +power ($H.o.) and p = 3.5. The 

quark currents are taken as elementary currents with Dirac moments eq/2m,. All 

of the baryon moments are well-fit if one takes the strange quark mass as 0.38 GeV. 

With the above values, the proton magnetic moment is 2.81 nuclear magnetons, 

the neutron magnetic moment is -1.66 nuclear magnetons: and the radius of the 

proton is 0.76 fm, i.e., Mpnl = 3.63.5g 

In Fig. 5 we show the functional relationship between the anomalous moment 

ap and its Dirac radius predicted by the three-quark light-cone model. The value 

of R: = -~cW~(Q~)/~Q~(~I=~ is varied by changing 0 in the light-cone wave- 

function while keeping the quark mass mi fixed. The prediction for the power-law 

wavefunction up,,,, is given by the con,tinuous line; the broken line represents 

4H.O.. Figure 5 shows that when one plots the dimensionless observable (I~ against 

the dimensionless observable hfR1, the 
P 

rediction is essentially independent of 

the assumed power-law or Gaussian form of the three-quark light-cone wavefunc- 

tion. Different values of p > 2 also do not affect the functional dependence of 

ap(MpR1) shown in Fig. 5. In this sense the predictions of the three-quark light- 

cone model relating the Q2-+0 observables arc essentially model-independent. The 

* The neutron value can be improved by relaxing the assumption of isospir~ symmetry 
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Figure 5. The anomalous magnetic moment a = F*(O) of the proton as a function of MpRl: 
continuous line, pole type wavefunction; broken line, gaussian wavefunction. The experimental 
value Q = 1.79 at MpRl = 3.G3 is shown by the dotted lines. The model predictions are 
essentially independent of the shape of the light-cone wavefunction. 

only parameter controlling the relation between the dimensionless observables in 

the light-cone three-quark model is m/M, which is set to 0.28. For the phys- 

ical proton radius M,,Rl = 3.63 one obtains the empirical value for up = 1.79 

(indicated by the dotted lines in Fig. 5). 

The prediction for the anomalous moment a can be written analytically as 

a = (w)aNR, where aNR = 2Mp/3m is the nonrelativistic (R-+co) value and yv 

is given as 64 

7”(xi, kli,m) = g 

1 

(1 - x3w(m + X”W, is,/2 

I (m + 23M)2 + kl, 
(37) 

The expectation value (-yv) is evaluated as’ 

We now take a closer look at the two limits Raoo and R-+0. In the non- 

relativistic limit we let p-+0 and keep the quark mass m and the proton mass 

t [d’k] = dgld&d&6(Zt + & + is). The third component of A? is defined as kli = i(zi~ - 
(m* + zTi/ziM)). This measure differs from the usual one used in Ref. 58 by the Jacobian 
fl dkli/dli, which can be absorbed into the wavefunction. 

Mp fixed. In this limit the proton radius Rr-+oo.and a,--+2h4,/3m = 2.38 since 
I 

(~v)-+l.* Thus, the physical value of the anomalous magnetic moment at the 

empirical proton radius MpRl = 3.63 is reduced by 25% from its nonrelativistic 

value due to relativistic recoil and nonhero k,.’ 

To obtain the ultra-relativistic limit, we let /?-too while keeping m fixed. 

In this limit the proton becomes pointlike M&r -+O and the internal transverse 

momenta Icl-+oo. The anomalous magnetic momentumof the proton goes linearly 

to zero as a = 0.43MrRr since (-rv)+O. Indeed, the Drell-Hearn-Gerasimov 

(DHG) sum rule 
35,36 

demands that the proton magnetic moment becomes equal 

to the Dirac moment at small radius. For a spin-i system 

a~ _ M2 mds 
2n2a J s bP(s) - uA(s)l, (39) 

where e&B(A) is the total photoabsorption cross section with parallel (antiparallel) 

photon and target spins. If we take the pointlike limit, such that the threshold 

for inelastic excitation becomes infinite while the mass of the system is kept fi- 

nite, the integral over the photoabsorption cross section vanishes and a = 
42 

0. 

In contrast, the anomalous magnetic moment of the proton does not vanish in 

the nonrelativistic quark model as R-+0. The nonrelativistic quark model does 

not reflect the fact that the magnetic moment of a baryon is derived from lepton 
48 

scattering at nonzero momentum transfer, r.e., the calculation of a magnetic 

moment requires knowledge of the boosted wavefunction. The Melosh transfor- 

mation is also essential for deriving the DHG sum rule and low energy theorems 
48 

(LET) of composite systems. 

A similar analysis can be performed for the axial-vector coupling measured in 

neutron decay. The coupling gA is given by the spin-conserving axial current Ji 

matrix element I 

SA(O) = b’, t IJA+b, t). (40) 

$ This differs slightly from the usual nonrelativistic formula 1 + (I = &(e,/e)(M,,/m,) due to 
the nonvanishing binding energy which results in Mp # 3771,. 

$ The nonrelativistic value of the neutron magnetic moment is reduced by 31%. 
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The value for gA can be written as gA = (-/A)gzR with gt” being the nonrela- 

tivistic VdUe of gA and with 7~ as 64,65 

I 

7A(x, k* m) = (m + x3w2 - ii., 
8, II .e . 

(m + ~3b-l)~ + J$3 
(41) 

In Fig. 6 the axial-vector coupling is plotted against the proton radius MpRl. 
The same parameters and the same line representation as in Fig. 5 are used. 

The functional dependence of gA(M$r) is also found to be independent of the 

assumed wavefunction. At the physical proton radius M,,Rl = 3.63, one predicts 

the value gA = 1.25 (indicated by the dotted lines in Fig. 6) since (7~) = 0.75. 

The measured value is gA = 1.2573 f 0.0028.66 Th’ is is a 25% reduction compared 

to the nonrelativistic SU(6) value gA = 5/3, which is only valid for a proton large 

radius RI >> l/M,. As shown by Ma and Zhang$’ the Melosh rotation generated 

by the internal transverse momentum spoils the usual identification of the 7+75 
quark current matrix element with the total rest-frame spin projection s,, thus 

resulting in a reduction of gA. 

2 I I I 8 I 
gA = Aup - 

0 2 4 6 
*-Y MRI m2ZAJ 

Figure 6 The axial vector coupling 9~ of the neutron to proton decay as a function of 
L&RI: line code as in Fig. 5. The experimental values BA = 1.26 and MPH1 = 3.63 are shown 
by the dotted lines. 

Thus, given the empirical values for the proton’s anomalous moment ap and 

radius M,,Rl, its axial-vector coupling is automatically fixed at the value gA = 

I I 

1 .O - gAhANR 

____------ 

Figure 7. The ratio gA/gA(RI+co) versus the ratio a,/a,(R1+m) obtained by varying 
the proton radius RI. The experimental values are indicated by the dotted lines. 

1.25. This prediction is an essentially model-independent prediction of the three- 

quark structure of the proton in QCD. The Melosh rotation of the light-cone 

wavefunction is crucial for reducing the value of the axial coupling from its non- 

relativistic value 5/3 to its empirical vahie. In Fig. 7 we plot gA/gA(Rr+oo) 

versus ap/ap(R1+~) by varying the proton radius RI. The near equality of these 

ratios reflects the relativistic spinor structure of the nucleon bound state, which is 

essentially independent of the detailed shape of the momentum-space dependence 

of the light-cone wavefunction. 

We emphasize that at small proton radius, the light-cone model predicts not 

only a vanishing anomalous moment but also 

dimsgA(M&r) = 0. 
I- i 

(42) 

One can understand this physically: in tp, zeroradius limit the internal transverse 

momenta become infinite and the quark helicities become completely disoriented. 

This is in contradiction with chiral models which suggest that for a zero-radius 
I 

composite baryon one should obtain the chiral symmetry result gA = 1. 

The helicity measures Au and Ad of the nucleon each experience the same 

reduction as gA due to the Melosh effect. Indeed, the quantity Aq is defined by 

the axial current matrix element 

Aq = (P, t I?r+-wh 0, 
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and the value for Aq can be written analytically as Aq = (r,t)AqNR with AqNR 

being the nonrelativistic or naive value of Aq and with 7~ given in Eq. (41). 

0 2 4 6 

Figure 8. The quantity AC = Au + Ad of the proton as a function of MpR1. The experi- 
mental value MpRl = 3.63 is indicated by the dotted lines. 

Figure 8 shows the prediction of the light-cone model for the quark helicity 

sum AE = Au + Ad as a function of the proton radius RI. The same parameters 

and the same line representation as in Fig. 5 are used. This figure shows that the 

helicity sum AC defined from the light-cone wavefunction depends on the proton 

size, and thus it cannot be identified as the vector sum of the rest-frame con- 

stituent spins. As emphasized by Map the rest-frame spin sum is not a Lorentz 

invariant for a composite system. Empirically, one can measures Aq from the first 

moment of the leading twist polarized structure function sr(z,Q). In the light- 

cone and parton model descriptions, Aq = sb drc[qf(z) - q’(z)], where qf(z) and 

ql(x) can be interpreted as the probability for finding a quark or antiquark with 

longitudinal momentum fraction z and polarization parallel or antiparallel to the 

proton helicity in the proton’s infinite momentum frame.58 [In the infinite momen- 

tum there is no distinction between the quark helicity and its spin-projection sZ.] 

Thus, Aq refers to the difference of helicities at fixed light-cone time or at infinite 

momentum; it cannot be identified with q(sz = +i)-q(sz = -f), the spin carried 

by each quark flavor in the proton rest frame in the equal time formalism. 

One sees from Fig. 8 that the usual SU(6) values AuNR = 4/3 and AdNR = 

-l/3 are only valid predictions for the proton at large MRl. At the physical 

radius the quark helicities are reduced by the same ratio 0.75 as gA/giR due 
, to the Melosh rotation. Thus, for M,,Rl = 3.63, the three-quark model predicts 

AU = 1, Ad = -l/4, and AX = Au+Ad’= 0.75. Although thegluon contribution 

is AG = 0 in our model, the general sum rule 
67 

$AC+AG+L,=~ (44) 

is still satisfied, since the Melosh transformation effectively contributes to L,. 
Suppose one adds polarized gluons to the three-quark light-cone model. The 

flavor-singlet quark-loop radiative corrections to the gluon propagator will then 

give an anomalous contribution 6(Aq) = -2AG to each light quark helicity? 

The predicted value of g,.t = Au - Ad is, of course, unchanged. For illustration 

we shall choose ZAG = 0.20. The gluon-enhanced quark model then gives the 

values in Table 1, which agree well with the present experimental values. Note 

that the gluon anomaly contribution to As has probably been overestimated here 

due to the large strange quark mass. 

In summary, we have shown that relativistic effects are important for under- 

standing the spin structure of the nucleons. By plotting dimensionless observables 

against dimensionless observables we obtain model-independent relations indepen- 

dent of the momentum-space form of the three-quark light-cone wavefunctions. 

For example, the value of CJA N 1.25 is correctly predicted from the empirical value 

of the proton’s anomalous moment. For the physical proton radius MpRl = 3.63, 
the inclusion of the Wigner (Melosh) rotation due to the finite relative transverse 

momenta of the three quarks results in a N 25% reduction of the nonrelativistic 

predictions for the anomalous magnetic moment, the axial vector coupling, and 

the quark helicity content of the proton. 

I 
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Table 1 , 
Comparison of the quark content of the proton in the nonrelativistic quark model 

(NR), in our three-quark model (3q), in a gluon-enhanced three-quark model 
29 

(3q+g), and wit4 experiment. 

Quantity NR 3q 3q+g Expt. 

Au ! 1 0.80 0.80 f 0.04 

Ad -f -i -0.45 -0.46 f 0.04 

As 0 0 -0.20 -0.13 f 0.04 

AC 1 ; 0.15 0.22 f 0.10 

In the next section, I will discuss theoretical constraints on the shape of the 

quark and gluon helicity distributions which follow from general QCD principles. 

11 Perturbative QCD Constraints on the Shape 
of Polarized Quark and Gluon Distributions9 

The measurements of polarization correlations in high momentum transfer re- 

actions provide highly sensitive tests of the underlying structure and dynamics 

of hadrons. The most direct information on the light-cone momentum distribu- 

tions of helicity-aligned and helicity-anti-aligned quarks in nucleons is obtained 

from deep inelastic scattering of polarized leptons on polarized targets. The re- 

cent fixed-target measurements, the SMC muon-deuteron and muon-proton ex- 

periments at CERN,6g’2s and the electron-He3 experiments El42 and El43 at 

SLAC7’ are now providing important new constraints on the proton and neutron 

helicity-dependent structure functions. 

Although the Q2-evolution of structure functions is well-predicted by pertur- 

bative QCD, the initial shape of these distributions reflects the nonperturbative 

quark and gluon dynamics of the bound-state solutions of QCD. Nevertheless, 

it is possible to accurately predict some aspects of the shape of the nucleon 

structure functions from perturbative arguments alone. In fact, as Burkardt and 

Schmidt9 and I have recently shown, one can derive an analytic parametrization 

of the polarized quark and gluon distributions in the nucleons which incorporates 

general constraints obtained from the requirements of color coherence of gluon 

couplings at z N 0 and the helicity structure of perturbative QCD couplings at 

z N 1. The predicted forms provide useful guides to the expected shapes of the 

polarized structure functions. 
I 

As discussed in the introduction and appendix, the polarized quark and gluon 

distributions G~IH( s,X,Q) and Gs/,~(z, X, Q) f h d o a a ron are probability distribu- 

tions determined by the light-cone wavefunctions $Jn(zi, kli, Xi), where ~~=I Xi = 

1, and C:=, Icl, = 01. The square of the invariant mass of an n-particle Fock 

state configuration in the wavefunction is Mi = C:,,(!& + mi)/z,. Thus, the 

kinematical regime where one quark has nearly all of the light-cone momentum 

z N 1, and the remaining constituents have zi N 0, represents a very far off-shell 

configuration of a bound state wavefunction. In the limit z--+1, the Feynman vir- 

tuality of the struck parton in a bound state becomes far off-shell and space-like: 
k$ - ,2 = I(@, - M2)+ - p2/(1 - I), where p is the invariant mass of the 

system of stopped constituents. If one assumes that the bound state wavefunction 

of the hadron is dominated by the lowest invariant mass partonic states, then the 

constituents can attain far off-shell configurations only by exchanging hard gluons; 

thus the leading behavior at large virtuality can be computed simply by iterating 

the gluon exchange interaction kernel. ‘1”2’5s This conforms to the usual ansatz 

of perturbative QCD that hard perturbative contributions dominate amplitudes 

involving high momentum transfer compared to the contributions arising from 

nonperturbative sources. 

Thus, because of asymptotic freedom, the leading order contributions in a,(k$) 
to the quark and gluon distributions at z-t1 can be computed in perturbative 

QCD from minimally connected tree giaphs. For example, in the case of the nu- 

cleon structure functions, the dominarJt amplitude is derived from graphs where 

the three-valence quarks exchange two hard gluons. The tree :amplitude is then 

convoluted with the nucleon distributgn amplitude 4(zi, kg) which is obtained 

by integrating the valence three-quark nucleon wavefunction $3(x,, kl,, Xi), over 

transverse momenta up to the scale ks.? The dkldd azimuthal loop integrations 

project out only the L, = 0 component of the three-quark nucleon wavefunction. 

Thus, in amplitudes controlled by the short distance structure of the hadron’s 

valence wavefunction, orbital angular momentum can be ignored, and the valence 
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qhark helicities sum to the hadron helicity. and (1 - r)‘, respectively, in agreement’with the counting rules. The leading ex- 

The limiting power-law behavior at s+l of the helicity-dependent distribu- 4 ponent for quark distributions is odd in the case of barypns and even for mesons 
tions derived from the minimally connected graphs is in agreement with the Gribov-Lipatov crossing rule.* 

I G,/H - (1 - zjp, 

where 

p = 2n - 1 + 2AS,. (46) 

Here n is the minimal number of spectator quark lines, and AS, = ]Si - Sy] = 0 

or 1 for parallel or anti-parallel quark and proton helicities, respectively.” This 

counting rule reflects the fact that the valence Fock states with the minimum 

number of constituents give the leading contribution to structure functions when 

one quark carries nearly all of the light-cone momentum; just on phase-space 

grounds alone, Fock states with a higher number of partons must give structure 

functions which fall off faster at z-+1. The helicity dependence of the counting 

rule also reflects the helicity retention properties of the gauge couplings: a quark 

with a large momentum fraction of the hadron also tends to carry its helicity. The 

antiparallel helicity quark is suppressed by a relative factor (1 - z)*. Similarly, 

in the case of a splitting function such as Q-+Q~ or g-+qq, the sign of the helicity 

of the parent parton is transferred to the constituent with the largest momen- 

tum fraction.73 The counting rule for valence quarks can be combined with the 

splitting functions to predict the z--+1 behavior of gluon and nonvalence quark 

distributions. In particular, the gluon distribution of nonexotic hadrons must fall 

by at least one power faster than the respective quark distributions. 

The counting rules for the end-point-behavior of quark and gluon helicity dis- 

tributions can also be derived from duality, i.e., continuity between the physics 

of exclusive and inclusive channels at fixed invariant 74 mass. As shown by Drell 

” and Yan, a quark structure function G,/H N (1 - z)2n-1 at z-+1 if the cor- 

responding form factor F(Q2) N (1/Q2)” at large Q2. Recent measurements of 

elastic electron-proton scattering at SLAC76 are compatible with the perturbative 

QCD predictions r2 for both the helicity-conserving Fl(Q2) and helicity-changing 

F2(Q2) form factors: Q4Fl(Q2) and Q6F2(Q2) b ecome approximately constant at 

large Q2. The power-law fall-off of the form factors corresponds to the helicity- 

parallel and helicity-antiparallel quark distributions behaving at z-+1 as (1 - z)~ 

The counting rule predictions for the quark and gluon distributions are rele- 

vant at low momentum transfer scales Qs L &CD in which the controlling physics 

is that of the hadronic bound state rather than the radiative corrections associated 

with structure function evolution. At the hadronic scale one can normalize the 

nonsinglet quark helicity content of the proton and neutron using the constraint 

from /3 decay: 66 

Au - Ad = ?@ = 1.2573 f 0.0028 . 
gv 

(47) 

where Aqi(z) = q+(z) - q,:(z) with i = u,d,s is the difference of the helicity- 

aligned and helicity-anti-aligned quark distributions in the proton, and Aqi = 

ssr dsqi(l) is the integrated moment. [In the standard notation q+(z,Q) = 

G,/,(s, A, = &,Q) + GT/p(~,& = h&J so that both quark and anti-quark 

contributions are included.] I n addition, if one assumes SU(3) flavor symmetry, 

hyperon decay also implies a polarized strange quark component in the proton 

wavefunction 
77, 76 

Au+Ad-2As io3q 

fi . . 
(48) 

Thus, only one normalization is left undetermined. 

The presence of polarized gluons in the nucleon wavefunction implies that 

polarized strange quarks contribute to the nucleon helicity-dependent structure 

functions at some level. There is also evidence from neutrino-proton elastic scat- 

tering that the proton has a significant polariqed strange quark content.” 

The helicity-dependent structure function ,gr (I, Q2) measured in deep inelas- 

tic polarized-lepton polarized-proton scattering can be identified in the Bjorken 

scaling region with the quark helicity asymmetry: 
\ 

gl(r, Q2) = 3 ~e:Ad~,Q2) . 
I 

(49) 

The first moment of the proton-neutron difference has zero anomalous dimension 

and satisfies the Bjorken sum rule 73 (Eq. (W), including radiative corrections 
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from hard gluon interactions in the electron-quark scattering process.” Thus, the 

QCD radiative corrections 
80 to the helicity-dependent structure functions can 

modify the shape of the distributions, within the global constraint of the Bjorken 

sum rule. 

At high Q2, Al e radiation from the struck quark line increases the effective 

power law fall-off (1 - z)r of structure functions relative to the underlying quark 

distributions: Ap = (4C~//3r)log(logQ2/A2)/(logQ~/h2) where CF = 4/3 and 

pr = 11 - (2/3)nf. The counting rule predictions for the power p thus provide 

a lower bound for the effective exponent of quark structure functions at high 

Q2 > Qi. However, in the end-point region z N 1, the struck quark is far off- 

shell and the radiation is quenched since one cannot evolve Q2 below Qg N k; = 

-(p2/(1 - I)), the Feynman virtuality of the struck ‘r parton. Furthermore, the 

integral of the gr structure function is only affected by QCD radiative corrections 

of order a,(Q2)/z. 

Thus, PQCD can give useful predictions for the power law fall-off of helicity- 

aligned and anti-aligned structure functions at I N 1. Higher order contributions 

involving additional hard gluon exchange are suppressed by powers of a,(kb). 
Further iterations of the interaction kernel will give factors of fractional powers of 

log(1 - I) analogous to the anomalous dimensions log’” Q2 which appear in the 
12 PQCD treatment of form factors at large momentum transfer. This is in contrast 

to super-renormalizable theories such as QCD( l+l) where the power-law behavior 

in the endpoint region is modified by all-order 
82 

contributions. 

The fact that one has a definite prediction for the z N 1 behavior of leading 

twist structure functions is a powerful tool in QCD phenomenology, since any 

contribution that does not decrease sufficiently fast at large I is most likely due 

to coherent multiquark correlations. As discussed in Ref. 13, such contributions 

are higher twist, but they arise naturally in QCD and are significant at fixed 

(1 - z)Q2. Such coherent contributions are in fact needed in order to explain the 

anomalous change in polarization seen in pion-induced continuum lepton-pair and 

hadronic J/+ production experiments at high zF.s3 

At large I the perturbative QCD analysis predicts “helicity retention” - 

i.e., the helicity of a valence quark with I N 1 will match that of the parent 

nucleon. This result is in agreement with the original prediction of Farrar and 

Jackson72 that the helicity asymmetry Aq(z) approaches 1 at 141. We also 

predict, in agreement with Ref. 72, that the ratio of unpolarized neutron to 

proton structure functions approaches the value 3/.7 for z-+1. 

In the following sections, we will analyze the shape of the polarized gluon 

and quark distributions in the proton. First, we will study the behavior of the 

gluon asymmetry AG(z (polarized over unpolarized distributions) at small 

values of I, where it turns out to be proportional to I with a coefficient approx- 

imately independent of the details of the bound-state wavefunction. We then 

write down a simple model for the gluon distributions which incorporates the 

counting rule constraints at z-+1. The same is done for the up, down, and strange 

quark distributions. The extrinsic and intrinsic strange quark distributions are 

also discussed, paying special attention to the inclusive-exclusive connection with 

the strange quark contribution to the proton form factors. 

12 Helicity-Dependent Gluon Distributions 

The angular momentumof a fast-moving proton has three sources: the angular 

momentum carried by the quarks, the angular momentum carried by the gluons, 

and the orbital angular momentum carried by any of the constituents. Angular 

momentum conservation for J, at a fixed light-cone time implies the sum rule 
2,67 

;(A, + Ad + As) + AG + (Lz) = ;. (50) 

Here AG E snr dzAG(z) is the helicity carried by the gluons, where AG(z) is 

the difference between the helicity-ali 
gi 

ned and anti-aligned gluon distributions 

G+(z) and G-(z); the unpolarized gluon distribution G(z) is the sum of these 

two functions, G(z) E G+(z) + G-(z). Th e corresponding definitions for the 

quark distributions Aq(z) = q+(z) - q-(z) and q(z) = q+(z) i q-(z) with q = 

u,d, s. By definition, the antiquark conttibutions are included in Aq(z) and q(x). 
As emphasized in Section 10 and by Map the helicity distributions measured 

on the light-cone are related by a Wigner rotation (Melosh transformation) to 

the ordinary spins St of the quarks in an equal-time rest-frame wavefunction 

description. Thus, due to the noncolinearity of the quarks, one cannot expect 

that the quark helicities will sum simply to the proton spin. 
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‘I In this section, I shall discuss model forms for the gluon distribution functions 

AG(z) and G(z) for nucleons which incorporate the known large-z counting-rule 

constraints: 

1 G+(x)-*C(l - x)~ (x-+1) , 

G-(x)+C(l- x)‘j (x-+1) . (52) 

We shall also implement a basic constraint on the behavior of the gluon asymmetry 

ratio AG(x)/G(x) for small x : 

(~>,.,,,” -5 (S) (x-+o). (53) 

This last theoretical constraint will be demonstrated below. Here (l/y) stands for 

the first inverse moment of the quark light-cone momentum fraction distribution 

in the proton lowest Fock state. For this state we expect (l/y) z 3. 

A simple form for baryon gluon distributions, which incorporates the limiting 

behaviors presented above, is 

AG(x) =; [l - (1 - x)~] (1 - I)~, 

G(x) =F [l + (1 - x)~] (1 - x)~. 
(54) 

In this model the momentum fraction carried by the glnons in the proton is (zg) E 

Jsr dxxG(x) = %N, and the helicity carried by the gluons is AG = so1 dxAG(x) = 

(11/30)N. Taking the momentum fraction (xg) to be l/2, we predict AG = 0.54. 

Such large values for the gluon momentum fraction are inconsistent with the 

assumption that the proton has a dominant three-quark Fock state probability; 

a self-consistent approach thus requires taking into account gluon radiation from 

the full quark and gluon light-cone Fock basis of the nucleon. Our main emphasis 

here is to predict the characteristic shapes of the polarized quark and gluon dis- 

tributions. The large x regime is clearly dominated by the lowest particle-number 

Fock states. We thus expect that the qualitative features of the model to survive 

in a more rigorous approach; in particular, it is apparent from the structure of 

the model that the gluon helicity fraction will be of the same order of magnitude 

as the gluon momentum fraction. 

The prediction that AG N 0.5 is phenomenologically interesting. If one also 
1 accepts the experimental suggestion from EMC that’ the quark helicity sum Au + 

Ad is small, then this implies that gluons could carry a large part of the proton 

helicity J, = l/2. However, one then also expects significant orbital angular 

momentum L, which arises, for example, from the finite transverse momentum 

associated with the q-+qg gluon emission matrix element. 

We now proceed to prove Eq. (53) for the low-x behavior of the asymmetry 

AG(x)/G(x). In this region the quarks in the hadron radiate coherently, and we 

must consider interference between amplitudes in which gluons are emitted from 

different quark lines. An analysis of this type was first presented in Ref. 84, and 

in this note we extend and correct some of the results of that paper. 

As an example, we first analyze the helicity content of positronium, where we 

can ignore internal transverse momenta and noncollinearity. Consider the ortho- 

positronium two-fermion J, = 1 Fock state in which the particles have helicities 

+ +. Following the calculation of Ref. 84, we obtain 

ortho(J.=+l) 

In the case of para-positronium (and also for J, = 0 ortho-positronium), in which 

we start with a Fock state with helicities + -, the result is AG(x) = 0. This is 

because for every diagram in G+(x) there is a corresponding diagram in G-(x), 

but with the helicities of all the particles reversed. 

We now apply a similar analysis to the gluon distribution in the nucleon. We 

start with a three-quark Fock state in which the quarks have helicities + + + as 

would be appropriate for the helicity content &fan isobar state A with J, = 3/2. 
Then the result found in Ref. 84, i.e., 1 

(56) 

follows. 

In the nucleon case, however, we start with a three-quark Fock state with 

helicities + + -. Thus, clearly there is a cancellation between the squared 

terms in which the gluon is emitted from one of the positive helicity quarks versus 
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the contributions in which the gluon is emitted by a negative helicity quark. 

The interference terms work similarly, ensuring a finite result for both G(z) and 

AG(x) at zero kl, just as in the case of photon distributions in positronium. Then 

the positive helici 

I 

y quarks have a dominant G+(z) and contribute positively to 

AG(x); similarly, he negative helicity quarks contribute negatively to AG(z). To 

see this more clearly, consider the photon emitted by a single electron with J, = 
+1/2. Then G:,,(x) = l/ x and G;,/e(x) = (1 - z)~/z. Thus, AG(z)/G(z) = 2 

at x-+0 with unit coefficient in this case. The sign reverses for an electron with 

J, = -112. 
The generated gluon asymmetry distribution in the nucleon at low x is then 

given by Eq. (53). The extra factor of l/3 is due to the fact that all the quarks 

contribute positively to G(z), but they give contributions proportional to the 

sign of their helicity in AG(x). The main assumption setting the value of the 

gluon asymmetry at z-+0 is the estimated value of the inverse moment (l/y). 

For realistic wavefunctions, this expectation value may receive very large (possi- 

bly divergent) contributions from near y = 0. However, one must be careful at 

this point because in deriving Eq. (53), we assumed that z << y. In order to be 

consistent with this assumption, we will perturb around a constituent quark wave- 

function which is strongly peaked around y = (y) = l/3. We have furthermore 

assumed for simplicity that (y) is the same for all valence quarks, although this is 

inconsistent with results from QCD sum rules.*5 (One could improve the estimate 

for (l/y) by allowing for different momentum fractions for the helicity-up and 

helicity-down quarks. This would evidently reduce AG, since it is known that (y) 

is larger for helicity parallel quarks. Furthermore, in QCD we expect that higher 

Fock states will contribute to reduce the value of (y) away from l/3, which would 

be the expected value if only the three-quark valence Fock state was present.) 

13 The Shape of Helicity-Dependent Quark Dis- 
tributions 

As I have discussed in the previous sections, at z N 1 PQCD predicts that 

the helicity-parallel quark distribution q+(x) is enhanced relative to the helicity- 

antiparallel quark distribution q-(x) by two powers of (1 - z). The property of 

helicity retention at large z is a direct consequence of the gauge theory couplings 

between quarks and gluons. For the valence quarks in a nucleon the counting rules 

predict 

q+(z) N (1 - x)3 (x.41) (57) 

and I 

q-(z) N (1 - x)” (X41). (58) 

The case of the nonvalence strange quarks is somewhat more complex and will be 

discussed in detail in the next section. The result is 

s+(x) - (1 - x)5 (x--+1), (59) 

s-(x) N (1 - 2)’ (x-1). (6’3) 

For x N 0 the helicity correlation disappears since the constituent has infinite 

rapidity Ay = log x relative to the nucleon’s rapidity. 

The strange quark distribution in a nucleon can arise from both intrinsic and 

extrinsic contributions. The intrinsic contribution is associated with the multipar- 

title Fock state decomposition of the hadronic wavefunction, and it is essentially 

of nonperturbative origin. This is in contrast to the extrinsic component, which 

arises from SS pair production from a gluon emitted by a valence quark, and is 

associated with the self-field of a single quark in the proton. From evolution and 

gluon splitting, the extrinsic strange contributions are known to behave as 

s:(x) - (1 -x)5 (-1) (‘51) 

s,(x) N (1 - $7 (x--+1) (62) 

The Drell-Yan inclusive-exclusive connection relates the high Q2 behavior of 

the hadronic form factors to the large dlimit of the quark distribution functions, 

i.e., 

F(Q’) Qkm & H G s,p z2 (1 _ 42n-1+2AS., (63) 

where AS, = 0 or 1 for parallel or antiparallel quark and proton helicities, re- 

spectively. If we naively apply this prescription to the extrinsic strange quark 
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component, we would predict that the strange quark contribution to the electro- 

ma.gnetic proton form factor should fall as 1/Q6, since in this case n = 3. But 

a direct calculation of the strange quark contribution to either the axial or vec- 

tor form factor of the nucleon gives only a nominal l/Q4 behavior, which is the 

same power-law fall-off !as the valence quark contribution. In the Icading order 

calculations the loop integrals connecting a hard ss loop to a valcncc qua.rk all 

have momenta e = U(Q), thus producing radiative corrections of order c~f(Q), to 

the exclusive amplitude with N = 2 (axial) or N = 3 (vector), rather than extra 

powers of 1/Q2.58 The solution to this apparent contradiction is that we should 

apply the inclusive-exclusive connection for the strange quark contributions to a 

transition form factor connecting an initial state with three quarks (uud) to a final 

state in which a strange pair has been created (uu&S), as in the transition form 

factor p-+hK, at fixed final state mass. Since the internal hard-scattering matrix 

element TH for (uud) + y’-+strdus has three off-shell fermion legs, this transition 

form factor falls off as (1/Q2)3, and it correctly satisfies the inclusive-exclusive 

connection (71 = 3). 

One can also consider the case where Q2 and the final state mass are both 

large, but there is a I( and A in the final state. This again corresponds to a 

-, (1 - E)~ structure function. In the case of the transition p-pd, there is a 

color mismatch in TM at lowest order. Thus, this amplitude should be suppressed 

(Zweig rule) by an extra power of a,(Q2). Of course all of this holds for the 

analogous charm systems as well. 

The intrinsic strange components are associated with Fock states having at 

least five particles; the distributions thus have the behavior 

s+(x) - (1 - x)7 (x+1) 

s;(x) - (1 -x)9 C-1) > 

(64) 

which corresponds to n = 4 in the spectator quark counting rules. It also satisfies 

the inclusive-exclusive connection, since the intrinsic contribution to the form 

factor falls its ( 1/Q2)4. 

For the complete parametrization. we shall adopt the canonical forms: 

where we require 

u+(x) = $ [A,(1 -8~)~ + B,(l -x)“] , 

d+(x) = 2 [Ad(l -‘x)~ + &(I -x)“] , 

u-(x) = $ [Cu(l - :)5 + D”(l - z)“] ) 

d-(x) = $ [cd(l -x)5 + &(I -X)“] , 

s+(x) = ; [A,(1 - x)’ + &(I - x)“] , 

s-(x) = ; [C,(l -x)’ + Ds(l - z)“] , 

(66) 

(67) 

(68) 

(69) 

(70) 

(71) 

A, t B, = C, t D, (72) 

to ensure the convergence of the helicity-dependent sum rules. Thus in our model, 

the Regge behavior of the asymmetry Aq(x) N 5 --(In is automatically one unit less 

than the unpolarized intercept: a~ = (I - 1. Isospin symmetry at low x (Pomeron 

dominance) also requires 

A, + B, + C, + D, = Ad + Bd + cd + ~~ . (73) 

We emphasize that these distributions include both the quark and antiquark con- 
1 

tributions. 

Our parametrization of the helicity-dependent quark distributions is close in 

spirit to the parametrization I& for the unp b larlzed quark and gluon distribu- 

tions given by Martin, Roberts, and Stirling.86 The MRS parametrization is a 

good match to our unpolarized forms q(x) = q+(x) + q-(x) since the MRS forms 

combine counting-rule constraints with a good fit to a wide range of perturbat,ive 

QCD phenomenology. We find that choosing the effective QCD Pomeron inter- 

cept (Y = 1.12 allows good mat,ch to the unpolarized quark distributions given by 
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the MRS parametrization Db at Q2 = 4 GeV2 over the range 0.001 < .r < 1. 

It also predicts an increasing structure function Fz(1, Q2) at small z T < 10e3, 1 
as suggested the recent data from HERA.87 Thus, we predict an = 0.12 for 

the helicity-changing Reggeon intercept. The momentum fraction carried by the 

quarks (and antik uarks), (zs) = &‘dxxq(z), where’q(r) s q+(x) $ q-(x), is 

assumed to be N 0.5. 

The analysis by Ellis and Karliner”2g combining the SLACs8, EMC8’ and 

NMCgo polarized electron-proton data provides the constraint: 

I dxgf(x) = 0.128 f 0.013 (stat) f 0.019 (sysl.) (74) 

at (Q2) = 10.7 GeV2. As discussed in Section 1, this value together with the 

constraints from nucleon and hyperon decay leads to the following values for the 

proton helicity carried by the different quarks:2g 

Au = 0.82 f 0.04, Ad = -0.44 f 0.04, and As = -0.11 f 0.04 (75) 

The relatively small value for the total quark helicity AX = Au + Ad + As = 

It is straightforward to find parameters for the polynomial forms which are 

0.27 f 0.10 is consistent with large NC predictions in QCD.2 As discussed in 

Section 10, the prediction of a three-quark relativistic model is AX N 0.75. Thus, 

the empirical values also implies a significant contribution of the proton’s helicity 

is carried by gluon and orbital angular momentum. For the purposes of this 

section, I shall assume these three values as initial phenomenological inputs for 

the proton; the neutron distributions then follow from isospin symmetry. 

consistent with the above inputs as well as the MRS L& parametrization 

A, = 3.361, Ad = 0.672, A, = 0.001, 

B, = -3.188, & = -0.499, B, = 0.073, 

c, = 1.574, Gd = 3.286, C, = 0.787, 

D, = -1.401, D,j = -3.113, D, = -0.713 . 

With these sets of parameters, tht’quark helicities in the proton are: 

Au = 0.82, Ad = -0.44 , As = -0.11 , (80) 

and the respective quark moment& fractions are: 

(CT,,) = 0.322, (Id) = 0.214, (xs) = 0.04 . 031) 

Thus, the helicity carried by the quarks with this parametrization is Aq = 0.27, 

and the momentum carried by the quarks is then C, (zp) = 0.57. The model 

predicts that the helicity carried by the strange quark is quite large and negative 

relative to the nucleon helicity?’ 

Note that Ad(z) E d+(x) -d-( ) x is osi ive at large z, and negative at small p t’ 

to moderate values of 2. One thus expects that Ad(z) will change sign and go 

through zero at some physical value for 2. With the above parametrization, the 

zero of Ad(z) occurs at x = 0.507. 

We can also find a parametrization for the polarized gluon distributions which 

are consistent with the z-+0 and z+l helicity constraints, as well as the MRS 

unpolarized gluon distribution: 

G+(x) = -& [A,(1 -z)” t ~~(1 -z)“] , (82) 

G-(z) = $ [A,(1 -z)~ + B,(l -z)‘] , (83) 

constraint, Eq. (53), as well as momentum conservation: (xs) = 1 - C, (re) = 

0.43. The result for the unpolarized dlstribution G(X) = G+(x) + G-(z) is in 

with cyg = 1, A, = 0.2381 and B, = 1.1739. This form incorporates the coherence 

distinguishable from the phenomenological Db gluon distribution given Ly MRS. 

With these values, the helicity carried by the gluon in the nucleon is AG = 0.45. 

If we require the same Pomeron intercept as = (I = 1.12, for the gluon and 

quark distributions at z-+0, then a fit to the MRS Db form gives parameters A, = 

2 and B, = -1.25. The result for the helicity carried by the gluon, AG = 0.46, 

is essentially unchanged from the ug = 1 case. However, the agreement with the 

shape of the MRS unpolarized parametrization is somewhat worse. 

(76) 

(77) 

(78) 

(79) 
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1’4 Predictions for Polarized Structure Functions 
In the following we will use the model forms for Aq(x) and q(x) to calculate 

the polarized helicity structure functions of nucleons: 

I 
gyp(x) = f ($A+) + ;Ad(x) + iAs(x)) 

and 

;Ad(z)t ;Au(x)+ ;As(x) 

(84) 

and compare the results to the recent experiments. (Note that Aq(x) refers to 

the combined asymmetries from both quarks and antiquarks in the proton.) In 

the final predictions we will, as in Ref. 77, include the normalization factor 

NQCLJ = 1 - (a,/*) z 0.92 arising from QCD radiative corrections. The Rjorken 

sum rule for the difference of proton and neutron quark helicities is automatically 

satisfied. The Ellis-Jaffe sum rule for the nucleon quark helicity is violated by the 

model due to the presence of the strange quark contributions As. 

We have emphasized that the dynamics of QCD implies helicity retention: 

the quark with a: close to 1 has the same helicity as the proton. Thus, all of 

the structure functions asymmetries become maximal at z+l, and the ratio of 

unpolarized proton and neutron structure functions can be predicted. 

According to the standard SCi(6) fl avor and helicity symmetry, the proba- 

bilities to find u and d quarks of different helicit,ies in the proton’s threc-quark 

wavefunction are: P(n+) = 5/9, P(d+) = l/9, P(u-) = l/9, P(d-) = 2/9.g2 Thus, 

the usual expectation from SU(6) y s mmetry is Fz(n)/Fz(p) = 2/3 for all r. As 

72 Farrar and Jackson pointed out, this naive W(6) result cannot apply to the 

local helicity distributions since the helicity aligned and helicity anti-aligned dis- 

tributions have different momentum distributions. At large x, u- and d- can be 

neglected relative to u+ and d+, and t,hus SCr(6) is broken to SU(B)+ x S/1(3)-. 

Our model retains the SU(6) ratio P(n+)) : P(d+)) = A, : Ad = 5 : 1, at large z 

so that we predict p;(n)/F2(p)+3/7 as x+1. The physical picture that emerges 

is that the struck quark carries all the hclicity of the nucleon, and the spccta- 

turs have S, = 0, alt,hough their total h&city is a combination of 0 and 1. This 

wavefunction is just a piece of the full Sn(6) wavefurirtion, but since it is t.he 
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Figure 9. (a) Model prediction for the polarized h&city structure function of the proton 
(4.1) compared with experiment. Full line: sum of all flavors; dashed: only up quarks; dotted: 
only down quarks; dash-dotted: only strange quarks. The data is from the combined SLAC- 
EMC"*89 analysis. (b) same as (a) but for the neutron. The data are from the SLAC El42 

70 experiment. 

piece that contains the u+ and d+, and this part remains unchanged, the ratio 

P(u+)/P(d+) is still 5/l. 

Notice that the only empirical input into our model is the integrated values of 

the various flavors obtained from the proton d’ata. Only the shape is determined 

by perturbative QCD arguments. The agreemqnt with the shape of the SLAC and 

EMC experimental data for the proton is quite good. (See Fig. 9.) For the neutron 

we predict two new effects which are not pres yt for the proton. First, gt” tends 

to fall faster than g;’ for large x. This is because as in the Carlitz-Kaurg3 and 

Farrar-Jackson72 models, the helicity aligned up-quark dominates the proton 

distribution and the helicity down quark dominates the neutron structure function 

at large Z. A related effect is that gE”( ) h g x c an es sign as a function of I. This 

is due to the fact that except for large x (where the helicity aligned down quark 

dominat.rs), 9 1” is dominated by the anti-aligned up quark distrihution. Since 
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s; dsAu,(s) = s; &AC&) < 0,” it is clear that g;“(z) must be negative at 

small z. 
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Figure 10. Polarized h&city structure function of the deuteron. The data ate from Ref. 
69. The prediction for the sum of proton and neutron contributions is multiplied by a D- 
state depolarization factor 1 - (3/2)wo with wg = 0.058 and the PQCD correction factor 
1 -(a&) = 0.92. 

A comparison of our model with the recent SMC data for the polarized 

deuteron structure function g!(z) is shown in Fig. 10. The shape of the data 

appears to be consistent with our predictions, except possibly at the largest z 

point where the SMC data shows too little asymmetry. To make this prediction, 

we have, as in Ref. 69, assumed that the deuteron structure function is half of 

the sum of the neutron and proton structure functions and included the D-state 

depolarization factor with D-state probability 0.058. The model then predicts the 

normalization 

= [ -$A, + Ad) + &AS] (1 - :) (1 - $dD) = 0.038 CW 

compared to the SMC result 

/ 
&g:(z) = 0.023 + O.O20(stat.) f O.O15(syst.) . (87) 

We can also compare our model with the polarized neutron structure function 

extracted by the El42 from its polarized electron polarized He’ measurements. 

(See Fig. 9(b).) The predicted normalization assumes an 8% radiative leading 

twist correction: (1 -a,/*) N (1 -O&8), w h ereas the commensurate scale relation 

analysis presented in the next sectiorrpredicts a reduction of approximately 14% at 

Q2 = 2 GeV2. In addition, according to the DHG-constrained analysis of Burkert 

and Ioffe, higher twist corrections give a further 23% reduction to the prediction 

for f’i’(Q2). The net overall reduction of 29% gives a good agreement of theory 

and experiment for Fig. 9(b). 

The distributions presented here have applicability to any PQCD leading- 

twist processes which require polarized quark and gluon distributions as input. 

The input parameters have been adjusted to be compatible with global parameters 

available from current experiments. The values can be refined as further and more 

precise polarization experiments become available. A more precise parametriza- 

tion should also take into account corrections from QCD evolution, although this 

effect is relatively unimportant for helicity-dependent distributions. Our central 

observation is that the shape of the distributions is then predicted when one em- 

ploys the constraints obtained from general QCD arguments at large I and small 

I. 

A remarkable prediction of this formalism is the very strong correlations be- 

tween the parent hadron helicity and each of its valence-quark, sea-quark, and 

gluon constituents at large, light-cone momentum fraction I. Although the to- 
1 

tal quark helicity content of the proton IS small, we predict a strong positive 

correlation of the proton’s helicity with the helicity of its u quarks and gluon con- 

stituents. The model is also consistent with the assumption that the strange (and 

anti-strange) quarks carry 4% of the proten’s momentum and -11% of its helicity. 

We also note that completely independent predictions based on QCD sum rules 

also imply that the three-valence-quark light-cone distribution amplitude has a 

very strong positive correlation at large I when the u-quark and proton helicities 

are parallels5 
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15 Commensurate Scale Relations: Relating Ob- 
servables in QCD without Renormalization Scale 
or Scheme Ambiguityg4 

One of the most seri 
f 

us difficulties preventing precise tests of QCD is the scale 

ambiguity of its perturbative predictions. Consider a measurable quantity such 

as p = R,+,-(s) - 3Ce: or the integral over structure functions contributing to 

the Bjorken sum rule: I?‘+ - (gA/6). The PQCD prediction is of the form 

p = rocr,(p) 
[ 

1 + ‘1(P) * + ‘2(p) q +. .] . 

Here a,(p) = gz/47r is the renormalized coupling defined in a specific renormal- 
- 

ization scheme such as MS, and p is a particular choice of renormalization scale. 

Since p is a physical quantity, its value must be independent of the choice of p 

as well as the choice of renormalization scheme. Nevertheless, since we only have 

truncated PQCD predictions to a given order in a:, the predictions do depend 

on 11. In the specific case of Ret,-, where we have predictions 95,96 
through or- 

der ai, the sensitivity to p has been shown to be less than 10% over a large 
96 

range of enp. Hpwever, in the case of the hadronic beauty production cross sec- 

tion (do/&pr)(~p -+ B + X), which has been computed to next-to-leading order 

in a,, the prediction g7 for the normalization of the heavy quark pi distribu- 

tion at hadron colliders ranges over a factor of four if one chooses one “physical 

value” such as p = i 
$1 

mg + pT rather than an equally well-motivated choice 

p= JigiT. 

There is, in fact, no consensus on how to estimate the theoretical error due 

to the scale ambiguity, what constitutes a reasonable range of physical values, or 

indeed how to identify what the central value should be. Even worse, if we consider 

the renormalization scale p as totally arbitrary, the next-to-leading coefficient 

r,(p) in the perturbative expansion can take on the value zero or any other va.lue. 

Thus, it is difficult to assess the convergence of the truncated series, and finite- 

order analyses cannot be meaningfully compared to experiment. 

The p dependence of the truncated prediction pi is often used as a guide 

to assess the accuracy of the perturbative prediction, since this dependence re- 

flects the presence of the uncalculated terms. However, the scale dependence 

of pi only reflects one aspect of the &al series. For example, consider the 

ortho-positronium J pc = l-- decay rate computed in quantum electrodynam- 

ics: I’(e+e-) = ro [l - 10.3 (a/~) + .. .I: Th e ar e next-to-leading coefficient, 1 g 

fl = 10.3 shows that there are important new physics beyond the Born approxi- 

mation. The magnitude of the higher ordkr terms in the decay rate is not related 

to the renormalization scale since the QED coupling a does not run appreciable 

at the momentum transfers associated with positronium decay. 

Thus, we have a difficult dilemma: I’f we take p as an unset parameter in 

PQCD predictions, then we have no relidble way to assess the accuracy of the 

truncated series or the parameters extracted from comparison with experiment. 

If we guess a value for p and its range, we are left with a prediction without an 

objective guide to its theoretical precision. The problem of the scale ambiguity is 

compounded in multiscale problems where several plausible physical scales enter. 

In fact, three quite distinct methods to set the renormalization scale in PQCD 

have been proposed in the literature: 

1. Fastest Apparent Convergence (FAC).g8’ This method chooses the renor- 

malization scale p so that the next-to-leading order coefficient vanishes: 

r1(11) = 0. 
2. The Principle of Minimum Sensitivity (PMS).” In this procedure, one 

argues that the best scale is the one that minimizes the scale dependence of 

the truncated prediction RN, since that is a characteristic property of the 

entire series. Thus, in this method, one chooses p at the stationary point 

dR~/dp = 0. 
3. Brodsky-Lepage-Mackenzie (BLM). loo In the BLM scale-fixing method, the 

scale is chosen such that the coefficients Ci are independent of the number of 

quark flavors renormalizing the gluon prbpagators. In practice, one chooses 

the scale so that Nf does not appear in the next-to-leading order coefficient. 

That is, if fl(p) = r&) + rll(p)Nf, where r&) and rll(#) are Nf 

independent, then one chooses the scalelp given by the condition rll(p) = 

0. This prescription ensures that, as in quantum electrodynamics, vacuum 

polarization contributions due to fermion pairs are all incorporated into the 

coupling constant o(p) rather than the coefficients. 

These scale-setting methods can give strikingly different results in practical 

applications. For example, Kramer and Lampe have analyzed 
101 

the application 
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of the FAC, PMS,and BLM methods for the prediction of jet production fractions 

in e+e- annihilation in PQCD. Jets are defined by clustering particles with in- 

variant mass less than ,/@, where y is the resolution parameter and fi is the 

total center-of-mass energy. Physically, one expects the renormalization scale IL 

to reflect the inv aI. lant mass of jets; that is, p should be of order fl. For exam- 

pie, in the analogous problem in QED, the maximum virtuality of the photon jet 

which sets the argument of the running coupling a(Q) cannot be larger than fl. 

Thus, one expects p to decrease as the resolution parameter y-+0. However, the 

scales chosen by the FAC and PMS, methods both do not reproduce this behavior 

(see Fig. 11): The predicted scale p rises without bound at low values for the jet 

fraction y. On the other hand, the BLM scale has the correct physical behavior 

as y+O. Since the argument of the QCD running coupling constant becomes very 

small, the BLM method indicates that perturbation theory QCD results are not 

likely to be reliable in the y < 0.02 domain. However, the scales chosen by PMS 

and FAC give no sign that the perturbative expressions break down in the soft 

region. 

I I I 

3-jel 

Figure 11. The scale r/G according to the BLM (dashed-dotted), PMS (dashed), FAC 
(full), and .&j (dotted) procedures for the three-jet rate in e+e- annihilation, as computed by 
Kramer and Lampe.“’ Notice the strikingly different behavior of the BLM scale from the PMS 
and FAC scales at low y. In particular, the latter two methods predict increasing values of p as 
the jet invariant maa M < dya) decreases. 

In this section, we shall use the BLM method to show that all perturbatively 

calculable observables in QCD, including the annihilation ratio I?.,+,-(Q’), the 

heavy quark potential, and the radiative corrections to the Bjorken sum rule, 

can be related to each other at fixed relative scales. The “commensurate scale 

relation” for observables A and B in terms of their effective charges has the form 

aA = ~B(QB) (1 + %,B? + ‘-) . 

The ratio of the scales X,/B = QA/QB is chosen so that the coefficient r,,~ 

is independent of the number of flavors nl: contributing to coupling constant 

renormalization, which guarantees fthat the observables A and B pass through 

new quark thresholds at the same physical scale. The value of X,/B is unique at 

leading order. We also find that the relative scales satisfy the transitivity rulelo 

AAfB = XA/C k/B 

This is equivalent to the group property defined by Peterman and Stiickelberg’03 

which ensures that predictions in PQCD are independent of the choice of an inter- 

mediate renormalization scheme C. 
104 

In particular, scale-fixed predictions can 

be made without reference to theoretically constructed renormalization schemes 
- 

such as MS; QCD can thus be tested by,checking that the observables track both 

in their relative normalization and commensurate scale dependence. 

It is interesting that the task of setting the renormalization scale has never 

been considered a problem or ambiguity in perturbative QED. For example, the 

leading-order parallel-helicity amplitude electron-electron scattering has the form 

M w-d++; ++) = y a(t) + 5 a(u) 

Here o(Q) = a(Qo)/(l - H[Q2,Q&a($o)]) is the QED running coupling which 

sums all vacuum polarization insertion\ II into the renormalized photon prop- 

agator. The value a(0) is conventionally normalized by Coulomb scattering at 

t = -Q2 = 0. Notice that both physicdl scales t and u appear in the argument 

of the running coupling constant in the cross-section; if one chooses any other 

scale for the running coupling constant, in either the direct or crossed graph am- 

plitude, then one generates a spurious geometric series in n, (n/~)Pn(-t/p*) or 

nf (a/r)Pn(-u/~~) where nf represents the number of fermions contributing to 

the vacuum polarization of the photon propagator. 
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In general, t,he “skeleton” expansion of Feynman amplitudes in QED guaran- 

tees that all dependence of an observable on the variable nf is summed into the 

running coupling constant; the coefficients in QED perturbation serics’are thus 

always rzf-independent once the proper scale in a has been set. Note that the 

variable nf is defined t d count only vacuum polarization insertions, not light-by- 

light loops, since such contributions do not contribute to the coupling constant 

renormalization. 

The use of the running coupling constant o(Q) in QED allows one to sum in 

closed form all proper and improper vacuum polarization insertions to all orders, 

thus going well beyond ordinary perturbation theory. For example, consider the 

perturbative series for the lepton magnetic anomalous moment: 

4Q*) m2(Q**) 
ar=-g--+rzT 

+ r3 ~3(Q***) -+... 
d 

The values Q* = ee514 m(, etc., can be determined either by the explicit insertion 

of the running coupling into the integrand of the Feynman amplitude and the 

mean value theorem, or equivalently, by simply requiring that the coefficients 

C,, be independent of n,. (Light-by-light scattering contributions are not, related 

to coupling constant renormalization and thus enter explicitly in the order o3 

coefficient.) Thus, the formula for the anomalous moment using the running 

coupling is form invariant, identical for each lepton e, p, r, since the dependence 

on lepton vacuum polarization insertions is implicitly contained in the dependence 

of the running coupling constant. These examples are illustrations of the general 

principle that observables such as the anomalous moments can be related to other 

observables such as the heavy lepton potential V(Q2) = -4rro(Q2)/Q2 which can 

be taken as the empirical definition of the on-shell scheme usually used to define 

dQ2). 
The same procedure can easily be adopted to nonAbelian theories such as 

QCD.“’ One of the most useful observables in QCD is the heavy quark pot,ential 

since it can be computed in lattice gauge theory from a Wilson loop, and it can 

he extracted phenomenologically from the heavy quarkonium spectrum. If the 

interacting quarks have infinite mass, then all radiative corrections are associated 

with the exchange diagrams, rather than the vertex corrections. It is convenient 

to write the heavy quark potential as V(Q2) = -4~Z’~o~(&)/&*. This defines 

the “effective charge” av(Q2)/Q2 h w ere by definition the “self-scale” Q2 = -1 is 
4 the momentum transfer squared. The subscript V indicates that the coupling is 

defined through the potential. 

In fact, any perturbatively calculable,physical quantity can be used to define 

an effective charge ‘s by incorporating the entire radiative correction into its 

definition; for example 

I&+,-(Q') = R:+e-(+2) [I + +] , 

where Rs is the Born result and Q2 = s = Ez,,, is the annihilation energy squared. 

An important result is that all the effective charges ~,J(Q) satisfy the Gell-Mann- 

Low renormaliza.tion group equation with the same PO and /3r; different schemes 

or effective charges thus only differ through the third and higher coefficients of 

the p function. Thus, any effective charge can be used as a reference running cou- 

pling constant in QCD to define the renormalization procedure. More generally, 
-. 

each effective charge or renormalization scheme including MS IS a special case of 

the universal coupling function 
105 a(&, P,,). Peterman and Stickelherg 
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shown that all effective charges are related to,each other through a set of evolu- 

tion equations in the scheme parameters Pn. Physical results relating observables 

must, of course, be independent of the choice of any intermediate renormalization 

scheme. 

Let us now consider expanding any observable or effective charge PA in 

terms of cyv : 

HA = W(P) [I + (AVP no + B) T + -1 
i 

Since cxv sums all vacuum polarization contriptions by definition, no coefficient 

in the series expansion in (YV can depend on n,u, i.e., all vacuum polarization 

contributions are already incorporated into the definition of QV. Thus, we must 
I 

shift the scale p in the argument of crv to the.scale loo Qv = e3A4~+lL: 

CYA(QA) = av(Qv) [I + r:"' y + ...I , (95) 

where rf’” = B-+(33/2) Avp is the next-to-leading coefficient in the expansion of 

the observable A in scheme V. Thus, the relative scales between the two observables 
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(, x A,~ = QA/Qv is fixed by the requirement that the coefficients in the expansion 

in a~ scheme are independent of vacuum polarization corrections. Alternatively, 

one can derive the same result by explicitly integrating the one loop integrals in 

the calculation of the observable A using a~([~) in the integrand, where P2 is the 

four-momentum t rk nsferred squared carried by the glubn. (In practice, one only 

needs to compute the mean-value of PnP2 = CnQ$.“‘) One can eliminate the no 

vacuum polarization dependence that appears in the higher order coefficients by 

allowing a new scale to appear in each order of perturbation theory. However, 

usually only the leading order commensurate scale is required in order to test 

PQCD to good precision. 

We can compute other observables B and even effective charges such as am 

as an expansion in a~ scheme: 
107 

aB(QB) = av(Qv) [l + r;” T + ‘-1 7 

BP where Qv = e and again r, must be independent of vacuum polarization 

contributions. We can now substitute and eliminate av(Qv) : 

age = CXA(QA) [I + rF'* y + "'1 j 

where QAIQB = ABIA = XBJV/XA/V and ~1 B’A = r-f’” - rAiV Note also the 1 . 

symmetry property /\BIAXAIB = 1. Alternatively, we can compute the commen- 

surate scale QA = e directly by requiring rf’* to be nF-independent. The 

result is in agreement with the transitivity rule: the BLM procedure for fixing the 

commensurate scale ratio between two observables is independent of the interme- 

diate renormalization scheme. The scale-fixed relation between the heavy quark 

potential and am is”’ av(Q) = cc~(e-~/~Q)[l - 2(om/7r) + . .I. 

The transitivity and symmetry properties of the commensurate scales are the 

scale transformations of the renormalization “group”, as originally defined by 

Peterman and Stiickelberg.“” The predicted relation between observables must 

be independent of the order one makes substitutions, i.e., the algebraic path one 

takes to relate the observables. It is important to note that the PMS method, 

which fixes the renormalization scale by finding the point of minimal sensitivity to 

p, does not satisfy these group properties. The results are chaotic in the sense that 

-llO- 

the final scale depends on the path’df applying the PMS procedure. Furthermore, 

any method which fixes the scale in QCD must also be applicable to Abelian 

theories such as QED, since in the,limit Arc-+0 the perturbative coefficients in 

QCD coincide with the perturbative,coefficients of an Abelian analog of QCD. lo8 

The commensurate scale relations provide a new way to test QCD: One can 

compare two observables by checking that their effective charges agree both in 

normalization and in their scale dependence. The ratio of commensurate scales 

X,/B is fixed uniquely: it ensures that both observables A and B pass through 

heavy quark thresholds at precisely the same physical point. Theoretical calcula- 
- 

tions are often performed most advantageously in MS scheme, but all reference to 

such constructed schemes may be eliminated when comparisons are made between 

observables. This also avoids the problem that one need not expand observables 

in terms of couplings which have singular or ill-defined functional dependence. 

Table 2 

Leading Order Commensurate Scale Relations 

o&.435Q), 

%(1.67Q) or(2.77Q) 

%(1.36&) w(Q) ~~~(0.6146)) 

%ts(l.lgQ) al, (l.lSQ) 
a,wz (0.9049)) 

The physical value of the commensu!ate scale in ay scheme reflects the mean 
- 

virtuality of the exchanged gluon. However, in other schemes, including MS, 

the argument of the effective charge is displaced from its phydical value. The 

relative scale for a number of observablds is indicated in Table 2. For example, 

the physical scale for the branching ratio T+7X when expanded in terms of (YV 

is (1/2.77)M~ - (1/3)M~, which reflects the fact that the final state phase space 
- 

is divided among three-vector systems. (When one expands in MS scheme, the 

corresponding scale is 0.157Mr.) Similarly, the physical scale appropriate to the 

hadronic decays of the rjb is (1/1.67)M,, - (1/2)M,,. 



” After scale-fixing, the ratio of hadronic to leptonic decay rates for the Y has 

the form 
100 

P(Tdhadrons) = lq(7r2 - 9) &(O.l57W 

W-+P’+P--) Sl*e: &I 
[I - 14.0(5) 7 + ...I (98) 

Thus, as is the case of positronium decay, the next to leading coefficient is very 

large, and perturbation theory is not likely to be reliable for this observable. On 

the other hand, the commensurate scales for the second moment of the nonsinglet 

structure function Mz and the effective charges in the Bjorken sum rule (and the 

Gross-Llewellyn Smith sum rule) are not far from the physical value Q when ex- 

pressed in (IV scheme. At large n, the commensurate scale for M, is proportional 

to l/J;; at large n, reflecting the fact that the available phase-space for parton 

emission decreases as n increases. In multiple-scale problems, the commensurate 

scale can depend on all of the physical invariants. For example, the scale control- 

ling the evolution equation for the nonsinglet structure function depends on Zbj 

as well as Q.“’ 

A number of examples of commensurate scale relations between various single- 
- 

scale observables based on published three-loop MS calculations are given in Table 

3. For simplicity we have used the leading order scale determined by eliminating 

the rzf dependence from the next-to-leading coefficient. We ta.ke nf = 3 to fix 

the higher order term. We can improve these relations by requiring that all co- 

efficients must be nf-independent in a~ scheme. As in the example of the muon 

anomalous moment, the commensurate scale appearing in argument of the higher 

order contributions differs from the scale of the next-to-leading order term. The 

three-loop resultslro have a remarkable simple form, for example, for NC = 3 

(1910= a~((?*) We + a~&?**)~ +.,,, --- ~ 
K 7r * 7r (99) 

The extension of the BLM procedure to higher orders has also been discussed 

recently by Grunberg and Kataev 111 
and by Samuel and 96 Surguladze. 

Table 3 

Commensurate Scale Relations For Effective Charges to Order of 

OR(&) = am(O.70759Q) 1 + (1/12).(o~;i~/n) - 15.7331 (a&/~~) + ... 

a,,(Q) = a&0.36788Q) 1 - (11/12) (o&r) +0.21527(+/r?) + ... 

CUR = a,,(1.92344&) [l +(&/T) - 14.115(o:,/1r2) + ...I 

ag,(Q) = an(0.519903Q) [l -&R/K) + 16.115(&r2) + ...I 

CYR(Q) = a,(2.20707Q) [l + 0(+/r) - 5.94141 (c$/r”) + . . .] 

a,(Q) = aR(o.45309Q) [l + o(CrR/X) + 5.94141 (cX”,/T”) + -1 

q,(Q) = a,(l.l4746Q) [l - (a,/~) + 10.1736(a;/r2) + ...] 

a,(Q) = a,,(O.S7149Q) [I $ (crs,/r) - 817363(c~,2,/*~) + ..,I 

An interesting illustration of commensurate scale relations is the connection 

between the effective charge for the Bjorken sum rule for the first moment of 

the isospin nonsinglet helicity-dependent structure functions FJ’-” E (gA/6) [I - 

(as, (Q)/r)] and the effective charge for the annihilation cross section 

q,,(Q) = aR(0.52Q) [l - T +...I . (100) 

Mattingly and Stevenson”’ have recently obtained an empirical form for OR(Q) 

by smearing the annihila.tion cross-section data and fitting to the three-loop form 

using the PMS scale. Since the PMS and BLM scale are nearly coincident in 

this case, we can use their determination fortoR to predict the Bjorken sum 
113 

rule corrections. For example, at the scale appropriate to the ‘El42 spin- 

dependent structure function measurements&t SLAC, Q2 = 2 GeV2, one finds 

a~(O.52Q)/r 2 0.16 and hence ag,(1.4GeV)/~ cv 0.14 which corresponds to 

PP-” = 0.180. The predictions for the Bjorken sum rule at EMC and SMC momen- 

tum transfers Q2 = 10.7 GeV2 and Q2 = 4.6 GeV2 are erg, (3.27 GeV)/* -N 0.09 

and a,,(2.14 GeV)/r z 0.11, corresponding to I’p-” = 0.190 and Fp-” = 0.186, 

respectively. Alternatively, for the El42 data, we can use the commensurate scale 
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relation 

09,(Q) = o,(l.l45Q)[l - T + .] , (101) 
and the empirical determination a,(m,) 2: 0.19 to find a consistent determination 

~~~(1.55 GeV)/* 
r 

0.15. The uncertainty in the PQCD radiative corrections is 

thus considerable smaller than usually assumed.“4 

The commensurate scale relations between observables can be tested at quite 

low momentum transfers, even where PQCD relationships would be expected to 

break down. It is likely that some of the higher twist contributions common to the 

two observables are also correctly represented by the commensuratescale relations. 

In contrast, expansions of any observable in am(Q) must break down at low 

momentum transfer since am(Q) becomes singular at Q = Am (For example, 

in the ‘t Hooft scheme where the higher order Pn = 0 for n = 2,3, . . . . o&Q) has 

a simple pole at Q = X,.) The commensurate scale relations allow tests of QCD 
- 

without explicit reference to schemes such as MS. It is thus reasonable to expect 

that the series expansions are more convergent when one relates finite observables 

to each other. 

The BLM scale has also recently been used by Lepage and Mackenzie 106 
and 

their co-workers to improvelattice perturbation theory. By using the BLM method 

one can eliminate ola(ti,-- in favor of cry thus avoiding an expansion with arti- 

ficially large coefficients. The lattice determination, together with the empiri- 

cal constraints from the heavy quarkonium spectra, promises to provide a well- 

determined effective charge ov(Q) w rc could be adopted as the QCD standard. h’ h 

After one fixes the renormalization scale Jo to the BLM value, it is still useful 

to compute the logarithmic derivative of the observable d&RN/d&p at the BLM- 

determined point. If this derivative is large, or equivalently, if the BLM and PMS 

scales strongly differ, then one knows that the truncated perturbative expansion 

cannot be numerically reliable, since the entire series is independent of p. Note that 

this is a necessary condition for a reliable series, not a sufficient one, as evidenced 

by the large coefficients in the positronium and quarkonium decay widths which 

appear when the scales are set correctly. In the case of the three and four-jet 

decay fractions, the BLM and PMS scales strongly diverge at low values of the jet 

discriminant y. Thus, by using this criterion, we establish that the leading-order 

perturbation theory must fail in the small y regime, requiring careful resummation 

of the o&y series. 

However, if we restrict the analysis to jets with invariant mass M < ,/ijZ, 

with 0.14 > y > 0.05 we have an ideal situation, since both the PMS and FAC 

scales nearly coincide with the BLM scale when one computes jet ratios at in 
- 

the MS scheme. (See Fig. 11.) The renormalization scale dependence in this 

case is minimal at the BLM scale,iand the computed NLO coefficient is nearly 

zero. In fact, Kramer and Lampe find that the BLM scale and the NLO PQCD 

predictions give a consistent description of the LEP two-jet and three-jet data 

for 0.14 > y > 0.05. This allows a+ determination of a, with remarkably small 

theoretical error: a&M,) = 0.107$~0.003, which corresponds to A& = 100 f 20 

MeV. 

The BLM method and the commensurate scale relations presented in this 

section can be applied to the whole range of QCD and standard model processes, 

making the tests of theory much more sensitive. The method should also improve 

precision tests of electroweak, supersymmetry, and other nonAbelian theories. 

16 Quark Helicity Distributions and Hadron He- 
licity Retention in Inclusive Reactions at Large 

XF 
Consider a general inclusive reaction AB -+CX at large zf where the helicities 

XC and AA are measured. To be precise, we shall use the boost-invariant light- 

cone momentum fraction XC = k,+/k,+ = (/co + k”)c/(c’ + kZ)A. Hadron helicity 

retention implies that the difference between &Y and AA tends to a minimum at 

zc-+l. Hadron helicity retention follows from the helicity structure of the gauge 

theory interactions, and it is applicable to hadrons, quarks, gluons, leptons, or 

photons. For example, in QED the radihtion of a photon in lepton scattering has 

the well-known distribution dN/d I 0: [l,+ (1 - ~)~]/z. The first term corresponds 

to the case where the photon helicity has the same sign as the lqpton helicity; the 

opposite-sign helicity production is su Tressed by a factor (1 - x)2 at. z -+ 1.73 

The projectile h&city tends to be transferred by the leading fragment at each 

step in perturbation theory. 

One of the most important testing grounds for hadron helicity retention is J/1c, 

production in r - N collisions. The helicity of the J/11, can be measured from the 

angular distribution 1 + A cos2 0, of one of the muons in the leptonic decay of the 
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$/I/J. At low to medium values of ZF the Chicago-Iowa-Princeton Collaboration 115 

finds that X w 0. However, at large IF > 0.9 the angular distribution changes 

markedly to sin2 6,, i.e., the J/ll, is produced with longitudinal polarizat,ion. The 

sudden change to longitudinal polarization must mean that a new heavy quark 

production mechanism 1 II6 s  present at large zp. In fact, it’is easy to guess the 

relevant process which can produce high momentum charm quark pairs. [See Fig. 

12(a).] Since nearly all of the pion’s momentum is transferred to the charmonium 

system, one needs to consider diagrams where each valence quark in the incoming 

pion emits a fast gluon. The two gluons then fuse to make a fast CC pair. At large 

momentum fraction z, each gluon’s helicity tends to be parallel to the h&city of 

its parent quark. Thus, the angular momentum J, of the gluon pair is transferred 

to the cc pair. The angular momentum tends to be preserved by any subsequent 

gluon radiation or gluon interaction from the heavy quarks. The J/v) then tends 

to have the same helicity as the projectile at high light-cone momentum fraction. 

2.0, 
1 (b) 1 ’ 

1.6 
h 

0 

a. 

-0.5 

-1 .o I I 
0.25 0.50 0.75 1.00 0 0.4 0.6 

s I. XF X1 I,,,., 

Figure 12 The ZF dependence of the polarization parameter A for (a) J/$ production”5 

and (b) continuum lepton pair production 117 
In x - N collisions a.5 a function of z’p. 

Thus, thcrc is a natural mechanism in QCD which produces the J/T/I in the One of the most surprising polarization anomalies violating perturbativc QCD 

same helicity as the incoming beam hadron; the essential feature is the involve- expectations is the strong and rapidly changing angular correlations observed in 

ment of all of the valence quarks of the incoming hadron directly in the heavy massive lepton pair hadroproduction by both the NA-10 experiment at CERN and 

quark production subprocess. Since such diagrams involve the correlation between 

4 the partons of the hadron, it can be classified as a h’igher-twist “intrinsic charm” 

amplitude; the production cross-section is suppressed by powers of Jx/MQ~ rela- 

tive to conventional fusion processes. Alt$ough they have nominally higher twists, 

such diagrams provide an efficient way to transfer the beam momentum to the 

heavy quark system while stopping the valence quarks. 

The intrinsic charm mechanism also ,can explain other features of the J/$ 
11s’11g’120 hadroproduction. The observed cross section persists to high ZF in ex- 

cess of what is predicted from gluon fusion or quark anti-quark annihilation sub- 

processes; furthermore, the cross sect.ion at high ZF has a strongly suppressed 

nuclear dependence, A”czF) w 0.7. The nuclear dependence actually depends on 

IF, not 12, which rules out leading twist mechanisms. The higher-twist intrinsic 

charm e.g., Iuudc~) Fock state wavefunctions have maximum probability when all 

of the quarks have equal velocities, i.e., when 5i a: 
d-7 

m  + k,,. This implies 

that the charm and anti-charm quarks have the majority of the momentum of 

the proton when they are present in the hadronic wavefunction. In a high energy 

proton-nucleus collision, the small transverse size, high-z intrinsic cz system can 

penetrate the nucleus, with minimal absorptibn and can coalesce to produce a 

charmonium state at large ZF. Since the soft’quarks expand rapidly in impact 

space, the main interaction in the target of the intrinsic charm Fock state is with 

the slow valence quarks rather than the compact CC system.13 Thus, at large SF 

the interaction in the nucleus should have the A-dependence of normal hadron 

nucleus cross sections: N A’.‘. Note that at high energies, the formation of 

the charmonium state occurs far outside the nucleus. Thus, one predicts similar 

AacZF)-dependence of the J/G and $’ cross ytions. These predictions are in 

agreement with the results reported by the E-772 experiment at 
119 

Fermilab. 
1 

17 Anomalous Polarization of Massive Lepton 
Pairs in Hadronic Collisions’ 
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the CIP experiment at Fermilab.rr7 Both experiments measured aN4p+f~-N 

in nuclear targets. 

The angular distribution of the p+ in 

I *-+N+y*+x-+p++p-+x 

may be parameterized in general as follows: 

1 du -..-w 
odfl 

1+Acos2tl+~sin26cos~t~sin20cos2~. 

(102) 

(103) 

Here 0 and 4 are angles defined in the muon pair rest frame and X, ~1, and Y are 

angle-independent coefficients. Th e parton model (Drell-Yan picture “l) views 

the production of the virtual photon 7’ in Eq. (102) as originating from the 

annihilation of two uncorrelated constituent quarks, resulting in an angular dis- 

tribution of the form 1 + cos2 0, i.e., ,4 = 1 and v = p = 0. This result follows 

simply from the fact that the virtual photon is produced transversely polarized in 

the annihilation of two on-shell fermions. 

In order to describe the lepton pair transverse momentum distribution d’u/dQh 

in QCD, one has to take into account radiative corrections to the Drell-Yan model. 

The QT-distribution has been calculated in the QCD-improved parton model to 

the order of O(a,) with resummation of the soft gluons at the leading double log- 

arithmic accuracy (see Ref. 122 and references therein). This approach was used 

in Ref. 123 to compute the angular distribution at fixed transverse momentum. 

The deviations from the 1 + cos’ 0 behavior were found to be less than 5% in the 

range 0 < QT < 3 GeV. lz3 

However, the NA-10 and CIP measurements show a quite different behavior. 

In the limit where the momentum fraction z of one of the pion constituents is 

very close to 1 and for moderate transverse momenta of the muon pair, the value 

of X turns strongly negative (Ref. 117), consistent with a sin20 distribution. 

This implies that in this kinematic limit the virtual photon is produced with 

longitudinal polarization, rather than transverse. Furthermore, the data117”24’125 

is observed to have a strong azimuthal modulation (nonzero p and v in (2)), an 

effect which is missing in standard &CD. The Lam-Tung sum rule,lz6 1 - X -2~ = 

0, which follows from the approach used in Ref. 123, is also badly violated by the 

experimental data. Moreover, the inclusion of hard (?(a:) corrections does not 

resolve the problem. 12’ Thus, the standard QCD parton model approach cannot 

explain the observed angular distribution. 

In fact, in the large ZL region,, the off-shell nature of the annihilating quark 

from the projectile becomes crucial, and thus the operative subprocess must in- 

volve the correlated multiparton structure of the projectile. In effect the dominant 

subprocess in the off-shell domain is Mp-4~~. Berger and I have shown that this 

five particle amplitude gives a dominant X = -1 longitudinal contribution at large 

IF and fixed Q’.“s In the higher-twist subprocess diagram, Fig. 13(b), the lep- 

ton pair tends to have the same helicity as the beam hadron at large ZF. For 

example, consider rr-N-+p+p-X at high IF. The valence d quark emits a fast 

gluon which in turn makes a fast-u, slow-il pair. Because of the QCD couplings, 

the fast u then carries the helicity of the d. The valence is then annihilates with 

the fast u to make the lepton pair at IF N 1. The lepton pair thus tends to have 

the helicity (JZ = 0) of the pion, in agreement with hadron helicity retention. A 

detailed calculation shows that the subprocess amplitude can be normalized to 

the same integral over the pion distribution amplitude s dzd(x, Q)/(l - z) that 

lzg controls the pion form factor. 

be interrelated. 

Thus,’ the normalization of these processes can 

Figure 13. Higher twist mechanisms for p,roducing (a) .7/J, and (b) massive lepton pairs at 
high zp in meson-nucleon collisions. 

The data from both NA-10 and CIB also show that the coefficient v grows to 

values as large as 0.3 at large p = QT/Q, i.e., the azimuthal correlation cos24 

becomes sizeable at large lepton pair transverse momentum in strong contrast to 

the predictions of leading-twist PQCD. Brandenburg, Mirkes, and Nachtmann 
127 

have suggested an intriguing nonperturbative explanation for this anomaly. In 

their model, the annihilating quark and antiquark interact through the chromo- 
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‘, 
ma.gnetic QCD gluon condensate and become polarized transverse to the scat- 

tering plane in much the same way that electrons become transversely polarized 

relative to the plane of a storage ring. The model leads to a parametrization: 

I Q: v=vo Q: (104) 

with vs = 0.34 and rn~ = 1.5 GeV which gives a good fit to the observed depen- 

dence of u found by the NA-10 experiment for s-W-+p+p-X data at piat, = 194 

GeV/c, and Q  = 8 GeV. 

However, it is also interesting to check the effect of the higher twist contribu- 

tions. Recently, Arnd Brandenburg, Valya Khoze, Dieter Miiller, and 113’ have 

found that large values for the azimuthal coefficients /r and v-with the correct 

sign-are predicted from the ?rq-+@q subprocess, assuming that the pion distri- 

bution amplitude has the broad two-humped shape predicted by QCD sum rules. 

In contrast, a very narrow pion distribution amplitude, characteristic of weak 

hadronic binding, predicts the wrong sign for the observed azimuthal angular 

coefficients p and v. I will briefly review this analysis here. 

In order to go beyond the standard treatment, we need to take into account 

12s’12g’131 the pion bound state effects. To treat the bound state problem pertur- 

batively, we will restrict ourselves to a specific kinematic region in which the 

momentum fraction z of one of the pion constituents is large, I > 0.5. In fact, in 

the large z region the off-shell nature of the annihilating quark from the projectile 

is crucial, and thus the operative subprocess must involve the correlated multipar- 

ton structure of the projectile. The dominant subprocess in the off-shell domain 

is thus rr-~-+p+p-q. W e  resolve the pion by a single hard gluon exchange. ‘a The 

main contribution to reaction Eq. (102) then comes from the diagrams of Fig. 
14(a,b~~‘W 2 % ‘3’ W e  see from diagram la that the Ii quark propagator is far off- 

shell, pi = -Q$/(l - zs). The second diagram is required by gauge invariance. 

(In a physical gauge, the contribution of the second diagram is purely higher 

twist.) 

The lea.ding contribution to the amplitude M  for the reaction. 

ut~--+y*+x+p++p-+x (105) 

is obtaineds8 by convoluting the partonic amplitude T(u+Zd-+~*+d~~++p-+-d) 

Figure 14. Diagrams (a) and (b) g  ive the leading tontribution to the ampl i tude of reaction 
117 

(4). The cut of d iagram (c) gives a  typical (one out of four) contribution to the cross section. 

with the pion distribution amplitude d(z, Q”),‘” 

1 

PW 
0 

where 0” N Q$/(l - z) is th e cutoff for the integration over soft momenta in the 

definition of 4. For the hadronic differential cross section we have 
t 

’ 1 

Q2do(a-Ny+p-X) 1 1 
=-- dQ2dQ;dxLdR (27r)4 64  / dxuGu/+d J kiI W I2 _  x~ 

0 0  

;‘Q;,Q2 

6(~~-x~+z~-Q;s-‘(l-x~)-‘) c5(Q2- sx,xr+ Q;( 1  - xc)-‘) +  { u+;i, ii-+d} . 

(107) 
IIere Q’ is the four-momentum of 7’ in the hadronic center of mass system, r,,(s) 

is the light-cone momentum fraction of the u(n) quark, and G,iN is the parton 
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distribution function of the nucleon. The longitudinal momentum fraction of the 

photon is defined as XL = 2Q~/fi and it should be noted that its maximum 

value, x21”” = 1 - s-‘(Q’ + Q$), is slightly less than 1. The second term on 

the right hand side of Eq. (107) is th e same as the first one with quark flavors 

interchanged. T&s term gives the contribution from the nucleon sea. In Fig. 

14(c) we show a typical contribution to the hadronic cross section. 

We note that no primordial or intrinsic transverse momenta have been intro- 

duced. The single gluon exchange is the source of QT in the model discussed. We 

have also neglected the quark masses and the mass of the projectile which are 

small compared to 0. 

In an analogy to Eq. (103), we parameterize the angular distribution as 

follows, 

Q2do Q2du 
dQ2dQ;dxLdR dQ2dQ$dxL > 

-’ = 

$px cos2 e t p sin 28 cos 4 t i sin’ e cos 24) , (108) 

where the angular distribution coefficients A, p, and Y are now functions of the 

kinematic variables XL, 9+/Q’, and Q2/s. 

We work in the Gottfried-Jackson frame where the i axis is taken to be the 

pion direction in the muon pair rest frame and the $ axis is orthogonal to the 

?r-N plane. Using Eqs. (106)-( 108), we arrive at an expression of the form, 

0 x ” 1 -2 1 
P = N-’ J dzl 4(a,Q ) J dzz 4(% 6”) 

a(21 t z - 1 + ;c) ZZ(Z2 t 2 - 1 - 0 iE) 0 

where 

1 1 

/ 

-2 4(arQ ) 
-2 

N= dq 4(aQ ) 

a(21 t 2” - 1 + iE) / dzz zz(z2 t z - 1 - it) {az2 rzt(r1tzz) r,+ro} , 

0 0 

(110) 

and 

is Xii 1 XL t 4~; t 4i-‘(Q2 + Q;) 

1 t Q;,Q” = ?! l+Q~,Q2 . 
(111) 

The variable Z acts to resolve the histribution aniplitude much like the Bjorken 

variable resolves the structure functions. The coefficients I,, m,, ni, and ri (; = 

0, 1,2) depend only on 2- and Q$/Q”. Th eir explicit forms are given in Ref. 130. 

The factors l/z in Eq. (109) come’ from the gluon propagators and the factors 

l/(z+i-lfit) arise from the quark propagator of Fig. 14(b). In contrast to Refs. 

131 and 132 we did not omit terms 0(Q$/Q2(1 - 5~)) and 0( Q$./Q4(1 - XY)-‘) 

and of higher orders. 

We note that the internal quark line of Fig. 14(b) can go on-shell. The 

amplitude M of Eq. (106), however, is always regular due to the z-integration 
132 

for realistic choices of 4(z, a”). Th’ IS a so can be read off from Eq. (109). The fact 1 

that the internal line goes on-shell does not cause a Sudakov suppression since our 

diagrams are the lowest order contribution of an inclusive process. In other words, 

gluon emission to the final state will occur in the higher order corrections. Only 

when xc approaches unity, where gluon emission is prohibited by kinematics, will 

the Sudakov suppression arise. 

Our model is not to be considered as a correction to the parton model result. 

The diagrams of Fig. 14(a,b) give the &o/e leading order contribution in the 

specific kinematic region of large enough zc, xc > 0.5.131 This is so because the 

gluon exchange is the resolution of the pion bound state and not a radiative 

correction. 

In Fig. 15 we plot the predictions of the higher twist model for A, p, v, and 

21/- (1 -A) versus zc for p--x QT/Q = 0.3 f or d’ff 1 erent choices of 4(z, 0’) together 

with the data of Ref. 125. The dotted line corresponds to the delta function 

distribution amplitude, 4(z) = 6(z - l/L!), the dashed-dotted lin: corresponds to 

the asymptotic one, 4(z) = 6z( 1 - z), and the dashed line shows the results for a 

two-humped distribution amplitude,8’ 4t.z) = 26z(l - .z)(l - 50/13 ~(1 - 2)). For 

the two-humped distribution amplitude, we have chosen the evolution parameter 

0” to be effectively - 4 GeV’. 

In Fig. 16 the same quantities are shown versus 
J--- 

Qg for xc = 0.6 and 

@ = 6 GeV. Th e d t a a points in this case are averaged over intervals 4.05 < 

m < 8.55 GeV and 0.2 < CCC < 1 and taken from Ref. 125. We would rather 
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of hadrons at the amplitude level. 

Our analysis shows that the broad, two-humped, distribution amplitude for. 

the pion which was predicted from QCD sum rules 85 
can account for the main 

features of the Dr II-Yan data. In contrast, narrow ,momentum distributions, 
e characteristic of weak hadronic binding, predicts the wrong sign for the observed 

azimuthal angular coefficients p and V. 

, 

It is clearly important to have detailed measurements of the lepton pair dis- 

tributions as a function of both z and QT for the reactions Hp-tP+e-X for the 

whole range of fixed target beams H = n,K,fi,p, and n. In each case, the devi- 

ations from the parton model predictions will provide a unique sensitivity to the 

fundamental nonperturbative structure of the projectile wavefunction. In the case 

of +y’p-d+e-X, one can also in principle identify the “pointlike” and “resolved” 

components of the distribution amplitude for both real and virtual photons. 

We also note that if either the higher twist explanation or a more exotic 

nonperturbative explanation 130 
of the azimuthal correlations are correct, then 

one expects the same type of anomalous cos26 azimuthal correlation will be seen 

in other QCD processes such as e+e--+H+H-X, ep-+eHX, and pp+H, H?X. 

18 Hadron Helicity Conservation in Hard Exclu- 
sive Reactions 

There are also strong helicity constraints on form factors and other exclusive 

amplitudes which follow from perturbative &CD. l2 At large momentum transfer, 

each helicity amplitude contributing to an exclusive process at large momentum 

transfer can be written as a convolution of a hard quark-gluon scattering ampli- 

tude T,y which conserves quark helicity with the hadron distribution amplitudes 

4(li, Q), which are the L, = 0 projection of the hadron’s valence Fock state wave- 

function: 4(x;, X,, Q) = J(d21cJ +(I,, ili, Xi)B(& < Q2) where $J(z,, cl,, Xi) is 

the valence wavefunction. Since 4 only depends logarithmically on Q2, the main 

dynamical dependence of &(Q2) is the power behavior (Q2)-2 derived from the 

scaling behavior of the elementary propagators in Tn. 

As shown by Botts, Li, and 134 Sterman, the virtual Sudakov form factor sup- 

presses long-distance contributions from Landshoff multiple scattering and z - 1 

integration regions, so that the leading high momentum transfer behavior of hard 

exclusive amplitudes are generally controlled by short-distance physics. Thus, 

quark helicity conservation of the basic QCD interactions leads to a general rule 

concerning the spin structure of exclusive amplitudes: I4 to leading order in l/Q, 

the total helicity of hadrons in the #initial state must equal the total helicity of 

hadrons in the final state. This selection rule is independent of any photon or 

lepton spin appearing in the process. The result follows from (a) neglecting quark 

mass terms, (b) the vector coupling of gauge particles, and (c) the dominance of 

valence Fock states with zero angulqr momentum projection. The result is true 

in each order of perturbation theory in a,. 

For example, PQCD predicts that the Pauli Form factor F2(Q2) of a baryon is 

suppressed relative to the helicity-conserving Dirac form factor Fl(Q2). A recent 

experiment at SLAC carried out by the American-University/SLAG collabora- 

tion is in fact consistent with the prediction Q2F2(Q2)/Fl(Q2)+ const.13’ Helic- 

ity conservation holds for any baryon-to-baryon vector or axial vector transition 

amplitude at large spacelike or timelike momenta. Helicity nonconserving form 

factors should fall as an additional power of 1/Q2.14 Measurements136 of the tran- 

sition form factor to the J = 3/2 N(1520) nucleon resonance are consistent with 

J, = f1/2 dominance, as predicted by the helicity conservation I4 rule. One of the 

most beautiful tests of perturbative QCD is in proton Compton scattering, where 

there are now detailed predictions available for each hadron helicity-conserving 
137 

amplitude for both the spacelike and timelike processes. In the case of spin-one 

systems such as the p or the deuteron, PQCD predicts that the ratio of the three 

form factors have the same behavior at large momentum transfer as that of the 
40 

W in the electrowcak theory. 

Another interesting application of helicity retention in exclusive processes is 

the exclusive production of vector mesoqs in high energy electroproduction. 138At 

large photon virtuality Q2, the longitudinal couplings of the virtual photon domi- 
1 

nate. This polarization is then retained in the diffractive production of the vector 

meson. The amplitude for this process can be factorized as a convolution of (a) 

the photon wavefunction, (b) the scattdring amplitude for the quark and anti- 

quark system to scatter through the exchange of two gluons to the target system, 

and (c) the vector meson distribution amplitude. Thus, measurements of forward 

high energy diffractive lept,oproduction can lead to fundamental checks on the 

normalization of the gluon structure function at low I, as well as moments of the 

vector meson wavefunction. Further details and references are given in Ref. 138. 
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‘I Hadron helicity conservation in large momentum transfer exclusive reactions 

is a general principle of leading twist &CD. In fact, in several outstrmding cases, 

it does not work at all, particularly in single spin asymmetries such as AN in pp 
scattering, and most spectacularly in the two-body hadronic decays of the J/r/>. 

The inference from th&e failures is that nonperturbative or higher twist effect,s 

must be playing a crucial role in the kinematic range of these experiments. 

The J/4 decays into isospin-zero final states through the intermediate three- 

gluon channel. If PQCD is applicable, then the leading contributions to the 

decay amplitudes preserve hadron helicity. In the case of e+e- annihilation into 

vector plus pseudoscalar mesons, Lorentz invariance requires that the vector meson 

will be produced transversely polarized. Since this amplitude does not conserve 

hadron helicity, PQCD predicts that it will be dynamically suppressed at high 

momentum transfer. Hadron helicity conservation appears to be severely violated 

if one compares the exclusive decays J/$ and $J’ + ps, K*R, and other vector- 

pseudoscalar combinations. The predominant two-body hadronic decays of the 

J/$ have the measured branching ratios 

BR(J/+K+IC-) = 2.37 f 0.31 x 1O-4 

BR(J/++pn) = 1.28 f 0.10 x 1O-2 (112) 
BR(J/+K+K-‘) = 5.0 f 0.4 x 1O-3 . 

Thus, the vector-pseudoscalar decays are not suppressed, in striking contrast to 

the PQCD predictions. On the other hand, for the $: 

BR(t$~It’+K-) = 1.0 f 0.7 x 1O-4 

i??R($‘~pr) < 8.3 x 1O-5 (90% CL) (113) 

BR(T$~K+K-‘) < 1.8 x 1O-5 (90% CL) 

From the standpoint of perturbative &CD, the observed suppression of $’ to 

vector-pseudoscalar mesons is expected; it is the J/$ that is anomalous. r3’ What 

can account for the apparently strong violation of hadron helicity conservation? 

One possibility is that the overlap of the CE system with the wavefunctions of the p 

and K is an extremely steep function of the pair mass, as discussed by Chaichian 

r4’ and Tornqvist. However, this seems unnatural in view of the similar size of 

the J/G and 11’ branching ratios to K+I<-. Pinsky”” has suggested that the 

$’ decays predominantly to final states with excited vector mesons such as p’rr, 

4 in analogy to the absence of configuration mixing’in nuclear decays. However, 

this long-distance decay mechanism would not be expected to be important if the 

charmonium state decays through cZ annihilation at the Compton scale l/m,. 

Another way in which hadron helicity conservation might fail for J/lc, + 
gluons + rrp is if the intermediate gluons resonate to form a gluonium state 0. 

If such a. state exists, has a mass near that of the J/4, and is relatively stable, 

then the subprocess for J/d 4 xp occurs over large distances and the helicity 

conservation theorem need no longer apply. This would also explain why the 

J/G decays into rrp and not the r,!~‘. Tuan, Lepage, and Ir3’ have thus proposed, 

following Hou and 142 Soni, that. the enhancement of J/$ -+ I<*R and J/ll, + pr 
decay modes is caused by a quantum mechanical mixing of the J/$ with a Jpc = 
l-- vector gluonium state 0 which causes the breakdown of the QCD helicity 

theorem. The decay width for J/$ -+ prr via the sequence J/G -+ 0 -+ pr 
must be substantially larger than the decay width for the (nonpole) continuum 

process J/G -+ 3 gluons --* prr. In the other channels, the branching ratios of 

the 0 must be so small that the continuum contribution governed by the QCD 

theorem dominates over that of the 0 pole. .A gluonium state of this type was 

first postulated by Freund and Nambu143 based on OZI dynamics soon after the 

discovery of the J/1/, and $J’ mesons. The most direct way to search for the U is 

to scan jip or e+e- annihilation at fi within N 100 MeV of the J/$, triggering 

on vector/pseudoscalar decays such as rp or fTK*, and look for enhancements 

relative to K+It’-. Such a search has recently been proposed for the BEPC. 

19 Anomalous Spin Correlations and Color Trans- 
parency Effects in Proton-Proton Scattering 

The perturbative QCD analysis of exclubive amplitudes assumes that large 

momentum transfer exclusive scattering reactions are controlled by short distance 

quark-gluon subprocesses, and that correct& s f rom quark masses and intrinsic 

transverse momenta can be ignored. Since hard scattering exclusive processes 

are dominated by valence Fock state wavefunctions of the hadrons with small 

impact separation and small color dipole moments, one predicts that initial and 

final state interactions are generally suppressed at high momentum transfer. In 

particular, since the formation time is long at high energies, one predicts that 
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the attenuation of quasi-elastic processes due to Glauber inelastic scattering in a 

nucleus will be reduced. This is the color transparency prediction of perturbative 

QCD.‘44 A test of color transparency in large momentum transfer quasielastic pp’ 

scattering at t& _ N 7r/2 has been carried out at BNL using several nuclear targets 

(C, Al, Pb).‘45 Thtj tt a enuation at ptat, = 10 GeV/c in the various nuclear targets 

was observed to be in fact much less than that predicted by traditional Glauber 

theory. The expectation from perturbative QCD is that the transparency effect 

should become even more apparent as the momentum transfer rises. However, the 

data at pt& = 12 GeV/c shows normal nuclear attenuation and thus a violation 

of color transparency. 

An even more serious challenge to the PQCD predictions for exclusive scat- 

tering is the observed behavior of the normal spin-spin correlation asymmetry 

ANN = b(TT) - ~4tlM~4TT) + WTl)l measured in large momentum trans- 

fer pp elastic scattering. At pt& = 11.75 GeV/c and 0,,,, = s/2, ANN rises to 

N 60%, corresponding to four times more probability for protons to scatter with 

their incident spins both normal to the scattering plane and parallel, rather than 

normal and opposite.” In contrast, the unpolarized data is to first approximation 

consistent with the fixed angle scaling law s l”dc/dt(pp -+ pp) = f(f?c,) expected 

from the perturbative analysis. The onset of new structure at s 21 23 GeV2 

suggests new degrees of freedom in the twobaryon system. 

Guy De Teramond and I146 have noted that the onset of strong spin-spin 

correlations, as well as the breakdown of color transparency, can be explained as 

the consequence of a strong threshold enhancement at the open-charm threshold 

for pp-+ACDp at fi = 5.08 GeV or pt&, N 12 GeV/c. At this energy the charm 

quarks are produced at rest in the center of mass. Since all eight quarks have zero 

relative velocity, they can resonate to give a strong threshold effect in the .I = 

L = S = 1 partial wave. (The orbital angular momentum of the pp state must be 

odd since the charm and anti-charm quarks have opposite parity.) The J = L = 

S = 1 partial wave has maximal spin correlation ANN = 1. A charm production 

cross section of the order of 1 pb in the threshold region can have, by unitarity, 

a large effect on the large angle elastic pp-+pp amplitude since the competing 

perturbative QCD hard-scattering amplitude at large momentum transfer is very 

small at fi = 5 GeV. In fact, as recently shown by Manohar, Luke, and 
147 

Savage, 

the QCD trace anomaly predicts that the scalar charmonium-nucleus interaction is 

PQCD 

0.4 

*NN 

0 

1: I 1 

0 5 10 

l.c.3 pti (GeV/c) ,- 

Figure 17. ANN as a function of plab at B,, = n/2. The data 
11 are from Crosbie 

et al. (solid dots), Lin el al. (open squares), and Bhatia et al. (open triangles). The peak 
at p,.b = 1.26 GeV/c corresponds to the pA threshold. The data are well-reproduced 
by the interference of the broad resonant structures at the strange (p1.b = 2.35 GeV/c) 
and charm (plab = 12.8 GeV/c) thresholds, interfering with a PQCD background. The 
value of ANN from PQCD alone is l/3. 

strongly amplified at low velocities and can lead to nuclear-bound 
148 

charmonium. 

An analytic model which contains all of these features is given in Ref. 146. The 

background component of the model is the perturbative QCD amplitude with se4 

scaling of the pp + pp amplitude at fixed t&,, and the dominance of those am- 

plitudes that conserve hadron helicity.14 A comparison 
149 of the magnitude of 

cross sections for different exclusive two-body scattering channels indicate that 

quark interchange amplitudes 
150 dominate quark annihilation or gluon exchange 

contributions. The most striking test of the model is its prediction for the spin 

correlation ANN shown in Fig. 1’7. The rise of ANN to 21 60% at pt.& = 11.75 

GeV/c is correctly reproduced by the high energy J=l resonance interfering with 

$(PQCD). The narrow peak which appebrs in the data of Fig. 17 corresponds to 

the onset of the pp + pA( 1232) channel which can be interpreted as a uuuuddqij 
3Fs resonance. The heavy quark threshoM mode1 also provides a good description 

of the s and t dependence of the differential cross section, including its “oscilla- 

tory” dependence 15’ in s at fixed 0,, and the broadening of the angular distri- 

bution near the resonances. Most important, it gives a consistent explanation for 

the striking behavior of both the spin-spin correlations and the anomalous energy 

dependence of the attenuation of quasielastic pp scattering in nuclei. A threshold 
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etihancement or resonance couples to hadrons of conventional size. Unlike the 

perturbative amplitude, the protons coupling to the resonant amplitude will have 

normal absorption in the nucleus. Thus, the nucleus acts as a filter, absorbing 

the non-perturbative contribution to elastic pp scattering, while allowing the hard- 

scattering perturbative & CD processes to occur additively throughout the nuclear 

volume. 15’ Conversely, in the momentum range pl& = 5 to 10 GeV/c, one predicts 

that the perturbative hard-scattering amplitude will be dominant at large angles. 

It is thus predicted that color transparency should reappear at higher energies 

(pl& 2 16 GeV/c) and also at smaller angles (&, 2: SO’) at p)& = 12 GeV/c, 

where the perturbative QCD amplitude dominates. If the resonance structures 

in ANN are indeed associated with heavy quark degrees of freedom, then the 

model predicts inelastic pp cross sections of the order of 1 mb and lpb for the 

production of strange and charmed hadrons near their respective thresholds. In 

fact, the neutral strange inclusivepp cross section measured at plab = 5.5 GeV/c is 

0.45310.04 mb.‘53 Thus, the crucial test of the heavy quark hypothesis for explain- 

ing ANN is the observation of significant charm hadron production at p]& 2 12 

GeV/c. 

Ralston and Pire15’ have suggested that the oscillations of the pp elastic cross 

section and the apparent breakdown of color transparency are associated with the 

dominance of the Landshoff pinch contributions at Js - 5 GeV. The oscillat- 

ing behavior of du/dt is then due to the energy dependence of the relative phase 

between the pinch and hard-scattering contributions. They assume color trans- 

parency will disappear whenever the pinch contributions are dominant since such 

contributions could couple to wavefunctions of large transverse size. However, the 

large spin correlation in ANN is not readily explained in the Ralston-Pire model 

unless the Landshoff diagram itself has ANN - 1. 

20 Conclusions 

In these lectures, I have emphasized polarization phenomena which can pro- 

vide new insights into hadron dynamics and structure. Spin physics’has benefited 

from a remarkably close interplay between theory and experiment. A number of 

experiments have reported unexpectedly strong spin correlations that challenge a 

straightforward interpretation in quantum chromodynamics: 

1. Two experiments, NA-10 at CERN and Chic+go-Iowa-Princeton (CIP) at 
1 FermiLab,“’ have reported strong deviations froin leading twist pertur- 

bative QCD predictions for the polarization of the virtual photon in the 

Drell-Yan process sN-+p+p-X. The strong azimuthal and polar angular 

correlations observed in these experiments require the consideration of dy- 

namical higher twist subprocesses in which the multiquark structure of the 

projectile enters. Thus, these measunements can provide new constraints on 

the structure of the pion at the amplitude level.‘30 

2. The CIP collaboration”5 has also reported that the J/$ produced in * 

nucleon collisions becomes strongly longitudinally polarized at large mo- 

mentum fraction ZL. The result is consistent with the general principle of 

hadron-helicity retention and leads to new constraints on the multiquark 
116 

Fock state structure of the pion. 

3. The measured branching ratio for the decay of the J/ll, into pa and other 

psuedoscalar-vector two-body exclusive decays strongly violate perturbative 

QCD predictions for hadron helicity conservation. No such anomaly is ob- 

served for the G’. The result could signal the mixing of the J/$ with a 

nearby l-- tri-gluonic bound 
142,139 

state. However, as yet there is no clear 

evidence for any gluonium state in this mass range. 

4. A remarkably strong spin-spin correlation has been observed in wide-angle 

elastic polarized proton-proton scattering at ANL and BNL. The sudden 

increase in the spin correlation ANN at new quark thresholds and the ob- 

served breakdown of color transparency at 6 - 5 GeV in quasi-elastic pp 
scattering may reflect the strong attraction at the charm production thresh- 

old 146 14’ predicted from the QCD trace anotialy. The large values observed 

for the single spin asymmetry AN may by due to higher twist corrections. 

The new measurements of the polarized structure functions in deep inelastic 

lepton scattering from SLAC and CERN are now providing fundamental checks on 
! 

QCD sum rules, as well as a detailed look at the underlying spin structure of the 

nucleon. The integral of the nonsinglet polarized structure function $-“(z,&) 

appears compatible with the Bjorken sum rule, although a number of uncertainties 

due to higher twist and Regge extrapolations still remain. In these lectures I have 

discussed several theoretical advances which will allow more definitive tests of the 

QCD sum rules: 
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1. QCD provides important constraints on the z-dependence of the quark dis- 

tributions which reflect the helicity retention properties of the underlying 

gauge couplings at large I and the decorrelation of helicities at small 2. 

Measurements appear to be consistent with these constraints. 

2. The leadin& wist perturbative QCD corrections to the Bjorken and Gross- 

Llewellyn Smith sum rules are identical, up to “light-by-light” scattering 

contributions of order [a,(Q2)z13. Th us, measurements of the ratio of the 

sum rules can provide a highly precise test of QCD.” The extrapolation 

of the ratio of the truncated sum rule integrals to zmin*0 should greatly 

eliminate uncertainties due to Regge behavior. 

3. The leading twist perturbative QCD corrections to the Bjorken sum rule can 

be directly related to measurements of the annihilation cross-section ratio 

R,+,- and other observables such as the r hadronic width using commen- 

surate scale relations.” These relations are convention independent; they 

have no ambiguity due to the choice of renormalization scale or scheme. The 

relation between the effective charges for the Bjorken sum rule and the an- 

nihilation cross section is now known to third order in a,(&*), thus allowing 

precise tests of the gauge theory predictions by tracking both the relative 

normalization and dependence in momentum transfer. 

4. Higher twist-corrections to the Bjorken and Ellis-Jaffe sum rules due to the 

intrinsic composite structure of the nucleons are constrained at small Q’ by 

a corresponding Drell-Hearn Gerasimov sum rule:’ 

5. The relativistic corrections to the quark model are highly nontrivial and lead 

to a number of unexpected results7 The values of the magnetic moment 

and axial coupling SA of the proton are strongly correlated, independent of 

the actual shape of the three-quark wavefunction. An important physical 

effect is that the Melosh transformation (Wigner rotation) of the constituent 

spinors to the light-cone causes a net misorientation of the quark helicities 

relative to their rest frame spin projection S,. In the zero-radius limit, the 

anomalous moment and the axial coupling of the nucleon vanish. For the 

physical size of the proton, relativistic binding leads to a 25% reduction of 

the quark helicities Aq and g,4 from their naive values. 

Polarization measurements thus provide some of the most stringent tests of 

quantum chromodynamics. An entire new class of polarization transfer measure- 

ments can be carried out at the SLC using polarized electron-positron collisions. 

In addition to the fixed target experiments now being done at SLAC and CERN, 

the new polarization facilities such, as HERMES at DESY, the proposed polar- 

ized proton collider at RHIC, and the highly polarized 50 GeV electron beam 

facility at SLAC will allow a wide’range of exclusive and inclusive spin physics 

studies. There is also a critical need for measurements of the polarized gluon 

distributions in the nucleon from experiments such as direct photon production 

in polarized proton collisions and J/11, production in polarized photon-polarized 

proton interactions. 

21 Appendix A: Light-Cone Wave-Functions 
A simple way to encode the properties of hadrons in terms of their quark 

154 
and gluon degrees of freedom is the light-cone Fock expansion. For example, 

a proton with momentum p = (I’+,?,) is d escribed by expansion over color- 

singlet eigenstates of the free QCD light-cone Hamiltonian: 

(114) 
where the sum is over all Fock states and helicities starting with the valence 

three-quark state, and where 

(115) 

I 
- The wavefunction G,R,,( z;, kli, X,) is theamplitude for finding partons in a specific 

light-cone Fock state n with momenta (zip+, zi?l+Zli) in the proton. The Fock 

state is off the light-cone energy shell: C k; > I’-. The light-cone momentum 

coordinates zi, with C:=r zi and Ei, with C:=r lcli = 31, are actually relative 

coordinates, i.e., they are independent of the total momentum P+ and Pl of the 
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bound state. The light-cone wavefunctions do not depend on the total momentum 

since zi is the longitudinal momentum fraction carried by the ith-parton (0 < I, 5 

I), and kli is its momentum “transverse” to the direction of the meson. Both 

of these are frame-independent quantities. The ability to specify wavefunctions 

simultaneously in any fbme is a special feature of light-cone quantization. 

The coefficients in the light-cone Fock state expansion thus are the parton 

wavefunctions $n/H(zir iii, Xi) which describe the decomposition of each hadron 

in terms of its fundamental quark and gluon degrees of freedom. The light-cone 

variable 0 < zi < 1 is often identified with the constituent’s longitudinal mo- 

mentum fraction z, = kf/P,, in a frame where the total momentum PE+ inf 

However, in light-cone Hamiltonian formulation of QCD, ri is the boost-invariant 

light-cone fraction, 

xi ~ Ic+ _ kP + kf 
P+ -po+ 

independent of the choice of Lorentz frame. 

Given the light-cone wavefunctions, $“/H(zi, Ei, Xi), one can compute virtu- 

ally any hadronic quantity by convolution with the appropriate quark and gluon 

matrix elements. For example, the leading-twist structure functions measured in 

deep inelastic lepton scattering are immediately related to the light-cone proba- 

bility distributions 

2MI;i(x,Q) = F2(I,Q) rz ~~~G,,,(x,Q) , 
X a 

(117) 

where 
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, 
The spacelike form factor is the sum of overlap integrals analogous to the 

corresponding nonrelativistic formula 

Here e, is the charge of the struck quark, A* >> <i, and 

iliE _ 
{ 

E, - zipi + 9fL : for the struck quark 

kls - xi& for all other partons. 
(120) 

(A) The general rule for calculating an amplitude involving wavefunction 4, , 

describing Fock state n in a hadron with f = (P+, ?L), has the form’* 

where TL”) IS the irreducible scattering amplitude in LCPTh with the hadron 

replaced by Fock state n. The light-cone Fock expansion thus allows a definition 

of the parton model and wavefunctions. By using the light-cone gauge, A+ = 0, 
only physical nonghost degrees of freedom appear in the Fock expansion even 

for nonAbelian theories. Furthermore in this gauge, the numerator couplings 

of soft gluons inserted into hard scattering expansions remain finite in the high 

momentum transfer limit. Thus, this formalism is ideal for proving factorization 

theorems, i.e., the isolation of hard and soft contributions at high momentum 

transfer. I 
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Lecture I: Introduction and Formalism 

1 Introduction 

Polarized lepton-nucleon scattering provides information on the spin structure of 
the proton and neutron. The experimental breakthrough in the field came in 
1972, when a group from Yale University pioneered the production of polarized 
electron beams using the principle of photoionization of electrons from polarized 
alkali atoms.’ The difficulty of producing a polarized electron beam prior to this 
fairly late development was driven by the inability to polarize electrons through 
Stem-Gerlach techniques due to the Heisenberg uncertainty principle.’ Polarized 
atomic beams from the Stem-Gerlach discovery had long been developed. 

The first experiment3 to scatter elastically polarized electrons at low energies 
off polarized hydrogen is an instructive example of polarized lepton-nucleon scat- 
tering. In this experiment, a polarized beam of C&urn atoms is stripped of its 
electrons and accelerated into the beam transport line (see Fig. 1). The electron 
beam is directed into a polarized hydrogen beam injected into an interaction 

Polarized 
Hydrogen 

MOtt 
Analyzer 

Accderetion to t 00 keV 
Wien Fitter Spin Rotator 

Acceleration to 6 keV 

Polarized 
Electron Source 

cs chml 
Ouerter 
Wave Plate 

Polarizer 
uv Filter 

Mess Analyzer 
Ce Beam Monitor 

tOG0WHgXeLamp 12-m 
n.%Al 

Fig. 1. Experimental setup for polarized electron polarized hydrogen 
elastic scattering experiment. 

‘$ ‘on, where the scattered hydrogen ions are detected. The motivation for the 
experiment was to study in a simple process spindependent scattering and spin- 
dependent interactions. “Theoretically, electron-hydrogen elastic scattering is the 
simplest and most fundamental of all electron-atom collision problems. Nonethe- 
less, it cannot be solved in closed form.” The results are presented in Fig. 2. 
Large asymmetries in the scattering are observed and compared to theoretical 
predictions. The theoretical models vary enormously in their predictions and the 
experimental results disagree with all models, which is typical in the field of spin- 
dependent scattering. 

A 

20 50 100 200 

Y Energy WI - 

Fig. 2. Results on asymmetry versus energy for the elastic 
scattering experiment. For references to theoretical models, 
see Ref. 3. 

Energies for scattering polarized leptons off polarized nucleons extend from 
the 1 eV level, 8s just discussed, to the 200 GeV level from polarized muon scat- 
tering at CERN. These lectures will concentrate on polarized electron nucleon 
scattering at high energies, greater than 10 GeV. Low-energy polarization exper- 
iments are discussed here only to the extent that they aid in understanding the 
high-energy results. These lectures will concentrate on physics provided by scat- 
tering polarized leptons off polarized targets. Experiments with neutrino beams 
(which are naturally polarized) and experiments with polarized electrons scat- 
tering off unpolarized targets (which are used in the study of electroweak parity 
violation) are not discussed. 
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Fig. 3. Pictorial of Quark Parton Model constituents in the nucleon. 

The primary goal of high-enera deep inelastic scattering of polarized lep 
tons by polarized nucleons is to study the internal spin structure of the pro- 
ton and neutron. It has long been known that the nucleon hss substructure (see 
Fig. 3). The questions being asked here include: 

o Do quarks carry the spin of the nucleon? 

o What is the distribution of the nucleon spin between the different 
quark flavors? 

o What is the role of the orbital angular momentum of the constituents in 
the nucleon? 

o What role do the gluons play? 

o Does QCD adequately account for the behavior of the nucleon spin? 

The answers to these questions require input ranging from nuclear physics to the 
current algebra of quarks, from the atomic and solid-state physics of polarized 
targets and polarized beams to high-energy particle physics detectors. This lecture 
series is divided into three parts. The first lecture reviews the formalism of deep 
inelastic scattering and how it is applied to polarized lepton-nucleon scattering. 
It discusses some of the foundational theoretical work which motivated the field 
and identified the language for interpreting the experimental results. While the 
formalism of polarized deep inelastic scattering has been reviewed previously by 
Fred Gilman,’ the language is somewhat outdated. The second lecture focuses 
on experimental techniques and presents results on experiments which have been 
performed up to the end of 1993. Crucial to the experimental developments have 
been the large role played by solid state and atomic physics. The third lecture 
addresses the theoretical implications of the results and the difficulties faced in 
interpreting the results. The goal of thii lecture series is both to educate the 
nonexpert and to review the status of the field. 

;: 2 Unpolarized Deep Inelastic Scattering 
Deep inelastic fixed target experiments scatter high-energy (E) lepton beams of 
electron, muons, and neutrinos off targets, detect the scattered lepton, and mea- 
sure its angle of deflection (0) and its outgoing energy (d) (see Fig. 4). From the 
three measured quantities E, E’, and 8, one can extract three independent scaling 
variables Q2, z, and y where the scaling variables are given by 

Q2  = 4EE’ sin*[e/2] , 

z  = Q2/2M(E-E’) , 

y  = [E-E’]/E. 

Primaly Beam I 
E 

Fig. 4. The variables E, E’, and 0 as defined in fixed 
target deep inelastic scattering experiments. 

Here, M is the nucleon mass. In the Quark Parton Model (see Fig. 5), these three 
variables have a simple meaning. In the view that deep inelastic scattering is a 
process describing the scattering of a lepton off a quark in the nucleon via the 
exchange of a virtual photon, Q2  is the four-momentum of the virtual photon, z  
is the fraction of the total nucleon momentum carried by the struck quark, and y 
is the fraction of incoming energy carried by the virtual photon. 

Fig. 5. Scaling variables in lepton-nucleon scattering. 

. 
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The cross section for unpolarized deep inelastic scattering can be described 
by two structzlre fvnctions (Wr and Wz) that are functions of only z and Q? 

d2u 
(12 .5+J!!!3 [W2 + 2W1 tan2 (O/2)] . 

dRdE’ = %!? sin4 (e/2) 

Here a is the fine structure constant and R is the solid angle available for the 
scattered leptons. 

Knowledge of the structure functions WI and W2 is sufficient to calculate 
scattering rates for any deep inelsstic experiment with proton and neutron targets. 
Experiments using polarised beams and targets require only small modifications 
to these rates, since the effects of polarized scattering is relatively small compared 
to the unpolarized csse. For calculating electron scattering rates in order to 
estimate factors such ss spectrometer performance, knowledge of the unpolarized 
scattering cross sections is sufficient. 

The language and conventions that describe unpolarized structure functions 
have evolved with time. Historically, WI and W2 were denoted as the unpolarized 
structure functions. Bjorken5 postulated that these structure functions taken at 
high momentum transfer Q2 and high virtual photon energy transfer Y = E - E’ 
become functions (Fr and F2) of only 2, 

MW(V,Q~) + Fl(x) , 

vWz(v,Q’) + Fz(z) . 

A simple relation developed by Callan and Gross’ between Fr and F2 emerges in 
the naive Quark Parton Model, 

F&r) = 2zFl(z) . (2) 

In today’s language, results are usually presented as a mixture of the old conven- 
tion. The two structure functions now quoted in most papers or review articles 
are given ss Fz(z,Q’) and R(z,Q*), where R measures the deviation of Fl and 
F2 at finite Q2 from the Callan-Gross relation, 

R(x, Q2) = 2;$l;;Qr;‘2, t [ 1 1+$ -1, 
and 

F2b,Q2) = vW2(s,Q2) . (4) 

Trn F2 and R, one can extract WI and W2 and calculate scattering cross sections. 
Modern results on F2 for the deuteron from CERN’ and R from SLAC8 are 
presented in Figs. 6 and 7, respectively. The ratio R is difficult to measure with 
precision, since it represents the small difference between two structure functions, 
F2 and 2xFl. 

From the scattering cross section, it is straightforward to calculate the number 
of scattered electrons per energy E’. The total number of scattered electrons at 
a particular energy is 

N = IbpLNARd20. (5) 

Here &, is the number of incident electrons, p is the target density, L is the target 
length, NA is Avogadro number, fI is the spectrometer solid angle, and 80 is the 
double differential scattering cross section with energy and solid angle. A useful 
mnemonic for calculating the density of target nucleons is 

Number of target nucleons /cc = ~NA , 

with p in units of gm/cc. 

I - 

I - 

pi 
100 1 10 100 

d (GeV’) 1616u 

Fig. 6. Structure function F2 of the deuteron versus Q2 for different values of z. 
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*u 
The scattering cross section [ Eq. (l)], is 

; ;lf.$ Expp. (1989) 

A  CDHSW 

Q SCDMS 
l EMC 

- R - Model Fit to Data 
--- R (QCD + Target Mass) 
‘*-*.**’ R (QCD) 

0.5 1 5 10 50 0.5 1 5 10 60 

mm a* cl* - 

Fig. 7. The longitudinal-to-transverse structure function ratio R as 
a function of Q2 for two values of z. 

Consider the following example: If one scatters a 50 GeV electron beam with 
a current of 1 PA off a l-cm-long hydrogen (Z = 1) target with a density of 
1 gm/cc and detects the scattered electrons in a 1 msr spectrometer set up at 7’, 
how many scattered electrons per second are observed with energies between 10 
and 11 GeV? 

The kinematics are well defined, and give the values of WI and W2. For the 
above conditions, 

Q2 = 4.50 GeV . 10.5 GeV . sin2(P/2) = 7.8 GeV’ , 

Q2 7.8 GeV’ 
==2Mv= 2(0.938 GeV) (50 GeV - 10.5 GeV) = “” 

Ram Figs. 6 and 7, one can read off the values of F&T, Q2) and R(z, Q2) at these 
valuesofzandQ2, 

F2(0.11,7.8) M  0.35 ) R(0.11,7.8) M  0.1 , 

and extract WI and W2, 

w, = 2 rz 1.5, w2 = F2 = 0.009) 
u 

i (l/137)2 
d2u e 4. (50 GeV)2 sin4(7/2) . 

cos2(7’2) [0.009 + 2(1.5) tan2(7/2)] 

Numerically, this gives 

d20 zz 7.7 x 10e6 GeVS2 sr-l = 3 x 1O-33 cm2/sr , 

using the conversion factor that 1 GeV2 = 3.89 x 1O-28 cm2. The number of 
scattered electrons (Eq. (S)] per second with energies between 10 and 11 GeV 
detected by the spectrometer is 

N, = 
lo+ A 

1.6x10-1gA/e- . 
1 gm/cc .l cm .6 x 10B . 10e3 sr .3 x lo-= cm2/sr . 

The result becomes 

N, = 11 electrons/second. 

This example is typical of the zeroth-order calculations done in deep inelastic 
scattering. It should be emphasized that this is an over-simplified case. In reality, 
issues such as radiative corrections (Sec. 3.1) must be taken into account, which 
complicates the situation significantly. 

3 Polarized Deep Inelastic Scattering 
Deep inelastic scattering experiments using polarized lepton beams off polarized 
targets provide information on the spin structure function of the nucleon9 These 
experiments typically measure differences between the scattering cross sections for 
the case where the beam and target spins are in various orientations (see Fig. 8). 
The relationship between the spin-dependent scattering cross sections and the nu- 
cleon spin-dependent structure functions has a parallel formalism to the unpolar- 
ized case. Once again, there sre two primary spin structure functions Gr(z, Q*) 
and G2(2,Q2) (analogous to WI and W2) and the scattering cross sections and 
the spin structure functions are related by,l”-12 

d2utl d2uTT --- = 
dQ2dv dQ2du ~[~(E+~c~~)G1(Q2,~)-Q2Gz(QZ,v)] , (6) 

and 

d20T’ &a’- --- = 
dQ2dv dQ2dv 

s sin6 [A4 Gl(Q2, U) + 2E G2(Q2, u)] (7) 
applying Fl x F2/22(1+ R). 

. 
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Polarized 

Fig. 8. Spin orientations of beam and targets in 
polarized lepton-polarized nucleon scattering. 

Here ~17, ~71, and oT+ correspond to the scattering cross sections with beam 
and target spins parallel, antiparallel, or at 90’ to one another. Like WI and W2, 
these structure functions scale at high Q2. As Q2 + co, 

M2G(v,Q2) +91(x) , and Mv2Gz(v,Q2) + a(x) (8) 

Modern convention presents results in terms of structure functions 91(x, Q2) 
and 92(x, Q’), which are dimensionally the same as the gr snd g2 defined above. 

Since the difference between the various spin-dependent cross sections are 
usually quite small, the formalism of spin-dependent deep inelastic scattering 
experiments has developed around the use of asymmetries or the difference over 
the sum of the scattering cross sections. The next section describes the various 
types of spin-dependent asymmetries which appear in the literature. 

3.1 Asymmetries in Spin-Dependent Deep Inelastic 
Scattering 

The goal of most deep inelastic spin-dependent scattering experiments today is to 
extrsct the virtual photon nucleon asymmetries Ar(z, Q2) and Az(s, Q2), where 
A1 refers to the difference in scattering cross sections for the csse where the virtual 
photon and nucleon spins are parallel versus antiparallel, 

A1 = &,tl + &,TT . (9) 

Similarly, the transverse asymmetry A2 represents the comparison in which the 
nucleon target spin is transverse to the photon spin, 

&,J?’ _ &,” 
A2 = &T-+ + Gal- ’ (10) 

Fig. 9. Coordinate system for polarized lepton-nucleon scattering. 

In practice, the virtual photon does not have 100% polarization (even if the 
lepton does!), nor does it scatter head-on. Even if the lepton scatters head-on, the 
virtual photon will scatter at some angle $ that depends on the electron energy 
before and after the scatter (see Fig. 9). If AlI and AL represent the cross section 
asymmetries for scattering a 100% longitudinally polarized lepton off a polarized 
nucleon, then the relationship between AlI and AL, and A1 and A2, is given by 
kinematics, 

A” = D.(Al+qAz), 01) 

A1 = d.(A2+CAI). (12) 

The factors n and C are typically small, providing a strong correlation between 
the asymmetries AlI and Al, and between the asymmetries AL and As. Here the 
two depolarization factors are given by kinematics, 

D _ E- E’e 
E(l+ CR) ’ 

and 

(13) 

. (14) 

and the factors q and C are found via, 

’ = E - EIE ’ (15) 
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where e characterizes the virtual photon polarization, 

c = l+2(l+& tan2 ($) . 

The depolarization factor D is a pure QED factor and has a simple inter- 
pretation. It can be divided into two multiplicative terms, the first representing 
the angle $ between the virtual photon and the struck nucleon, and the second 
representing the polarization Pr of the virtual photon in the interaction. The 
scattering angle $ and polarization Pr can be extracted from kinematics, 

cos* = E - E’c 
iz7r7 ’ 

and pI=- 
iTx’ (18) 

where R is once again the ratio of longitudinal-to-transverse structure functions 
defined earlier. The entire depolarization factor is simply 

D=P~.cos@, (1% 

which reduces to Eq. (13). 
With a 100% polarized lepton beam scattering from a 100% polarized nucleon, 

Al and A2 can be extracted by measuring AlI and AL and knowing the event 
kinematics, in order to determine the constants D, d, 7, and C. In reality, however, 
the target has a polarization Pt, only a fraction f of the nucleons are polarized, 
and the beam polarization is less than 100%. As a result, the measured raw event 
asymmetry A mm is smaller than A’ or AlI. In fact, to extract AlI, 

Am- = Ai . Pt . Pb . f . wo 

Figure 10 presents a schematic of how the various dilutions appear in the interac- 
tion, compared to the pure case in which a fully polarized virtual photon collides 
head-on with a fully polarized nucleon. The smaller asymmetry Ameas represents 
a technical challenge to the experiments. 

To extract A1 from the experiment, it is necessary to unravel the impact of 
radiative corrections on the deep inelastic scattering messurements.‘3 Theoretical 
models of A1 and sum rules assume that the scattering corresponds to the single 
photon exchange Born approximation. Therefore, to compare to theory, it is 

Muon or 

Fig. 10. Experimental dilutions in polarized lepton-nucleon scattering. 

necessary to calculate the radiative correction diagrams (see Fig. 11) and then to 
apply these corrections to the measured A1 asymmetries in order to find A1 values 
corresponding to the Born approximation. This process is laborious and requires 
an interative approach, since the size of the corrections is strongly correlated to 
values of Al. Figure 11 presents the primary diagrams needed to extract Al from 
the measured asymmetry. A few of the important properties of the radiative 
corrections and their effect on the data are: 

o The difference between the radiative corrections to the scattering cross sec- 
tions uTT and ~11 is small. 

o The dominant corrections are pure QED diagrams, and the largest effect 
comes from the bremsstrahlung diagrams. 

o Radiative corrections move events from high E’ bii to lower E’ bins (which 
is easy to understand in terms of bremsstrahlung). 

o To the extent that the asymmetries are flat as a function of z, there is little 
change in the central value of the asymmetries due to radiative corrections. 
This is a direct consequence of the first point. However, even without an 
z-dependence in the asymmetry, the statistical error bars on the asymmetry 
at low z will increase after radiative corrections due to the subtraction of 
events from the high E“ bins, which have contaminated the low .E’ bins. 

o Solid targets have typically larger radiative corrections compared to gss 
targets due to eztemal radiative corrections.” These corrections scale with 
the thickness of the targets (in radiation lengths) and can be comparable in 
magnitude to the internal radiative corrections. 

An example of radiative corrections to the proton target used in the EMC proton 
experiment i5 is given in Fig. 12. The increase in the size of the correction for low 
z is evident, and is a result of the contamination of events at low z. 

-136- 



RADIATIVE CORRECTlONS 

E* EP 

x 

02 

Proton 
(a) Lowest Order Graph (b) Internal Bremsstrahlung (s-peak) 

(c) Internal Bremsstrahlung (p-peak) 

(e) External Bremsstrahlung (p-peak) 

(g) Vacuum Polarization 

(d) External Bremsstrahlung (speak) 

(f) Vertex Correction 

Fig. 11. Primary radiative correction diagrams 
in deep inelastic scattering. 

12-93 
7525Al2 

0.4 

0.3 

0 

I 1 1 1 

- Unpolarized Correction 
- * - * Polarized Proton Correction 
- * * * * * Polarized Nitrogen Correction 

0 0.1 0.2 0.3 0.4 0.5 
1-w 7!XS16 X 

Fig. 12. Rsdiative corrections as a function of z for the EMC proton experiment. 

The transverse spin asymmetry A2 has a different behavior. For this ssym- 
metry, the nucleon spin must lie in the scattering plane defined by the incoming 
and outgoing scattered electron. l’kansverse spin-dependent scattering in which 
the target nucleon spin is outside the scattering plane will result in no asymmetry 
due to CP conservation. A2 has a number of interesting properties: 

o Its value is bounded by the value of the unpolarized longitudinal structure 
function, namely IA2(z, Q2)1 < J?i. This behavior results from positivity 
bounds.16 Initial experiments which extracted A1 used this bound on A2 and 
Eq. (11). However, future precision experiments on A1 will require direct 
measurements of A*. 

‘i 
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o In the Quark Parton Model (QPM) the value of A2 is believed to be small, / 
since it is proportional to the quark mssses. In the QPM, the helicity 
flip probability varies as m,,/E, and vanishes to the extent that quarks are 
massless. 

o The transverse spin structure function g2 extracted from A2 obeys a sum 
rule (Burkhardt-Cottinghamm)” which implies an overall small contribution, 

The next section discusses the old QPM predictions of the values of Al and 
its behavior as a function of z and Q2. 

4 The Virtual Photon Asymmetry Al 
Historically, the ssymmetry Al and its dependence on z, in particular, was the 
primary variable which theoretical models of nucleon spin structure tried to pre- 
dict. The following sections discuss some of the simplest early theories on A1 and 
how it behaves. 

4.1 The SU(6) Model 
The simplest QPM prediction of the quark distribution in the nucleon’s is W(6). 
This model presents a static picture of the nucleon in which the proton (neutron) 
consists of purely valence quarks with two up (down) quarks and one down (up) 
quark. The wavefunction for the proton and neutron is found by counting all the 
possible antisymmetric combinations of three quark states, with one quark spin 
antiparallel to the other two quark spins. From the nucleon wavefunction, it is 
straightforward to extract the probability of finding an up or down quark with its 
spin parallel 1 or antiparallel 1 to the nucleon spin. 

u’ = 5/9 , IL’ = l/9 ) 

dT = l/9 , d1 = 219. 

The value of A1 for the proton is given by the charge squared of the quarks times 
the quark spin probability given above, 

Ap _ 4/9(u’ - d) + 1/9(dt - dl) 
’ - 4/9(d + u’) + l/9@ + dl) ’ 

The proton asymmetry yields 519, and the neutron asymmetry is 0. 

Although SU(6) is known to breakdown due to the existence of sea quarks 
‘Y 1 and gluons, the SU(6) predictions appear to work at z near 0.3. For example, the 

measured values of A1 for the proton and neutron appear to be in fine agreement 
with SU(6) at z = 0.3. 

4.2 Regge Theory and Small x 

The small z behavior of Al and A2 is a topic of great interest in terms of un- 
derstanding the sum rules discussed at the end of this lecture. Small z mea- 
surements correspond in QPM to scattering in which the struck quarks are car- 
rying a small fraction of the nucleon momentum. The loss of information from 
the initial static state can be understood in terms of the emission of giuons, 
taking spin away from the struck quark. As a result, the asymmetries tend to 
zero ss z approaches zero. The convergence of the asymmetries to zero is de 
scribed by the data over the measured range, and this tendency to converge is 
apparent in all existing data samples. 

For understanding the data below the z range of the measurements, a Regge 
parameterization is taken. A long, complicated history of Regge theory1Q*20 
has evolved and is used to describe the low-z behavior of structure functions, 
in general. The results of the Regge theory prediction for the convergence of the 
asymmetries to zero has some particular properties,21 

o As I approaches zero, the structure functions and asymmetries become 
independent of Q2. 

o The value of the cross sections needed for the structure functions and 
asymmetries is given by the optical theorem, 

ImA = 8.0~~) 

where A is the scattering amplitude, s is the center-of-mass energy, and 
otot is the total scattering cross section, 

o Regge theory predicts how the amplitude varies as z approaches zero, 

A(s,O) = s=(‘) , 

where a(O) is a Regge intercept given by ar(1270) and fr(1285) evaluated 
from pion-proton scattering.22 
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At low x, the value of x can be related to the center-f-mass energy via 

x = Q2/s = l/s . 

Therefore, when s is large and x is small, 

Fz s ubt e g-01 (0) =b Fl=x , -“1(O) 

and similarly 
g1 x x-o2(o) , 

Since Al q gl/Fl, 
A1 s ,~lW~(O) 

The same behavior of x evaluated to a powe? is invoked to extract the low-x 
behavior of the spin structure function gr described later in Sec. 5.1. 

4.3 The Quark Parton Model and High x 

The large x behavior of the structure functions is also predicted by the Quark 
Parton Model (QPM). Figure 13 presents the Feynman diagram for scattering off 
a quark that carries all of the nucleon momentum (i.e., x approaches 1). For this 
case, the measured asymmetry for the proton (or neutron) will come from the 
scattering off a single quark, 

& 
Spin 3 

Spin 0 
12.93 75%M 

Fig. 13. Diqusrk production in scattering at high x. 

F+r the case of massless quarks at high x, the probability of spin-flip varies as 
or/2 z .zf (ql finite) and ~312 z 0 (q’ zero). The formula above implies that the 
asymmetry Al will approach one as x approaches one.% 

This behavior appears reasonable, since the struck quark carries the nucleon 
spin, and the two remaining quarks pair off with a net zero spin. If the struck 
quark is decoupled from the other two quarks or from polarized gluons at high x, 
then the single-struck quark aligned with the nucleon spin (with no mechanism 
to undergo spin-flip), is the only scattering channel. 

This model of the nucleon at high x also predL&s that the ratio of the 
neutron-to-proton cross sections in deep inelastic scattering should tend to l/4 as 
x approaches 1. The experimental data appesrs to support this conclusion.zs 

4.4 The Carlitz-Kaur Model 

In 1977, Carlitz and Kaur developed a modelz7 that supports the low-, middle-, 
and high-x predictions discussed in the last three sections. The results for the 
asymmetry predictions as a function of x from the Carlitz-Kaur model is given in 
Fig. 14. This model also obeys a sum rule developed by Ellis and JaRe discussed at 
the end of this lecture. This model hss become a standard to which experimental 
data can typically be compared. 

‘.,I 
0.8 

0.6 
A1 

0.4 

-0.2; I I I I I 
0.2 0.4 0.6 0.8 1.0 

12-93 X w430 

Fig. 14. Carlitz-Kaur model of Al versus x for the proton and neutron. 
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5 The Spin Structure F’unction gl 

Knowledge of the spin-dependent asymmetries, A1 and AZ, and the unpolarized 
structure functions, F2 and R, completely determines the spin structure function, 

91, 

g,(x, Q2) = 4(x, Q2) . Mx, Q2) + v+, Q2)1 , (23) 

where 7 is a kinematic factor given by 7 = G/U. Terms proportional to r2 have 
been neglected. In the QPM, the structure function gi has a simple interpretation, 

91(x) = w&) - &)I I . (24) 

where the sum is over the different quark flavors. This relationship is analogous to 
the relationship between F2 and the quark distributions for unpolarized scattering, 

4(x) = Cr,?[q;(x) + q/(x)] . (25) 

The asymmetry A1 develops a simple meaning in the Quark Parton Model, since 
A1 = gl/Fl ( ignoring higher order corrections). The kinematic factor 7 is gener- 
ally small, and suppresses the A2 contribution to the spin structure function gi. 

A number of interesting idiosyncrasies of the structure function gi appear: 

o As z gets large, Fi approaches zero, implying that gi approaches zero. Sim- 
ilarly, the uncertainty on gi becomes small, since it is bounded by gi < Fl. 

o At low z, gr varies as Al/x. This implies that the precision on determining 
gr quickly becomes limited due to the divergent l/z behavior. As a result, 
the statistical error bars on gi from any measurement tend to increase as 
z gets small, even though the error bars on the asymmetry measurements 
may be small and independent of x. 

For completeness, the transverse spin structure function 92 is given, 

92 = Fl. 
( 

$+yA2-A, . 
> 

(26) 

As discussed earlier the integral over g2 is expected to vanish.27 Interestingly, this 
implies that A2 # O! 

‘+ 5.1 The Spin Structure Function at Low x 
/ 

An important quantity in the study of spin structure functions is the integral 
over the full z range of the spin structure function gi, namely si gl(x)dx. The 
integral values are useful for testing sum rules discussed in the next section. Since 
the measurements are only valid over an z-range limited to typically greater than 
0.005 and leas than 0.7, extrapolations of the messurements must be invoked in 
order to extract the full integral. 

For the low-x extrapolation, one uses Regge theory as described in Sec. 4.2. 
At low z, gi is expected to be independent of Q2, and varies ss 

( > 

a 

a= f I 

where zc is the lowest z value determined by the experiment. The contribution 
of the integral from the low-x unmeasured region then becomes 

/ 

30 
e= o gl(x) dz = +f$ . 

The value of the integral diverges as o approaches one. Calculations2s give a range 
in Q for spin-dependent scattering to be -0.5 < Q < 0. With this constraint, the 
low-z extrapolation becomes 

CM36 x0 !JlbO) < c < x0 iJl(ZO) 

To maintain as small a low-z extrapolation as possible, it is important to both 
measure the low-x structure function gi(ze) as accurately as possible and to make 
sure that zo is ss small as possible. In general, high-energy (200 GeV) muon 
beams can messure the structure functions to values of 2s less than 0.01, but 
with limited statistics on gr(zs); whereas, low-energy electron beams (30 GeV) 
csn measure the structure function only down to values of xc near 0.02, but with 
high precision on gi (x0). 

It should be stressed that without a theory for the low-z extrapolation, the 
value of e is unbounded. 
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6 The Bjorken Sum Rule 

In 1966, prior to the development of QCD, Bjorken% discussed applications of 
SU(6) x SU(6) current algebra. Within thii famous paper, he derived what at the 
time was rm obscure relationship between spin-dependent deep inelastic scatter- 
ing cross sections and the weak coupling constant found in neutron beta decay. 
This relationship, known as the Bjorken Sum Rule, has become the holy grail for 
experiments in spin-dependent deep inelsstic scattering. The sum rule is regarded 
as inviolable, since it depends only on current algebra assumptions and the assign- 
ment of charges to the quarks. Corrections to the sum rule for experiments which 
measure the spin structure functions at finite Q2 are given by QCD, implying that 
a violation of the sum rule would be a direct threat to QCD. Feynmsr?’ wrote 
that the Bjorken sum rule’s “verification, or Mlure, would have a most decisive 
effect on the direction of future high-energy theoretical physics.” 

The sum rule without QCD corrections stands on three pillars: current 
algebra, quark currents, and beta decay. 

The calculations to extract the current algebra part of the sum rule are 
laborious and not reproduced here. The result of Bjorken’s calculation relates 
the integral over z of the spin structure function gi to the equal time commuta- 
tor of the transverse components of the electromagnetic current densities J,(z, 0) 
and J,(O). The derived relationship gives at infinite momentum transfer Q2, 

I 1 

o 91(x) dx = f /WY LJzb,O),J,@)l IP) . 

The above relationship requires no models of hadronic structure. 

Previous work with electromagnetic currents31 had already connected the 
transverse components of the electromagnetic currents to the axial current of the 
inter&ion, yielding 

[JJx, 0), J,(O)] = 2i~5~(2) J,” + Schwinger terms . 

Substituting the above equation into the Bjorken relationship previously given 
yields trivially, 

J oldx) ok = ; (qJ,sIP) 

*: The second step in the Bjorken sum rule derivation is the assignment of the 
quark currents. The vector quark current can be written in Dirac notation, in 
which Jll = rl, r,, Q  1/;, where rC, is the Dirac spinor for three quarks (u, d, s) and Q  
is the quark charge matrix with specific quark charges essigned to the up, down, 
and strange quarks, 

The axial vector quark currents of this problem are 

J5 = &sr P 2 Q26 P . 

Defining the matrices for hypercharge Y and isospin Is, 

Y = (‘; 1” -I) , 13 = i’i’ -!,2 !) . 

By simple matrix manipulation, it can be shown that 

Q2 = ;+;Q = ;+; (,+;Y). 

In taking the difference between the matrix elements of the axial vector current be- 
tween a proton and a neutron, only the isospin component will survive ss nonzero. 

(proton 1 Jz 1 proton) - (neutron 1 JE 1 neutron) 

= ( I proton 5 +x-&$1 proton) - (neutron If J, 35 rp 1341 neutron) 

The last relation arises from the fsct that the proton and neutron isospin values 
are equal and opposite in sign. 

Substitution from Eq. (27) provides for the result in terms of the proton and 
neutron spin structure function integrals, 

‘; 
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The final step in the derivation of the Bjorken sum rule is the equating of the 
above matrix element to the matrix element that describes neutron beta decay. 
The weak coupling constant from beta decay gA is related to an axial vector 
current between a proton and a neutron state, 

9A = (proton )$y5 -yp Z+GI neutron) . 

Here gv is set equal to one by convention, so that the expression gA/gv = gA. 
By introducing the lowering operator T- = ~+-y&$d3z, the coupling constant 
gA can be related to the third component of the isospin operator in the following 
manner, 

9A = (p I$nr,J+dT-1 p) 

Substituting the above result into Eq. (28) yields the Bjorken sum rule, which 
states that at infinite Q*, 

L1 i?+, dx - Jd’$(X) dx = f gA (29) 

At this stage the weakest assumptions inherent in the Bjorken sum rule is probably 
the charge assignments to the quarks. The current algebra derivation of the 
Bjorken sum rule is today typically replaced by Operator Product Expansion 
techniques3* 

In any case, the foundations of QCD rest upon the algebra which yields the 
Bjorken sum rule. 

Experimentally, infinite momentum transfer in an interaction is of course 
unattainable. Experiments are performed at a particular Q* or even more realis- 
tically over a range of Q*. In order to teat the Bjorken sum rule, it is necessary 
to make measurements at similar Q* between the proton and neutron integrals 
and then compare the results to the Bjorken sum rule including perturbative and 
nonperturbative QCD corrections. Perturbative QCD corrections to the Bjorken 
sum have been performed up to third order in the strong coupling constant oS 
(see Lecture III, Sec. 7), 

;r The theoretical prediction for Awe . 1s to be compared to the pure experimental 
’ quantities in the Bjorken sum rule equation, namely 

Nonperturbative QCD corrections which vary typically as l/Q” also may influence 
Awe, and are discussed in some detail in Lecture III, and by Stan Brodsky.= 

7 The Ellis-J&e Sum Rule 

In the early days of the experiments, only polarized proton targets were available, 
implying that only the proton spin structure function was measurable. Since no 
polarized neutron targets existed, the Bjorken sum rule (which requires both the 
proton and neutron spin structure functions) could not be tested. It was, therefore, 
of great interest to have a prediction for the proton spin structure function integral 
by itself. 

In 1974, Ellis and Jaffe% using W(3) symmetry between the up, down, and 
strange quarks, derived a unique prediction for both the proton and neutron spin 
structure function integrals. The relationship became known as the Ellis-Jaffe 
sum rule, and its derivation is reproduced below. 

As noted earlier, the spin structure functions have a simple description in 
the QPM. The integral over the proton spin structure function can be written in 
terms of a sum of integrals over the spin-dependent quark distributions, weighted 
by the charge square of the quark: 

where Au = &l[ul(x) - u’(x)) and ul (~1) corresponds to the case where the up 
quark is parallel (antiparallel) to the nucleon spin. The quantities Au, Ad, and 
As can be interpreted as a measure of the polarization of the quarks in a polarized 
proton. 

The integral over the neutron spin structure function yields the same relation 
except that the up and down quark distributions are interchanged by isospin 
symmetry, 

/ SiYX) dx = &Ad+$Au+;As. 
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Substituting Eqs. (31) and (32) into the Bjorken sum rule (Eq. 29) yields, 
/ 

Au-Ad = e. 
gv (33) 

Notice that the strange sea contribution cancels out. 

A relation from SU(3) symmetry is used to extract information on the in- 
dividual proton and neutron integral, In SU(3), rotations are performed on the 
baryon octet presented in Fig. 15 to extract relations to coupling constants. For 
example, SU(3) symmetry postulates that the quark distribution in the proton is 
just a V-spin rotation of that ln a cascade, 

(uds) Proton = (,,)‘=‘je . 

Applying a V-spin rotation one transforms Eq. (33) with the following substitu- 
tion, 

Au-Ad + Ad-As. 

The matrix elements of the neutron and cascade decay are given below in terms 
of the symmetric and antisymmetric tensor constants F and D, 

proton 
=F+D, 

cssc.¶de 
=F-D. 

Applying the V-spin rotation yields the equation, 

Ad-As=F-D. 

Fig. 15. Schematic of SU(3) baryon octet. 

(34) 

‘Y , With the strange sea left unconstrained, one csn use Eqs. (33) and (34) and 
substitute into Eqs. (31) and (32) to yield an independent relation for the proton 
and neutron integrals. 

Proton 
I 

)f(x)dx = A (9F-D)+; As x 0.17 ) (35) 

J 1 
o gi’W  dx = ; (6F-4D)+; As = -0.02 . (W 

The numerical values for the integrals use updated values of the F and D 
constants,35 F = 0.47 f 0.04 and D = 0.81 f 0.03, and assume that the strange 
sea is unpolarized (As = 0). That As should be small is regarded as reasonable, 
since the strange sea provides only a small fraction of the total quark contribution 
to the nucleon. 

The first data on the neutron spin structure function has come into existence 
only in this past year. As a result, only the Ellis-JafIe sum rule for the proton has 
played a role in evaluating results prior to 1993. Lecture II reviews experimental 
results up to the end of 1993, and Lecture III discusses the implications of these 
results and future programs that will study QCD and nucleon spin structure in 
more detail. 
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Lecture II: The Experiments 

Despite a twenty-five year history, only five polarized beam-polarized target deep 

inelastic scattering experiments have been performed, three at SLAC and two at 

CERN. This lecture describes each of the five experiments. The impact of the 

rezults from these experiments has been large, each motivating extensive theoretical 

activity. This activity (discussed in Lecture III) has in turn continued to provide 

fuel for more experiments with higher precision at higher energies. 

This lecture covers the five experiments and their results, one-by-one in chrono 

logical order. Lecture III will discuss the implications of the experimental results 

and future experimental programs. 

1 SLAC Experiment E-80 

The first experiment to scatter a polarized electron beam off a polarized target was 

performed at SLAC in End Station A. ‘J Although deep inelastic scattering exper- 

iments with polarized targets had been performed previously,3 SLAC experiment 

E80 was the first to run with a polarized electron beam. The primary electron 

energies in the experiment ranged from 6 to 13 GeV and scattered off a polarized 

alcohol (butanol) target. Scattered electrons were detected using the 8 GeV spec- 

trometer built for the full range of deep inelastic scattering experiments.4 The out- 

standing features of experiment E80 were the relatively high average beam (50%) 

and target (60% peak value) polarizations. 

The E80 polarized electron source relied on the photoionization of alkali atoms 

by a pulsed ultraviolet light source. The electrons stripped from these polarized 

atoms remained polarized, since the excitation takes place through an electric 

dipole transition. The method for polarizing electrons follows a number of technical 

steps (see Fii. 16): 

(1) 
(2) 

(3) 

(4) 

polarization of the 6Li atoms via passage through a six-pole magnet, 

6Li ionization using a high-intensity ultraviolet lamp producing 

transversely polarized electrons, 

acceleration of the electrons in an electric field concurrent with the 

ionization, and 

rotation of the electron spin to the longitudinal direction 

using a polarizing coil. 

Londtudinallv 
Mechanical 

PCiallzing. 
toll 

hla 
To Acce*mter 

Schematic of Peggy 

-~tl*oo 
J 90’ soeltemr 

Mott PoGtion Monitor 

Fig. 16. Stanford Linear Accelerator Center E80 polarized electron 
source and Mott polarimeter. 
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The development of the source was a large technical effort and a great success 

for the first production of a longitudinally polarized beam of electrons. The E80 

polarized source was limited in beam current, since the number of electrons depends 

on the number of polarized atoms (- 108 electrons per pulse). The low current was, 

however, not an issue for the experiment, since the polarized target was sensitive 

to radiation damage and could not handle higher currents. In fact, the beam was 

scmed across the target (mate&) on a pulseto-pulse basis so as to reduce the 

hot-spot radiation damage. 

Determination of the electron beam polarization was an experiment in itself. 

Experiment E80 used both Miiller and Mott polarimetry to measure the elec- 

tron beam polarization. Mott polarimetry was used to monitor the electron beam 

polarization at the front end of the SLAC accelerator. This type of pohuimeter 

involved scattering transversely polarized electrons off a gold nucleus, and study- 

ing an asymmetry in the spatial distribution of the backscattered electrons5 This 

asymmetry comes about from the spin orbit interaction between the electron and 

the gold nucleus. The size of the asymmetry is a function of energy and scatter- 

ing angle, called the Sherman function, and is known to approximately 2%. The 

E80 Mott polarimeter (see Fig. 16) monitored the polarization of the electrons as 

they were emitted from the polarized source, but did not determine the electron 

polarization at high energy near the interaction in End Station A. Depolarization 

of the beam in the transport from the source to the polarized target was expected 

to be small, but wss not excluded. 

As a consequence, a special Moller scattering experiment was performed at 

the conclusion of the E80 experiment. 

Magnetic 
Shield 

Msller 

Fig. 17. Schematic of a Moller polsrimeter setup. 

Moller polarimetry determines the polarization of the electron beam by mea- 

suring the cross section asymmetry in the scattering of polarized electrons by polar- 

ized electrons. Polarized electrons are scattered off a polarized ferromagnetic foil, 

and the elastic scattered electrons are produced at a particular scattering angle 

that maximizes the asymmetry (90° scattering in the center-of-mess). The Miiller 

electrons after the interaction pass through a magnetic field and are detected by 

a detector package. The primary unscattered electron beam is shielded from the 

magnetic field used for analyzing the Miiller scattered electrons (see Fig. 17). A 

difference in cross sections for the scattering of beam electrons with spins parallel 

or antiparallel to the target foil electron spin results in a scattering asymmetry: 

,ll _ ,TJ 
A=-= Y(2 + 3Y + 2Y2) 

uTT + uTl (1+y+y2)2 . 

Here y varies with the center-of-mass scattering angle and is given in the laboratory 

fkme by y = E02/2Me. The measured raw asymmetry is related to this pure QED 
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asymmetry A (calculated from Feynman diagrams in electron-electron scattering) 

via 
Am=- = A.L.Pf,,n. (2) 

Here &,,,, and Pf,-,d are the beam and target foil polarizations, respectively. Only 

two of the twenty-six electrons in iron are polarized, yielding a dilution of the 

target foil polarization Pfoa. The foil polarization is determined by messurements 

of the magnetization of the foil and its thickness6 From the measured asymmetry 

below the elastic peak (see Fig. 18), the beam polarization is determined directly. 

For experiment E80, the polarized target consisted of an iron-cobalt compound 

c&d supermendur.6 The target was set up in End Station A at the same position 

ss the true polarized target, and the 8 GeV spectrometer (see Fig. 18) was used to 

detect the scattered electrons and to scan the elastic peak. 

The E80 butanol (Cs04Hs) target’ was polarized using the principle of dy- 

namic nuclear polarizations A high magnetic field and low temperature is used to 

achieve high polarization and to calibrate the absolute polarization Pt of the target 

via Pt = tanh[/.&Z/kT]. Application of 140 GHz microwaves polarizes the target. 

A summary of the target parameters is given2 in Table 1. A review of dynamic 

nuclear polarization using solid frozen targets is given by Gordon Catesg 

Although the target material is not pure hydrogen, only the hydrogen atoms 

contribute to the polarized scattering; carbon and oxygen are spin-0 nuclei. The 

dilution factor [used in Lecture I, Eq. (20)] is merely the number of scattered 

electrons originating from polarized hydrogen compared to the total number of 

scattered electrons coming from the entire target. For butanol, this frsction is 

approximately f = lo/74 z 0.11. Figure 19 presents a schematic view of the E80 

polarized target with the microwave guide for polarizing, cryostat for temperature 

VI 
E 
z 
0 

Distance x 

Fig. 18. The 8 GeV spectrometer and an example of a Mijller elastic peak. 
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Table 1: E-80 Polarized Proton Target 

Characteristic Value 

Magnetic field 50 kG 

Temperature 1.05“ K 

Target material butanol-porphyrexide beads 

Initial polarization of free protons 0.5 to 0.65 

Depolarizing dose (l/e) N 3 x 1014 e-/cm’ 

Polarizing time (l/e) N 4 minutes 

Annealing time N 45 minutes 

Cryostat 
Heat Exchanger \ /‘,,,A 

control and assembly container for the 25 cc of butanol target beads. Measurement 

of polarization was accomplished using standard NMR techniques. The dominant 

systematic error in the polarization measurement of the target came from the 

measurement of the small calibration signal from thermal polarization. 

Scattered electrons from the polarized target were detected in the 8 GeV spec- 

trometer. This spectrometer accepted electrons with energies up to 8 GeV, and 

was situated on rails which allowed for measurements over a range of scattering 

angles 0. Figure 20 presents a floor plan and side view of the spectrometer set up 

for experiment E-80. The spectrometer magnets were selected in an orientation 

that allowed for focusing of the scattered electrons in two dimensions, which gave 

Polarized 
RSl TRl TR2 BPM RS2 

Elevation 

Polarized 
Taraet 

L Niobium-Titanium 
Superconducting 

Solenoid 

Fig. 19. Stanford Linear Accelerator Center 680 polarized butanol target Fig. 20. Stanford Linear Accelerator Center E-80 experimental setup. 
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2 SLAC Experiment E-130 
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Fig. 21. Results of AT versus z from experiment 680. 

a direct measurement of the electron scattering angle and momentum. The detec- 

tor package used in this experiment consisted of a Cerenkov counter for electron 

identification, tracking hodoscopes for electron momentum measurements and a 

lead-glass shower counter for pion rejection. Data for experiment E80 was col- 

lected at scattering angles ranging from 7’ to 11”. 

In total, the experiment collected about two million scattered electron events. 

As predicted by Bjorken, the experiment found large asymmetries A; for the pro- 

ton (see Figure 21). This result was regarded 8s a success for the Quark Parton 

Model and gave asymmetries with values close to the SU(6) prediction of 5/9 (see 

Lecture I, Sec. 4.1). The average Q2 was low (Q2 N 2 GeV2), which helped mo- 

tivate the follow up experiment to measure the proton spin structure function at 

higher z and higher Q2. The desire to measure structure functions at high Q2, 

closer to scaling where theoretical corrections become small, is a continuing goal 

in the field 

The desire to remeasure the proton spin structure function at higher energy to 

observe the Q2 dependence of the asymmetries and to characterize their high-z 

behavior motivated a second SLAC experiment (E130).i0~” The experiment had 

the same basic philosophy as E80, but with some substantial modifications. For 

this experiment, the beam energy was set to an energy of 22.66 GeV, while the 

spectrometer was set up at a fixed scattering angle of 10” and had a fifteen times 

larger effective acceptance. The target was improved and ran with a higher average 

polarization of SO%, and the beam polarization was increased to N 80% by focus- 

ing the ultraviolet light at the source more effectively. Finally, the experiment, 

built a special Moller polarimeter (in situ) in End Station A, which allowed for 

beam polarization measurements to be done continuously during the experiment. 

Figure 22 presents a layout of the El30 experiment in End Station A, as seen in 

a top view. The front half of the beam line is devoted to the Moller polarimeter. 

A polarized target foil was placed far upstream, followed by a strong bend magnet 

(18D72), and an array of proportional tube detectors. The 8 and 20 GeV spec- 

trometers shown were not used in the experiment. Downstream of the Moller po- 

larimeter was the polarized butanol target and the single arm El30 spectrometer. 

Cerenkov and lead-glass counters were used to identify the scattered electrons and 

measure their energy. Wire chambers were used for tracking and pion rejection in 

coincidence with the lead-glass counters. 

The experiment concentrated on the measurement of the proton spin structure 

function at high z where the scattering cross section is low. As a result, the exper- 

iment only collected about one million events. The kinematic coverage extended 

from 0.2 < z < 0.65 and 2 GeV2 < Q2 < 6 GeV2. Figure 23 presents the results 
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Fig. 22. The SLAC El30 experimental setup. 

for the proton asymmetry measurements A: for El30 and E80 together. Notice 

that the average result is in good agreement with the SU(6) prediction of 5/9. 

The El30 results agree well with those of E80. No discrepancies appear 

within error bars, despite the substantial difference in Q2  of the two experiments. 

The observation of a rise in the asymmetries as z  gets large appears to be confirmed. 

As z approaches one, the prediction that A: approaches one looks reasonable 

(discussed in Lecture I, Sec. 4.3). Figure 24 presents a comparison of the E-80 

and El30 results to various theoretical model predictions. A discrepancy between 

the data and some models is evident. The Carl&Kaur Model (Lecture I, Sec. 4.4) 

gives a good fit to the experimental data. 

The confirmation of large asymmetries as predicted by the Quark Parton 

Model (QPM) appeared to indicate that the discovery potential for new physics 
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Fig. 23. Results of A: versus z for experiments E-130 and E-80. 

was low. The continuation of the spin structure function measurements at SLAC 

ended as the SLC collider project began. The field of spin structure function mea- 

surements then moved to CERN, and the surprises began. 

Although not apparent from Figs. 23 and 24, the measurement of the proton 

asymmetries at low z (below 0.1) is very important, since the spin structure func- 

tion gr varies as Al/z, and its contribution to the proton integral s  s(z) dz could 

be large. In fact, from the combined E80 and El30 results, a proton integral of 

J$(z) dz = 0.17 f 0.05 is obtained. The result is in agreement with the Ellii 

Jaffe sum rule prediction, but the large error bar is due to the extrapolation of the 

integral over the unmeasured z range from 0 to 0.1. A measurement of the low-z 

asymmetries in order to test the Ellis-JsfIe sum rule with higher precision became 

a motivating goal, and CERN with its high-energy muon beam became the new 

center for this physics. 
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muon tracking spectrometer. The high beam energy allowed for high-Q2 and low-z 

measurements of the proton spin structure function. However, since the muon beam 

is produced as a secondary beam from a primary proton beam, the luminosity of 

the experiment was low. The beam current for the muons w&s typically, 3 x lO’/ae.c. 

Even with the large acceptance EMC spectrometer, the overall statistics was on the 

order of one million events collected for the experiment over two years of running. 

1. Symmetrkal Valence Quark Model (Kuti, Weisskopf 1971). 
2. Current Quarks (Close, 1974). 
3. Orbital Angular Momentum, (Look, Fischbach, Sehgal, 1977). 
4. Unsymmetrical Model (Carlitz, Kaur, 1977). 
5. MIT Sag Model (Jaffe. Huge& 1977). 
6. Source Theory (Schwinger, 19TI). 
7. Quark-Geometrodynamics (Preparata, 1991). 

The polarization of the muons comes naturally from pion and kaon decay. 

Since the pion is spin-O, and the decay proceeds through a parity-violating weak 

interaction, the muons come out naturally polarized (see Fig. 25) depending on 

their energy. l5 For z+ decay, the muons are emitted left-handed as viewed in 

the pion rest frame; whereas in the laboratory frame, the muon polarization is a 

function of energy and has a full range of values. Figure 26 presents the energy 

dependence of the muon polarization as a function of the ratio of the muon-to-pion 

energy. For the EMC experiment, the beam was selected such that the average 

polarization of the muon beam was on the order of 80%. 

Fig. 24. Results of A; versus z for experiments E-130 and E80 compared to “lr P+ 
various theoretical models. - lr+ w 

3 The CERN EMC Experiment 

In 1988, the European Muon Collaboration (EMC) at CERN reported on an ex- 

citing result for the low-z measurement of the proton spin structure function.‘2-14 

This experiment changed the field of spin physics by bringing it to the forefront of 

the high-energy physics community. 

Fig. 25. Pion decay-production of polarized muons, 

The EMC experiment scattered 100 to 200 GeV polarized muons off a large 

polarized ammonia target (NHz) and detected the scattered muons in a well-tested 

The EMC polarized ammonia (NHJ) target also relied on the principle of 

dynamic nuclear polarization. What was unique about the EMC target was its large 

size. It had a length of two meters in order to maximize statistics, and a large width 

in order to contain the fairly large transverse muon beam spot. The target ran at a 
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Fig. 26. Polarization versus energy fraction of outgoing muon. 

temperature of 0.5” K and a magnetic field of 2.5 Tesla. Figure 27 presents a layout 

of the target and shows the two target halves, polarized in opposite directions so 

that the asymmetry measurements could be performed without normalizing to the 

beam flux. Nuclear Magnetic Resonance (NMR) coils were placed along the length 

of the EMC target in order to determine the polarization of the target 8s a function 

of its length. 

The EMC spectrometerm wss a large muon tracking device developed for the 

full range of structure function measurements. Figure 28 presents the spectrometer 

setup and its relation to the position of the polarized ammonia target. Chambers 

for tracking up and down stream of the target determined the vertex of the muon 

event. Downstream chambers tracked muons passing through an analyzing bend 

Fig. 27. European Muon Collaboration polarized ammonia target. 

Fig. 28. European Muon Collaboration spectrometer setup. 
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Fig. 29. Results of A; versus z from the EMC experiment compared to 
earlier SLAC experiments and to the Carlitz-Kaur Model prediction. 

magnet for momentum and production angle determination. The vertex distribu- 

tion of the scattered muon events was relevant for selecting events from the ap 

propriate polarized target half. Reversal of the target spins wss performed eleven 

times in the experiment. Changes in the spectrometer acceptance from one spin 

reversal to another could produce false asymmetries. Thii effect was the limiting 

systematic uncertainty in the experiment. 

Results of the proton spin structure function measurements from thii exper- 

iment came 85 a major surprise. Figure 29 presents the EMC proton asymme- 

try results compared to early SLAC results from E-80 and E130, and compared 

to the Csrlitz-Kaur model discussed in Lecture I. The agreement with the SLAC 

experiments over the common z range was fine. However, the low-z asymmetries 
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Fig. 30. Results of the proton spin structure function & versus z for 
the EMC experiment. 

all were measured low compared to the Carlitz-Kaur model, which conserves the 

prediction of the Ellis-Jaffe sum rule. The low value for the asymmetries at low 

z translates into low values for the proton spin structure function & and a low 

value for the integral over the proton spin structure function r$(z) a!z. Figure 30 

presents & versus z for the EMC data, and Figure 31 presents J s(z) dz integrat- 

ing over the limits from zm to one. The value of the proton integral from z of 0.01 

to z of 1 is compared to the ElliiJaffe sum rule prediction. Assuming only a small 

contribution to the proton integral below z of 0.01, the disagreement between the 

sum rule and the measurement is at the 3.5 standard deviation level. The values 

of the F and D constants were quite different from today’s val~es,~’ and the er- 

rors on the old values were underestimated.‘* Today the F and D values and their 

error analysis have brought the disagreement to 2.5 standard deviations. 
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Fig. 31. Results of s’&(z)& versus z for EMC com- 
pared to the ElliiJa#e sum rule prediction at the time. 

Even more surprising, the EMC results implied that the quark contribution 

to the proton spin is small; see Lecture III. Quarks did not carry the spin of the 

proton. This caused a tremendous upheaval in the field, generating hundreds of 

theoretical papers. A strong desire to measure the neutron spin structure func- 

tion emerged, both to check the implications of the proton measurement and to 

test a foundational QCD equation, the Bjorken sum rule. Such a test required a 

messurement of the neutron spin structure function. 

4 The CERN SMC Experiment 

Soon after the EMC result broke into the community, a new generation of muon 

experiments at CERN were proposed by the Spin Muon Collaboration’g (SMC) 

(also covered by Bernard Froi@). Unlike EMC, which had done a single spin 

physics experiment after a long tradition of unpolarized nucleon structure function 

studies, the SMC experiments were focused on measurements dedicated to nucleon 

spin structure. The goal of these experiments wss to measure the proton and 

neutron spin structure function with precision, using polarized proton and deuteron 

targets, and to test the Bjorken sum rule. 

The SMC experiment (run in 1992 and published in 1993) used the same 

polarized target aa EMC, but replaced the polarizable material of ammonia with 

butanol. The butanol targets provide a measurement of the spin structure functions 

in which the only polarized nucleons in the target are the proton and deuteron (as in 

E80 and E-130), and the target spin reversal is more rapid. Rapid target-spin 

reversal is advantageous in order to reduce the dominant systematic uncertainty 

coming from false asymmetries due to changes in the spectrometer acceptance. 

With the alcohol targets, spin reversals took a half hour and were implemented 

every eight hours. 

Although the SMC deuteron run of 1993 was essentially the same experiment 

with a different nuclear target, one significant improvement was the measurement 

of the beam polarization. The EMC proton experiment determined the muon beam 

polarization by studying the muon event distribution and inferring the polarization 

of the muon beam via a Monte Carlo study of muon production. In SMC, a direct 

measurement of the muon beam polarization was performed by studying the energy 

spectrum of positrons from muon decay. An asymmetry in the decay p + e+ u, u,,, 

arises from parity violation. ** Figure 32 presents the experimental setup to detect 

the final state positron. After traversing the spectrometer magnet, the muons from 

the primary beam psss through a decay region, where proportional wire chambers 

are able to track charged particles transverse to the primary beam. Lead-glass 

shower counters were used to measure the positron energies. The positron energy 
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Fig. 32. Setup of Spin Muon Collaborition polarimeter which detects the 
positron decay products. 

spectrum is a function of the ratio of the energy of the positron (EC) to that of the 

muOn &A 

> 1 Pp . (3) 

Here PN is the beam polarization and y = EeIEp. The energy distribution for muon 

decay with polarization of lOO%, 0, and -100% is shown in Fig. 33. Measuring 

the shape of this spectrum determines the average muon beam polarization. 

Results from the SMC experiment were published this year. The asymmetries 

for the deuteron (Fig. 34) gave slightly positive values for z  > 0.1 and were con- 

sistent with zero for z  < 0.1. Error bars in Fig. 34 are statistical only, and are the 

dominant uncertainties for the point-topoint ssymmetries. The band underneath 

i 
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O-  
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Fig. 33. Positron energy spectrum from polarized muon decay. Shown are the 
spectra for 4~100% and 0% polarized muons. 

the data points corresponds to the small contribution from systematic uncertain- 

ties. Results of the deuteron structure function zgf versus z are shown in Fig. 35. 

It is interesting to note that plotted on a logarithmic scale, zgr versus log z pro- 

vides a visual determination of the spin structure function integral. The area 

under this curve is the integral to be determined. Plotting on the log-z scale also 

provides a clear view of the low-z behavior of the spin structure function. In 

Figs. 34 and 35, the deuteron is defined by convention ss being one-half (proton 

+ neutron). Figure 36 givea the deuteron integral result (similar to Fig. 31) com- 

pared to the Ellis-Jaffe sum rule prediction. A twostandard-deviation difference 

is evident. Although the error bars sre large, the apparent disagreement with 

the Ellis-Jaffe sum rule established by the EMC experiment appears confirmed by 

the SMC measurements. 

. 
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Fig. 34. Results of Af versus z from the Spin Muon Collaboration experiment. 
The band below the data points represents the contribution of systematic un- 
certainties. 
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Fig. 35. Results of zgf versus z from the Spin Muon Collaboration experiment. 
The band below the data points represents the contribution of systematic un- 
certainties. 
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Fig. 36. Results of s,’ g!(z) d z versus z for the Spin Muon Collaboration 
compared to the Ellis-J&e sum rule prediction. 

5 SLAC Experiment E-142 

Concurrent with the SMC experiment, SLAC experiment El42 ran to messure 

the neutron spin structure function using a polarized 3He target22 (also covered by 

Zein-Eddine Meziani=). Scattering from a polarized 3He target is approximately 

the same as scattering off a polarized neutron plus two unpolarized protons. This 

behavior results from the Pauli exclusion principle discussed in Lecture III. The 

E-142 spectrometer was conceptually an extension of the El30 spectrometer. The 

spectrometer was set up, this time, with two single arms, one at a scattering angle 

of 4.5” and the other at 7’ (see Fig. 37). The benefit of two arms located at small 

scattering angles gave a rather wide coverage in z and Q*, with the smallest angles 

providing the lowest z data. Small scattering angles also provided high statistics, 
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Fig. 37. Schematic of SLAC experiment E-142. 

since the cross section is large. Naturally, low-z measurements of the spin structure 

function wss a goal after the large impact of the surprising low-z EMC results. 

The E-142 polarized electron source relied on developments of solid state GaAs 

cathodes. This technology and the recent exciting advances that have led to high 

polarizations are discussed in detail by Richard Prepost.” In experiment E-142, a 

1 pet pulse with polarizations on the order of N  40% was achieved. The beam 

ran at 120 Hz and produced a high current of typically 3 x  10” electrons per pulse. 

Data was collected at beam energies of 19.4,22.66, and 25.5 GeV. Reversal of beam 

spin direction w&s implemented randomly on a pulse-tc-pulse basis, whereas target 

spin reversal occurred a few times a day. As a result, effectively no uncertainty 

from false asymmetries was present in this experiment. 

The E-142 polarized 3He target is described in detail by Gordon Catesg The 

3He nucleus is polarized using optical pumping techniques.25.26 Circularly polar- 

ized near infrared laser light illuminates a target cell of 3He and rubidium vapor. 

The outer shell electrons in the rubidium become polarized, and the rubidium po- 

larization is transfered to the 3He nucleus via spin exchange collisions between 

the rubidium and 3He nucleus. The hyperfine interaction for thii process is weak, 

and, ss a result, it took hours for the 3He gss to become polarized. However,  

once achieved, the polarization of the 3He is stable due to the long time constants. 

TiCSapphire 
Laser Argon-ion laser 

es Beam 

Drive 

Main Coils 

Fig. 38. The SLAC E-142 polarized 3He target. 

Figure 38 presents a schematic view of the polarized 3He target. Five sets of Argon 

ion lasers optically pumped five sets of Ti:sapphire lasers yielding approximately 

5 W of near infrared laser power per laser set. The circularly polarized laser light 

was directed onto the top chamber of a double chamber 3He target cell. The top 

cell contained 3He at N  9 atm and rubidium vapor at a few 1014 atoms/cm3. Ag 

proximately 50 torr of nitrogen is also present in the target cells to aid in the 

optical pumping process. The polarization collision process of 3He and rubidium 

occurs in the top chamber, where the rubidium is trapped by controlled tempera- 

ture gradients. Polarized 3He then diffuses down into the bottom chamber where 

the electron beam passes. The entire target chamber was placed in a 30 gauss 
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Fig. 39. The SLAC 6142 experimental setup. 

magnetic field which holds the spins of the 3He in a particular orientation. Nuclear 

Magnetic Resonance techniques were used to determine the 3He polarization. 

An overview of the experimental setup is given in Figure 39, which shows a 

top and side view of the spectrometer magnets (which momentum analyze scat- 

tered electrons and sweep out neutral background spray). The Cerenkov counters 

were used to identify electrons, hodoscopes were used for tracking and momentum 

determination, and the lead-glass counters located in the rear were used for an 

additional determination of the electron energy from shower deposition. 

Experiment El42 collected and analyzed approximately 300 million events, 

more than two orders of magnitude greater than had been achieved in past spin 

structure function measurements. The results of the asymmetries for the neutron 

as extracted from the 3He asymmetries is presented in Fig. 40, and for the structure 

function g? in Fig. 41. One sees small negative asymmetries for the neutron and 

similarly small negative values for the neutron spin structure function. At face 

0.2 

A! 

0 

0 0.2 0.4 0.6 
2-M X I- 

g: 

Fig. 40. Results of A? versus z from experiment E-142. 
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0 
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Fig. 41. Results of gi’ versus z from experiment E142. 
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value, the results support the simple QPM description of the nucleon in which the 

neutron spin structure function is expected to be small and negative. 

6 Summary and Comparisons 

Now we compare the results from the three experiments (EMC, SMC, and E142). 

Figure 42 presents the proton ssyrnrnetry messurements of EMC, the deuteron 

asymmetry measurements of SMC, snd the neutron asymmetry measurements from 

E142. The smaller error bars on the neutron are a consequence of the high statis- 

tics. We can extract the neutron asymmetry measurement from CERN by taking 

twice the SMC deuteron results and subtracting out the EMC proton results. Com- 

parison of the results of the asymmetry measurements of the neutron from CERN 

1.00 

0.75 

0.50 

Al 

0.25 

0 

-0.25 

I I III I I I I I lllj I I llllll- 

0 EMC Proton 
l El42 Neutron I 
0 SMC Deuteron 

0.005 0.01 0.05 0.1 0.5 1 

10-W X 7556A3 

Fig. 42. Comparison of A1 versus I of the CERN EMC proton, 
the SLAC E-142 neutron, and the CERN SMC deuteron. 

versus those from SLAC is given in Fig. 43. Immediately, the complementary na- 

ture of the information from the two types of experiments is apparent. The CERN 

experiments with > 100 GeV beams penetrates to much lower z  measurements. 

The SLAC experiment measures over a more limited z range, but with large gains 

in statistical precision. No disagreement in the neutron result is apparent from 

Fig. 43. 

0.4 

-0.4 

0.01 0.1 1 

1,Qs X - 

Fig. 43. Comparison of A? versus z for SLAC E-142 compared to CERN (using 
a subtraction of the EMC proton result from the SMC deuteron result). 

A comparison of the structure function measurements from CERN EMC (pro- 

ton), CERN SMC (deuteron) and SLAC E-142 (neutron) is given in Fig. 44. Im- 

mediately apparent are the large positive proton results, the small negative neu- 

tron results, and the small positive deuteron results. The deuteron results sre 

consistent with being an average of the proton and neutron results, which is just 

a restatement of the conclusions drawn from Fig. 43. The appearance of a rapid 

i 
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lg; (x) dx = -0.022 f 0.007 * 0.003 
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Fig. 44. Comparison of zgr versus z for the CERN EMC proton, the SLAC 
E-142 neutron, and the CERN SMC deuteron. Here the deuteron is defined 
by convention as being the average of a proton and a neutron. 

I Table 2: Systematic Uncertainties 

Uncertainty EMC proton SMC deuteron E-142 neutron 

Beam polarization 0.0092 0.0015 0.001 

Target polarization 0.0074 0.0010 0.0016 

Dilution factor 0.0054 0.0010 0.003 

Acceptance variation 0.0106 0.0130 

Extrapolation to high z 0.001 0.004 0.003 

Extrapolation to low z 0.002 0.003 0.008 

Uncertainty in F2 0.0071 0.0012 0.002 

Radiative corrections 0.0016 0.0009 0.091 

Uncertainty on R 0.0007 0.0005 0.091 

A2 0.0030 0.0041 0.003 

convergence of the small-z asymmetries as z  approaches zero is evident. A com- 

parison of systematic uncertainties from the three experiments is given in Table 2. 

The largest uncertainties of the CERN muon experiments come from the false 

asymmetry possibility arising from possible variations in the spectrometer accep 

tance between target spin reversals. The largest uncertainty in the SLAC neutron 

integral determination comes from the small z-extrapolation, which is limited by 

the low electron beam energy. 

The results of the nucleon integrals are given in Table 3. The first error in the 

table is statistical and the second is systematic. 

Table 3: Nucleon Integrals 

EMC proton 0.123 f 0.013 f 0.019 
I 

SMC deuteron 

E-142 neutron 

0.023 f 0.020f0.015 

-0.022*0.007*0.00!9 
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These are to be compared to the ElliiJaffe sum rule prediction that 

Proton 
I gld’W~ !a 0.17 ) 

Neutron J 1 

g gy(2)d.z = -0.02, 

and the Bjorken sum rule prediction that 

where the Bjorken sum rule value depends on the Q2 of the results being compared. 

Detailed discussions on the implications of these three integral results are 

presented in the next lecture. With the three integral values given above, a first 

test of the Bjorken sum rule is possible ss of 1993. Each integral also provides a 

statement on the quark spin contribution to the nucleon in the QPM. 

Below are the references for the five polarized deep inelastic scattering spin 

experiments which have been published up to now: 

Experiment 

SLAC ES0 

SLAC El30 

CERN EMC 

Reference 

Phys. Rev. L&t. 37 (1976) 1261 

Phys. Rev. I.&t. 51 (1983) 1135 

Phys. Lett. B206 (1988) 364 

Nucl. Phys. B328 (1989) 1 

CERN SMC 

SLAC El42 

Phys. Lett. B302 (1993) 553 

Phys. Rev. Lett. 71 (1993) 959 

Lecture III covers implications of the results, model interpretations, low-energy 

implications, and future experimental programs to measure in detail the nucleon 

spin structure functions. 
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Lecture III: Implications and Future Programs 

In thii lecture, we examine the implications of the results from the three experi- 

ments that have measured the nucleon spin structure functions over a range in z, 

providing a reasonable teat of the Ellis-Jaffe and Bjorken sum rules SLAC exper- 

iments E80 and El30 do not provide much of a restriction on the proton integral 

value, so they are only discussed to a minimal extent. The consequence of the 

1988 EMC proton result alone hss had extensive theoretical implications, and has 

motivated the three programs that now exist at CEHN, SLAC, and DESY. Thii 

lecture will begin with a discussion of theoretical implications, and will end with 

a review of ongoing and future experimental programs. 

1 CERN versus SLAC 

Experiments to date provide first tests of various sum rules and of the Quark 

Parton Model. An instructive way to view the results is to divide the discussion 

into how to interpret the results using only the CERN measurements or using only 

the SLAC measurements. The two experimental results from CEHN rue the EMC 

proton, which gives 

I 1 

d(z) dz = 0.123 f 0.023 , 
0 

and the SMC deuteron result which gives 

I 1 

o g!(z) dz = 0.046 f 0.050 . 

Here, we have added the statistical and systematic uncertainties on the integrals 

in quadrature, and the deuteron is written ss the sum of a proton and a neutron. 
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From these two integrals, we extrsct the difference between the proton and neutron A SLAC only view of the data provides a measurement of the proton from 

integrals, ESO and E139, 

~1~(z)dz-~19:(dd2=2/1 o 8(x) dx - $ gI’(x) dx = 0.20 f 0.07 . 

Small corrections due to the D-state wave function of the deuteron have been 

implemented,’ but are negligible. The above result should be compared to the 

Bjorken sum rule, which predicts 

~lgy(x)dx-~lg;(x)dx = $; [l-T] = 0.19 . 

and the Ellis-Jaffe sum rule, which predicts, 

I o1dk) dx = $ [9F - D] %  0.17 ( 

/ 

1 

o gi%) dx = h [15F - 5DJ = 0.15 . 

(1) 

Conclusions from using the CERN only results are that: 

o The Bjorken sum rule is confirmed. 

o The Ellis-Jaffe sum rule is violated. 

o Quarks carry little of the nucleon spin. 

o The strange sea has a significant polarization. 

For clarification of the QPM conclusions, see the next section. 

Commenting on the SLAC experiments, the CERN view would be that the 

El42 neutron and the SMC deuteron results agree over the messured range 

(see Fig. 43). However,  the SLAC data does not extend to low enough z, where 

significant contributions to the neutron integral may be present. 

J 019R4dz = 0.17 f 0.05 . 

The neutron from El42 gives 

The difference 

J 

1 

o 9X4 dx = -0.022 f 0.011 

~1dc4dz-~19x4~ = 0.192 f 0.051 

is still consistent with the Bjorken sum rule (Eq. l), and agrees with the ElliiJaffe 

sum rule (for the neutron), 

I 1 

o AWdx = ;[6F - 401 fi: -0.02. 

Conclusions from using the SLAC ody results are that: 

o The Bjorken sum rule is confirmed. 

o The Ellis-Jaffe sum rule is confirmed. 

o Quarks carry approximately half the nucleon spin, just like they carry half 

the nucleon momentum. 

o The strange sea polarization is small. 

The SLAC view would be that the large statistical uncertainties of the CEBN 

results make it difficult to draw meaningful conclusions. 
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2 The Quark Spin Content Au, Ad, and As 

The extraction of the quark spin contributions comes from SU(3) symmetry, dis- 

cussed in relation to the Ellis-Jaffe sum rule (Lecture I, Sec. 7). The  quantit ies to 

be  determined are As, Au, and  Ad, and  the sum over the three AQ = Au+Ad+As. 

To  extract these three unknowns,  we need  three equations. The  EMC proton spin 

structure function integral provides one,  

J ol$(x)dx = ; Au+& Ad+; As = 0.126 f 0 .018 . (2) 

Here, we take the value of the proton integral from the combined EMC, E80, and  

El30 analy~is.~ The Bjorken sum rule interpreted in the QPM provides a  second 

equation, 

Au-Ad = g  = 1.254f0.006. (3) 

Hyperon decay and  the SU(3) model  provides a  third, 

As - Ad = D - F  =  0.284 f 0 .016 . (4) 

Here, F  =  0.485 f 0 .012 and  D = 0.769 f 0.010.3 W ith these three equations, the 

solutions for Au, Ad, and  As give, 

Au = 0.75 f 0.06 , Ad = -0.51 f 0.06 , As = -0.22 f 0.06 . 

The  sum over the three parameters gives the total quark  contribution to the nucleon 

SPh 

AQ = 0.02 f 0.16 . 

W e  see that the EMC proton result, which differs from the Ellis-Jaffe sum rule, does  

indeed imply that the st range sea has  a  slgn&ant negat ive polarization, and  the 

total quark  contribution to the nucleon spin is small (“The Proton Spin Crisis”). 

Applying the same equat ions using the neutron result from SLAC E142, re- 

sults in an  equat ion for the neutron integral that replsces the proton integral 

0 %  21, 

J 1 

o  9%)~ =  AAd+; Au+; As = -0.022f 0.011 . (5) 

Solving with Eqs. (2), (3) and  (4) and  updated values’ for the F and  D constants 

(F = 0.47 f 0.04 and  D = 0.81 f 0.03) gives, 

Au = 0.92 f 0.06 , Ad = -0.33f0.04, As = -0.01 f 0.06 . 

The  total summed quark contribution now becomes 

AQ = 0.60 f 0.11 . 

For the SLAC case, the quarks rue now carrying half the spin, and  the st range sea 

polarization is small. This agrees with the Ellii-Jaffe sum rule, which sssumcs a  

zero polarization for the st range sea. No attempt is made  to correct for a  possible 

Q2  dependence  on  the result from Eq. (5). This analysis reproduces approximately 

the publ ished El42 results.5 

Figure 45  presents a  compar ison of publ ished results from the three experi- 

ments on  the total quark  contribution to the nucleon spin. They have markedly 

different centrsl values, but given the substantial error bars, there is only a  mild 

disagreement at this point. An average of the three data points is a  plausible see-  

nario. Similarly, Fig. 46  presents a  compar ison of the three results on  the st range 

sea polarization. Once  again, the three results are in reasonable agreement  if the 
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Fig. 46 .  S t r a n g e  s e a  con t r ibu t ion  to the  n u c l e o n  sp in  A s  for  t he  E M C ,  
S M C  a n d  E l 4 2  exper iments .  

t rue  a n s w e r  is a n  a v e r a g e  of  t he  t h ree  d a t a  points .  Not ice  that  t he  l a rge r  re la t ive  

e r r o r  b a r s  o n  the  s t r ange  s e a  po la r i za t ion  ( sa  c o m p a r e d  to the  total  q u a r k  cont r i -  

bu t i on )  is d u e  to the  l a rge r  impac t  of  t he  systemat ic  uncer ta in t ies  o n  A s  c o m i n g  

f rom the  F a n d  D  uncer ta in t ies .  

T h e  ca lcu la t ions  in  this sec t ion  r e p r o d u c e  the  p u b l i s h e d  resul ts.  Howeve r ,  us -  

i ng  ident ica l  F  a n d  D  cons tan ts  a n d  er ro rs ,  a n d  accoun t i ng  for  t he  Q 2  d e p e n d e n c e  

of  t he  in tegra l  resul ts  f rom h i g h e r  o r d e r  Q C D  cor rec t ions,  d o e s  b r i n g  the  cent ra l  

va lues  in to  s o m e w h a t  be t te r  a g r e e m e n t .  

3  Po la r i zed  S t range  S e a  

T h e  E M C  p r o t o n  m e a s u r e m e n t  c rea ted  a  g rea t  in terest  in  s tudy ing  the  poss ib le  

ex is tence  of  a  l a r g e  po la r i zed  s t r ange  s e a  in  the  nuc leon .  Intuit ively, it h a s  b e e n  

a  su rp r i se  that  t he  s t r ange  s e a  po la r i za t ion  cou ld  b e  so  la rge ,  in  l ight  of  t he  fact 

that  t he  total  s t r ange  s e a  in  the  n u c l e o n  is re lat ive ly  smal l .  

In fo rmat ion  o n  the  s t r ange  s e a  in  the  n u c l e o n  w a s  es tab l i shed6  in  d e e p  ine lss-  

tic neu t r i no  scat te r ing expe r imen ts  in  the  1 9 8 0 s .  T h e  p roduc t i on  of  oppos i te - s ign  

d i m u o n  even ts  in  the  f inal  s tate of  neu t r i no  in te rac t ions  p rov ides  s o m e  d i rect  in for -  

ma t i on  o n  the  total  a m o u n t  of  n u c l e o n  s t r ange  sea .  F igu re  4 7  p resen ts  a  d i a g r a m  of  

a  neu t r i no  in te rac t ion  a n d  the  p roduc t i on  of  two  oppos i te - s ign  m u o n s  o r ig ina t ing  

f rom scat te r ing off a  s t r ange  qua rk .  F r o m  the  m e a s u r e d  ra tes  of  d imuons ,  the  n e u -  

t r ino expe r imen ts  h a v e  d e t e r m i n e d  the  total  s t r ange  s e a  con ten t  of  t he  n u c l e o n  to 

a  r e a s o n a b l e  p rec is ion .  T h e  ra t io  of  t he  a m o u n t  of  s t r ange  s e a  to the  total  a m o u n t  

of  s e a  w a s  f o u n d  to b e . 6  

I& - &  =  0 . 5 2  f 0 . 0 9  
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Fig. 47. Opposite-sign dimuon production. 

Bounds on the strange sea momentum have been extracted7 

J -xs(x)dx 5 0.048f0.022. (6) 
0 

This value is quite small and actually places an upper limit6~g on the amount of 

polarized strange sea As 

s(x) = ST(X) + d(x) 2 ST(X) - sl(x) 1 

yielding As 5 0.057 + 0.23(-0.057). 

Results of the SU(3) interpretation of the EMC data support the existence of 

a large polarized strange sea, since 

As = O1[sT - sl] dx x -0.2 
I 

(7) 

The coexistence of As large and ST + si small appears to be a contradiction. Three 

lines of reasoning have developed to explain the possible discrepancy. 

First, there is a possibility that s(x) is large at low x (though xs(x) is small), 

implying that the total amount of strange sea has been underestimated. There is 

certainly a kinematic limit to the study of the strange sea from the dimuon anal- 

ysis of the neutrino data. Some fits”~” to the quark spin-dependent distributions 

appear to satisfy the constraints on both the strange sea polarization and its mo- 

mentum. There has been a tremendous controversy over this point.g 

Second, there could be a significant contribution from polarized gluons. The 

gluon polarization could modify the amount of strange sea measured compared to 

what exists in the nucleon. This model originates from the atial anomaly discussed 

in the next section. 

Third, a radical line of reasoning is that perturbative QCD (PQCD) is wrong. 

In this model (Sec. 5), the QPM is assumed to be fine with a small strange sea 

polarization and a small gluon polarization. The weak link is attributed to the 

Bjorken sum rule itself. If the Bjorken sum rule is wrong (due to PQCD limita- 

tion), then the extraction of Au, Ad, and As using the Bjorken sum rule becomes 

meaningless. 

The role of gluons, orbital angular momentum, and QCD violating models are 

discussed in the following sections. 

4 Gluons and Orbital Angular Momentum 

The spin crisis brought on by the EMC proton spin structure function results 

produced a flurry of theoretical papers. One of the most intriguing issues that arose 

was the possibility for a large gluon polarization in the nucleon. This effect would 

manifest itself as a modification to the observed amount of polarized strange sea 

via the aziaf anomaly.i2-I6 The diagram for the contribution of polarized gluons to 

the scattering process is shown in Fig. 48. This diagram couples to the polarization 

of each of the quark flavors and gives a modification to the amount of polarized 
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Fig. 48. Diagram of gluon contributions. 

polarized quark contribution via 

Here qf is a particular quark flavor. This contribution had not initially been 

regarded as significant, since it is a first order correction in od. However, there is 

no theoretical limit on the size or sign of AG. If AG is as large as 5, for instance, 

then the true amount of polarized strange sea Astrue could be close to zero, even 

if Asmeas z -0.2. A result such as AG = 5 of course, is a huge polarization of the 

gluons and has implications for the orbital angular momentum of the constituents 

in the nucleon.” 

A simple relation exists between the spin of the nucleon (l/2) and the contri- 

bution of the various constituents to the nucleon spin 

J = ;Aq+AG+AL. (9) 

Here, J = l/2 is the nucleon spin, Aq is the total quark contribution to the 

nucleon spin, AC is the contribution due to the polarized gluons, and AL is the 

contribution due to the orbital angular momentum of the nucleon constituents. 

This relation has immediate implications: 

If the total quark contribution to the nucleon spin is large, then the amount of 

polarized gluons and the orbital angular momentum of the quarks in the nucleon 

can be small. Thii was the old worldview of the nucleon before the EMC data was 

released. 

If the quarks do not contribute much to the nucleon spin (Aq is small), and the 

proton crisis is instead explained by the axial anomaly with large gluon polarization 

(AG z 5), then the orbital angular momentum contribution of the constituents 

must be large (AL sz -4.5). Such a large orbital angular momentum is itself 

surprising! 

5 A Perturbative QCD Violating Model 

The possible violation of the Bjorken sum rule is a carrot for the experimentalists. 

One idea is that perturbative QCD corrections to the Bjorken sum rule are not 

adequate to account for the behavior of the nucleon and its spin. As reviewed in 

Lecture I, the Bjorken sum rule must be tested experimentally at finite Q2, where 

Perturbative (PQCD) corrections are present: 

For reasonably large Q2 from deep inelastic scattering, APQCD is expected to 

be small. 

The reasoning behind the QCD violating model proceeds as follows: 

o The amount of strange sea is small (from neutrino scattering) and, as a 

consequence, the amount of polarized strange sea is small (As is small). 
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o The Quark Parton Model and SU(3) are adequate for describing the the 

nucleon and its structure. SU(3) symmetry breaking plays only a small role, 

since the strange sea contribution is anyhow small. Therefore, Eq (4) becomes 

Ad==--. 

o The EMC measurement is taken as fine. 

o A large ghron contribution to the nucleon spin is taken ss unlikely (AC is 

small). 

o The large strange sea implied by the EMC results imply a violation of the 

Bjorken sum rule [Eq. (3)) in the QPM, 

Au-Ad # E. 

From proponents of the violation of the Bjorken sum rule, there is no surprise. 

PQCD is unable to explain quark confinement, and this inability shows up 

in the measurements of the spin asymmetries A1 at low z. The low-z asym- 

metries are closer to zero for the proton and neutron than expected from the 

Bjorken sum rule prediction. A replacement, the Fire String Model,‘s does 

an excellent job at describing the EMC proton data for all z (see Fig. 49). 

Results from this model on the neutron prediction unfortunately were never 

calculated. 

A closing comment on the PQCD violating model: without the Bjorken sum rule 

prediction, the most precise results on the nucleon spin structure function mea- 

surements to date do show an expected behavior as compared to the QPM. At 

z near 0.3, the results agree with SU(6). At high z there is a tendency for the 

asymmetries to rise to one, though this has not been confirmed by the neutron 

measurements yet. At low z, there is a definite rapid loss of spin information as 

the asymmetries quickly converge to zero (see Fig. 43). Without the constraints 
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a SLAC E-80 
0 SLAC E-130 

AY 
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Fig. 49. A: versus z from EMC compared to the Fire String Model. 

of the Bjorken sum rule, the measurements are tending to agree with intuitive ex- 

pectations. Future precision measurements of these structure functions should be 

able to nail down precise values of the QPM quantities and test the Bjorken sum 

rule to a level of better than 10% (see Sec. 7). 

6 Nuclear Uncertainties 

When the results from the various experiments are compsred, one of the signifi- 

cant questions asked is what are the sizes of the nuclear uncertainties in extracting 

the proton and, even more importantly, the neutron spin structure functions, from 

nonpure polarized proton and neutron targets. This section briefly reviews some 

of the questions concerning nuclear uncertainties arising from the different target 

species. 
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For the proton, there are presently three types of targets being used to extract 

the proton spin structure function (solid ammonia, solid butrmol, and pure hydro- 

gen gas). The butanol target consists of carbon and oxygen that sre spin-0 nuclei, 

and therefore do not contribute any spin dependent nuclear uncertainties. Issues 

such as the EMC effectlg (i.e., that bound nucleons have different cross-sections 

than free nucleons) give only a small correction to the denominator of the mea- 

sured asymmetries. Ammonia, on the other hand, has a subtraction that needs to 

be made due to the polarized nitrogen. The nitrogen in ammonia is spin-l and 

polarized when the target is polarized. The shell model of nitrogen can be used 

to correct for this contribution. Here, a nitrogen (7 neutrons and 7 protons, and 

spin-l) can be approximated ss a carbon (6 neutrons and 6 protons and spin-o) 

plus a deuteron (1 neutron and 1 proton, and spin 1). 

15 I I I I 

0 
0 25 50 75 100 

1-94 Proton Polarization (%) 7507A24 

Fig. 50. Nitrogen polarization versus hydrogen polarization in polar- 
ized ammonia. 

The polarization of the nitrogen in a solid, polarized ammonia target has been 

measured to be = 13% compared to the polarized hydrogen&’ (see Fig. 50). The 

final effect on the measured proton spin asymmetry from ammonia turns out to be 

quite small: 
Acorr = (-9. (5) .(13%) = 1.5%. 

Here, Acorr is the additive correction factor that is applied to the measured ssym- 

metry. The first factor of (-l/3) comes from Clebsch-Gordon coefficients; the 

second factor of (l/3) comes from the ratio of the number of nitrogen to hydrogen 

atoms, and the 13% comes from the polarization of nitrogen in a fully polsrized 

ammonia target. 

The extraction of the neutron spin structure function is generally more tricky, 

since a free polarized neutron target is unfeasible. There are two nuclear species 

which presently allow for an extraction of the neutron spin structure function: the 

deuteron and 3He. 

The difficulty of measuring the neutron spin structure function as extracted 

from a polarized deuterated ammonia target (NDs) is more severe than the ammo- 

nia target (NHs), since the nitrogen is spin-l ss are the deuterons. To alleviate this 

problem, modern measurements of the deuteron spin structure function extracted 

from ammonia use an isotope “NDa, and even 15NH3, 8s in SLAC experiment 

El43 (Sec. 9.3). 

The deuteron is the simplest nucleus used for extracting neutron informa- 

tion, since it consists of a proton and a neutron in a relatively weak bound state 

(binding energy 1.1 MeV/nucleon). A polarized deuteron can be approximated as 

a polarized proton plus a polarized neutron. The magnetic moment of the deuteron 

(9.857 nuclear magnetons PN) is similar to the sum of the magnetic moments of 
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the proton (2.79 p,v) and the neutron (-1.91 p,v); the difference is only on the 

order of a couple of percent. 

The correction to this simple model of the deuteron comes from a small term 

due to the quadrupole moment of the deuteron. There is a D-state contribution 

in which the deuteron has the proton and neutron spins aligned antiparallel to the 

deuteron spin (J=l, L=2, and S=l). The D-state probability (L=2) is determined 

by theoretical calculations to be PO N S%.’ Thii D-state correction is small, 

but has a large uncertainty since it is not directly measurable.21~22 The complete 

correction which needs to be applied in order to extract the neutron integral from 

the deuteron is 1 
K= ’ 

1 + 1.5 PD ’ 

where K is the correction factor and the multiplicative factor of 1.5 comes from 

evaluating Clebsch-Gordon coefficients. 

A second method of extracting the neutron spin structure function comes from 

the use of a polarized 3He target. To a large extent (- 90%), the polarized 3He 

nucleus can be modeled as a polarized neutron plus two protons with spins aligned 

in directions opposite to one another (see Fig. 51). The antiparallel alignment of 

the proton spins follows from the Pauli exclusion principle. The extent to which 

the 3He nucleus is described in such a model depends on the S-state probability 

Neutron 

Proton Proton &E 

Fig. 51. Schematic of polarized 3He in the S-state. 

Table 1. Three nucleon wave function 

of the 3He wave function. Table 1 presents results of a calculation of the 3He 

wave function.23 A correction for the D-state of the 3He in which the proton spins 

are parallel (Fig. 52) must be incorporated in the extraction of the neutron spin 

structure function from measurements using polarized 3He. Figure 53 presents 

a calculation24 of the difference in the neutron spin structure function compared 

to 3He. The overall difference is small. A more recent detailed calculation including 

Fermi motion refines these results.25 
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Neutron 

Proton Proton 

Fig. 52. Schematic of polarized 3He in the D-state. 
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Fig. 53. Comparison of the 3He and neutron spin str.ucture function 
from theoretical calculations. 

One of the theoretical land mines in extracting the neutron from either 3He or 

the deuteron is the possible existence of large spin-dependent meson exchange cur- 

rents. Meson exchange currents are known to exist in deep inelastic scattering, and 

enter as corrections to the simple Born approximation description of the scattering 

process. Since these currents are hard to calculate, it is difficult to know the size of 

the correction. Hence, it is difficult to know what theoretical uncertainty needs to 

be placed in extracting the neutron, for example, from the various nuclear targets. 

Pion and rho production are channels that can contribute corrections to the 

scattering process (Fig. 54). Off hand, pion production is not believed to be a 

major difficulty, since this is a spin-0 particle and does not account for any spin- 

dependent effects. The existence of pion exchange currents will only influence the 

denominator of the measured asymmetry. To the extent that the asymmetry is 

small, pions play little role in the overall uncertainty. 

e 

Fig. 54. Meson exchange current production. 

Rho exchange currents are more problematic, since the rho is spin-l. Spin- 

dependent scattering with a rho may produce an asymmetry that diiers from the 

lowest-order deep inelastic scattering process. However,  the effects of scattering 

with rho mesons will only become a problem to the extent that rho production 

is large (low Q ’), the rho scattering asymmetry is large, and rho production is 

substantially modified by the existence of neighboring nucleons (the bound-state 

nucleon differs from the free nucleon). The Bjorken sum rule should not depend 

much on meson exchange currents, since their effect should largely cancel out in 

the difference between the proton and neutron integrals. 

‘i 
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Intuitively, 3He is regarded as a bit more dangerous in terms of extracting 

the neutron information. The binding energy (2.57 MeV/nucleon) in 3He is larger 

than the deuteron, and the magnetic moment of the 3He (-2.12 /AN) is a worse 

approximation (by 11%) to the free neutron (-1.91 PN) than a deuteron is to the 

sum of a proton plus neutron. The 11% difference is usually sscribed26 to the 

influence of meson exchange currents! 

To summarize, the general attitude towards measurements (of the neutron spin 

structure function, in particular) is to measure the quantity with 8s many different 

targets as possible, so ss to characterize the possible nuclear uncertainties. If the 

experimental results from different targets agree within experimental uncertainties, 

it will be (somewhat naively) assumed that the nuclear corrections are indeed small. 

If the results disagree, then a new storm of theoretical work is likely to erupt. 

7 Testing the Bjorken Sum Rule 

The greatest motivation for measuring nucleon spin structure functions is to test 

the Bjorken sum rule. 27 The success of this sum rule is generally considered a 

necessary condition for the validity of QCD, since the sum rule derivation uses 

tools that are essential to QCD. 

In order to test the Bjorken sum rule, it is necessary to specify both experi- 

mentally and theoretically at what Q2  the test is being performed. The sum rule is 

a relation valid at a particular Q2. Ideally, an experiment is performed at a fixed 

Q2, and the integral over the proton and neutron spin structure functions are com- 

pared. However,  it is essentially impossible to achieve a measurement over a wide 

range in z  at a uniform Q2; for example, low z implies low Q2. 

Generally, the method used to test the Bjorken sum rule proceeds ss follows: 

o Measurements are performed on Al versus z at the highest possible Q2  to 

ensure the results are from the deep inelastic scattering regime. 

o It is assumed that the Al results are independent of Q2. 

This behavior is nothing more substantive than the view that the cross sections 

scde similarly for uI1 and 011. In most quark models of the nucleon, such behavior 

is evident. Figure 55 documents a typical quark model evolution2s of Al with z  and 

Q2. Notice that the abscissa is a logarithmic scale in Q2  and that the variation of 
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Fig. 55. Quark Parton Model prediction of Al versus Q2  in different z  bins. 
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A1 is only evident ss z  gets large, typically greater than 0.4. Such small variations 

of Al with Q* are beyond the precision reachable by any planned spin structure 

function measurements. A recent preprint2g evaluates the polarized extension of 

the Altarelli Parisi equations, and also finds that the asymmetry variation with Q* 

is small. 

o A Q* independent A1 implies that the nucleon spin structure function gr at a 

particular Q* varies only ss a function of the unpolarized structure functions 

F2 and R (ignoring the small A2 term), 

gl(z Q2) = Al(z).Fz(z,Q*) 
22[1+ R(z, Q*)] ’ (10) 

The evolution of F2 and R with z  and Q* is well documented. 

To summarize, from the measurement of the asymmetries Al(z) and the 

known Q* evolution of the unpolarized structures, J  gl(s) dz can be extracted 

from Eq. (10) for any value of Q*. 

For the right-hand side of the Bjorken sum rule containing the weak coupling 

constant, QCD corrections need to be applied. The best understood corrections 

come from perturbative QCD that are calculated at this time up to third order in 

a,. The Q* dependence of the Bjorken sum rule is reflected in the variation with 

Q* of cr.. Writing the Bjorken sum rule with a correction factor ApQcD gives 

l1 s(z) dz - l’g;(z) dz = ; z [I - ApQcD] 

Calculations on the value of A ‘QCD depend on the number of quark flavors that 

participate in the interaction. The first order terrnseT31 in od is simple and hss a 

coefficient of 1, independent of the number of flavors. The results for the calcula- 

tions up to third order3* give 

APQCD = 2 + 3.58 
A [ 1 : * + 20.22 [“I3 x (11) 

for three quark flavors (IV, = 3), and 

APQCD = a, T + 3.25 [:] * + 13.85 
3 

(12) 

for four quark flavors (IVf = 4). The extraction of a, itself depends on Q* and the 

number of quark flavors, 

12x 
ad = 133 - 2Nf) In [Q*/A&,] ’ (13) 

Here, AQCD is the QCD coupling constant which has been determined in numerous 

fixed target and collider experiments: 

AQCD = 200 MeV 

Before comparing the measurements to the Bjorken sum rule prediction, a few 

comments on the gr results are worth noting: 

o The majority of the contribution to the proton spin structure function inte- 

gral comes from the region near z  of 0.3, which is naturally at a reasonably 

high Q* (see Figure 44). 

o The value of the high-z measurements of the asymmetries has little impact 

on the spin structure function integral, since the spin structure function falls 

to zero as F*(s) falls to zero at high z. 

o The asymmetries Al for the proton ss measured by EMC are low at small 

2. Therefore, evolving the proton spin structure function to different Q* has 

little impact on the central value. Basically, the variation of s  gr (z) dz with 

Q* is small. 

o The neutron spin structure function has the largest contribution to its own 

integral at much lower 2 near z  of 0.08. Therefore, it is much more sensitive 

to the low Q* behavior of the unpolarized structure function F2. However,  
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the overall value of the neutron integral is small, since A;1 is everywhere 

small. Even relatively large changes in F2 and R with Q* have little impact 

on the Bjorken sum rule, since the absolute value of the neutron integral is 

always small. 

Evolving the experimental results from the EMC proton, SMC deuteron, and 

El42 neutron measurement to various average Q* tests the Bjorken sum rule. 

Figure 56 presents the Bjorken sum rule prediction and its variation with Q* using 

Oth, lst, and up to 3rd order PQCD corrections, compared to the integral results 

of EMC, SMC and El42 evolved to different Q*. Each pair of integral measure- 

ments provides a separate test. The difference between the measurements and the 

O.,( 
t up to 3rd order QCD 

no corrections I 1 

EMClSMC 

WC/E142 

0 I I I I I 1 I I 
2 4 6 8 10 

1-M a* 7587112 

Fig. 56. Bjorken sum rule prediction versus Q* for Oth, 1st and up 
to 3rd order perturbative QCD corrections compared to results from 
experiments at CERN and SLAC. 
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Fig. 57. Results on the integrals s  & versus 
compared to the Bjorken (a line) and the El 
Bands correspond to f2o. 

prediction is minimal. There is no error assigned to the theoretical uncertainty 

coming from the lack of precision in the extraction of AQCD in Fig. 56. No evi- 

dence for a violation of the Bjorken sum rule exists from this data, assuming that 

the coefficients of the PQCD corrections are indeed calculated correctly. 

A nice method of presenting the world data is to plot the proton integral 

versus the neutron integral as bands of possible values (see Fig. 57). In such a 
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plot, the proton and neutron integrals represent horizontal and vertical bands, 

respectively, and the deuteron integral represents a band at 45’. The Bjorken sum 

rule which gives a relation between the proton and neutron integrals represents an 

independent band on this plot. The Ellis-JaiTe sum rule represents a point on thii 

plot, with a particular value for the proton and the neutron integral. All integral 

bands represent a range corresponding to f2 u. 

One final subject that keeps rearing its ugly head in the issue of testing the 

Bjorken sum rule is the role of nonperturbative QCD corrections. These correc- 

tions, which vary as a constant divided by Q* or 94, are difiicult to calculate, 

A KI K2 = -+-+ . . . . 
Q* Q4  

Typically, the coefficients such as X1 are extracted experimentally from the data 

by subtracting out the normal PQCD corrections and fitting remnant variations to 

the higher twist coefficients. This type of analysis is dangerous in that any difficulty 

with the results will tend to get swept under the higher twist rug. Extractions of 

the higher twist terms from such a method have been employed for the unpolarized 

structure functions. Figure 58 shows, for example, the results of the coefficients for 

a higher twist analysis involving the unpolarized structure functioqss 4-e. The 

precision needed to perform such an analysis for spin structure functions requires 

the next round of experiments. 

Recent calculations using various QCD inspired models of nucleon structure 

have been done to try to estimate the higher twist contribution to the Bjorken 

sum rule.” These calculations were applied in a recent analysis35 of the El42 and 

SMC experimental results. The results indicated a large contribution of higher 

twist terms at low Q*. The calculations were later found36 to be based on flawed 

assumptions carried over from the original formahsm,37 thus implying incorrect 
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Fig. 58. Higher twist corrections to Fl-fl versus x for unpolarized scattering. 

conclusions in the updated analysis. 35 A different approach, using limits from mea- 

sured unpolarized higher twist contributions, finds that the effects are small, but in 

a direction that would only worsen the disagreement.38 Although higher twist ef- 

fects are generally believed to be small at reasonably high Q*, their true value is un- 

known. The calculations of higher twist effects are difficult and model-dependent, 

and at present poorly known. 

To summarize, the higher twist effects present us with a number of difficulties. 

Since they are hard to calculate, the error on any calculation is large. They, there- 

fore, present a significant theoretical uncertainty to interpreting measurements of 

the spin structure functions at finite Q  *. There is also no prescription on how to 

it 
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evolve the proton and neutron structure functions separately as functions of Q* due 

to the higher twist terms. Experiments performed at high Q* will hopefully be safe 

from higher twist corrections since, by definition, they decrease as Q* increases. 

8 Low-Energy Spin Physics 

A few low-energy spin-physics issues address the same questions provided by the 

high-energy spin physics experiments. Three relevant topics are polarized photon- 

nucleon scattering, neutrino-proton elastic scattering, and precision hyperfine mea- 

surements in atomic physics. 

A sum rule which has been arguably relevant to interpreting how the nucleon 

spin structure functions may evolve with Q2 is the Drell-Hearn-Gerasimov (DHG) 

sum rule.3gp40 This sum rule states that at Q* = 0, there is a relationship between 

the spin-dependent scattering cross sections of circularly polarized photons by lon- 

gitudinally polarized nucleons to the anamolous magnetic moment of the nucleon 

p. The sum rule states that for the proton or neutron separately, 

J m O3/2 - a,/2 dv = 2a2ap - I 
0 u M 

where M is the nucleon mass, o is the fine structure constant, v is the energy of the 

virtual photon, and a,/2 (~3,2) is the scattering cross section for the photon and 

nucleon spins antiparallel (parallel). For the photon at a value of Q*, the integral 

may be rewritten in terms of the structure function,41 gr(z, Q2), 

I(&*) = $ Jgwdr 
A smooth transition is expected from Q* of 0 where the DHG sum rule is valid, to 

high Q* where the Bjorken sum rule is valid. Figure 59 presents a pictorial of how 

the sum rule and proton integral may evolve with Q*. It is interesting to note that 

O 2.,,I*V)2] 

-0.79 

F 

Proton 
DHG Value 

Fig. 59. A prediction for the evolution of Z versus Q* over the range 
from deep inelastic scattering to Q* = 0. 

the DHG value of the proton integral is negative at Q* = 0, implying that there 

is a crossover point where the low Q2 corrections will make the integrai change 

sign. This has been used as an argument that the positive proton integral will get 

smaller than expected in the high-energy limit, possibly explaining the low EMC 

proton result. 

Recent criticism42 of this type of analysis has been directed at the formalism 

that connects the spin structure function integral to the Q* = 0 integral. If this 

criticism holds, the argument presented by the DHG sum rule will not explain the 

proton spin crisis as originally postulated. Experiments are being planned to test 

this sum rule directly.43 
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The search for a large measurable polarized strange sea (implied by the EMC 

result) from low-energy elastic neutrino proton scatter%@ is an ongoing effort. 

Due to the helicity-conserving nature of neutrino scattering, neutrino interactions 

are sensitive to the axial vector currents Aqi from elastic neutrino proton scattering. 

At Q2  = 0, the Z” boson exchange couples to the quarks via 

which is proportional to Au - Ad - As in the proton. This gives a completely new 

equation (Sec. 2) for the determination of the various quark spin contributions to 

the nucleon spin, and allows, for example, an independent solution for the strange 

sea polarization. 

A significant technical challenge exists for relating the neutrino results to the 

theory. To obtain the Q2 = 0 value from the present measured Q* # 0 data 

requires an extrapolation using a form factor, F = 1/[1+ Q*/M’$. The world 

average4’ is MA = 1.032 f 0.036 GeV. Such a value gives the result for a polarized 

strange sea of As = -0.15 f 0.09. Although this appears to support the EMC 

result, it should be noted that a fit to As = 0 gives a mass of MA = 1.06 which 

is within one standard deviation of the world average. A program of more precise 

elastic neutrino scattering messurements46 at low energies avoids the extrapolation 

difficulty, and aims to determine As to a precision near f 0.05. 

An amusing connection between the high-energy world of deep inelastic scat- 

tering and the low-energy world of precision measurements in atomic physics is also 

addressed by the spin questions. An old problem in atomic physics is the issue of 

the hyperfine splitting in hydrogen, which depends on the spin-dependent polar- 

izability of the proton. Basically, the experimental measurement of the hyperfine 

splitting in hydrogen has been measured to an accuracy where the spin structure 

function contribution from gr is noticeable:47 

Experiment Av = 1420405751.7667(dzlO) Hz . 

From theoretical calculations, 

where 6, is a term which depends on gr(z) and is on the order of a few ppm. 

9 Future Programs 

Three programs now exist to study nucleon spin structure functions with preci- 

sion: one at DESY, one at CEHN, and one at SLAC. The three have very differ- 

ent experimental approaches for determining the nucleon spin structure functions 

ranging from high energies at moderate statistical precision to high precision at 

low energies. 

9.1 HERMES at DESY 

A new program called HERMES4* using ultrapure polarized targets is now 

developing at DESY. The HERMES collaboration at DESY will build pure polar- 

ized gas targets in the HEHA storage ring, and study the scattering of N  30 GeV 

polarized electrons off polarized gas targets. The scattered electrons will be de- 

tected in a large acceptance forward spectrometer. This program has a number of 

advantages over the SLAC and CERN experiments: 

o The targets consist of pure gsses of hydrogen, deuterium, and 3He. As a 

result there is no background from windows, and the dilution factor will be 

close to one (barring beam halo scattering from side walls). The thin targets 
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will still provide reasonable statistics, since the beam current is enormous 

(60 mA). 

o The HERMES spectrometer should be able to tag outgoing hadronic par- 

ticles, such as pions and loaons, for more detailed polarization dependent 

nuclear studies. Such investigations are known to extract additional spin- 

dependent structure functions4Q that can be used to extract new detailed 

information on nucleon spin structure. Among the goals is to determine the 

contribution of valence, sea and strange sea quarks. The statistical accuracy 

of the HERMES experiment should be similar or superior to that of SLAC, 

assuming that HERMES can run parasitically with the collider projects at 

HERA. 

Progress in the development of the polarized gas targets for HERMES has been 

impreasive.“~51 Table 2 presents the proposed specifications for densities and Row 

rates for the polarized targets and compares them to those achieved in storage ring 

tests. These tests have been accomplished in the presence of ionizing radiation (the 

primary source of target depolarization from electron beams) at a level comparable 

to that planned for the runs at DESY. Figure 60 presents a schematic layout of a 

Condition 

Table 2. HERMES Target Progress 

Proton 3He 

Flow rate 8 x lo6 Hz 1.2 x 10” Hz 

Density 1.1 x 1014/cm2 3 x 10’4/cm* 

Polarization 

Density 

Polarization 

I- 45% 50% 

Proposal Projection 

1 x 1014/cm2 3 x 1014/cm2 

80% 50% 

Fig. 60. Schematic of polarized gas targets at HERMES. 

polarized target installed in the HERA beamline. The polarization process occurs 

in an upper chamber. The polarized atoms are then directed into the beamline 

where the inter&ions take place. Measurements of the target polarization are 

performed in a separate bottom chamber connected to the beamline. Waste gas 

is pumped away by diffusion pumps. No windows are present in the scattering 

process. 

Figure 61 presents a layout of the spectrometer under construction by the 

HERMES collaboration. The spectrometer has a large acceptance, and multi- 

ple particle identification and energy measurement devices. To summarize, track- 

ing chambers and hodoscopes are used for triggering, tracking, and timing; lead- 

glass and transition radiation detectors (TRD) are used for particle identifica- 

tion and energy determination. A strong magnet bends particles for momentum 
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Fig. 61. HERMES spectrometer. 

determination. A projection of the statistical precision of the HERMES experiment 

is given in Fig. 62 assuming a specified number of data collection hours. 

The important issues that HERMES faces are: 

(1) is the parasitic running with the collider project possible, 

(2) is the beam energy limit of 30 GeV adequate for running at high Q* and low 

z, and 

(3) will the results from HERMES be on a sufficiently fast time scale to be 

competitive. 
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Fig. 62. Projected statistical uncertainty on gi’ versus z for a specified number 
of data collection hours at HERMES. 

To summarize, the HERMES program should give definitive systematically 

clean measurements of the proton and neutron spin structure functions at reason- 

ably high Q*, and provide a first look at more exotic spin structure functions.4g 

9.2 SMC at CERN 

The program launched by the EMC proton experiment and now developed 

by the SMC collaboration ‘* plans to continue running for the next couple of 

years. During 1993, SMC collected data using a polarized butanol target in 
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order to extract the proton spin structure function. This experiment has re- 

cently reportedss a preliminary result for the proton integral: Jb’&(z)dz = 

0.152f 0.015 (stat) f 0.018 (syst). This value, higher than the EMC result, some- 

what alleviates the nucleon spin ‘crisis.’ Ileaveitasanexercisetothereaderto 

calculate Au, Ad, and As from the new SMC proton measurement [using Eqs. (2), 

(3) and (4)]. Since the result is fresh and comes after 1993, this lecture will not 

further discuss the implications. 

During 1994, SMC will run for more statistical precision on the proton. 

The collaboration hopes ukirnately to test the Bjorken sum rule to a level of 

N 10%. Figure 63 presents the proposal statistical error on the neutron asymmetry 

I I I 

0’ 
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0.75 - I 
/ 

0.50 - 

$ 

0.25 - 

0 0.2 0.4 0.6 0.6 
244 X 7687AW 

Fig. 63. Proposed statistical uncertainty on A? versus z for the SMC 
experiment in the future. 

measurement A;1 by SMC. These are substantially larger error bars than have been 

achieved in the neutron measurement of experiment E142. However, the SMC 

measurement will be at higher average Q* and will make measurements of the 

asymmetry to lower values of z (below z of 0.01). Even with the larger statisti- 

cal error bars on the point-topoint basis, the overall statistical uncertainty on the 

neutron integral should be comparable to the systematic uncertainty. 

9.3 Experiments b-143, E154, and El55 at SLAC 

The third program that will measure the nucleon spin structure functions is at 

SLAC. Experiment E142, which extracted the neutron spin structure function 

with a polarized 3He target, is complete. Experiment El43 is currently run- 

ning (November 1993 to January 1994). This experiment% will messure the pro- 

ton and deuteron spin structure functions using the polarized electron beam at 

10 to 30 GeV and a polarized ammonia target. Statistical uncertainties on the 

proton (neutron) integral should be smaller than (similar to) those obtained in 

El42 and the range in z should extend down to near 0.02 (see Fig. 64). Am- 

monia targets, as compared to butanol targets, are more robust in terms of their 

resistance to radiation damage from the electron beam.55 In addition, the am- 

monia targets have a larger dilution factor than the butanol targets. The one 

disadvantage of the ammonia target in the electron beam, 8s compared to the 

gas targets of HERMES and El42 and the muon experiments of CERN, is that 

the external radiative corrections in the El43 experiment will be the largest. 

Recently, SLAC has approved two more experiments to run with a 50 GeV 

beam in End Station A, which sre follow-up experiments to El42 and E143. 
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Fig. 64. Statistical error bars on the El43 proton spin structure func- 
tion 8 versus x, compared to the EMC proton measurement. 

Experiments El54 and El55 (3He targetss and ammonia target,57 respectively), 

will measure the nucleon spin structure functions at a high precision over a reai 

sonably large Q*. With a 50 GeV polarized electron beam, measurement of the 

nucleon structure function to lower x  near 0.01 will also be possible, still maintain- 

ing Q* > 1 GeV*. The technical challenges facing the El54 and El55 experiments 

come in the implementation of new spectrometer and detector packages in order to 

handle the high backgrounds from much higher instantaneous currents. At 50 GeV, 

the pulse length will be only 100 ns, as opposed to 1 w used in El42 and 2 p 

being used in E143. New, faster, and more finely segmented detector packages 

must be built. An example of the x-dependence of the asymmetries to be mea- 

sured in El54 ( (Q’) = 5 GeV*) is shown in Fig. 65 compared to that achieved in 

, 
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Fig. 65. Proposed statistical uncertainties on Ai’ versus x for the 50 GeV 
3He experiment (E-154). 

El42 ((Q*) z  2 GeV*). Exp eriment El55 will measure the proton and deuteron 

spin structure function to a precision similar to E143. In terms of testing the sum 

rules, after the completion of El54 and E155, the precision on the sum rule tests 

should be impressive. Figure 66 presents a possible projection of the tests of the 

sum rules similar to that presented in Fig. 57. It is assumed in Fig. 66 that the 

El54 and El55 experiments messure the same central values ss the EMC, SMC, 

and El42 experiments for the proton, deuteron, and 3He, but with the proposed 

precision of El54 and E155. Clearly, the precision is superior to the first round 

of experiments. Once again, the bands correspond to f 2 standard deviations. 
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Fig. 66. Proposed error bands for the proton and neutron integrals for 
the future SLAC 50 GeV experiments (for both El54 and 6155). 

10 Conclusions 

Table 3 summarizes the proposed and published statistical (systematic) uncertain- 

ties from the world experiments on nucleon spin structure function integrals. By 

the time these programs are complete, there will be a vast resource of data on 

nucleon spin structure functions. Each program has quite different experimental 

I Table 3. Proposed and published errors on nucleon spin integrals. ~~ I 

Experiment Proton Deuteron 

EMC (1988) 0.010 (0.015) - 

3He 

SMC (1993) - 0.020 (0.015) 

SMC proposal 0.006 (0.010) 0.009 (0.007) 

E-142 (1993) 0.007 (0.009) 

E-143 proposal 0.003 (0.010) 0.005 (0.011) 

El54 proposal - 0.003 (0.004) 

El55 proposal 0.002 (0.008) 0.003 (0.008) 

HERMES proposal 0.003 (0.007) 0.004 (0.007) 0.005 (0.004) 

approaches regarding the beams, targets, and spectrometers thus ensuring system- 

atically independent tests of the spin structure function measurements. 

Since the field of nucleon spin structure function measurements began, there 

has been a result appearing approximately every five years. With advances in 

polarized target technology and high polarization in virtually all of the lepton 

beams, results are now coming out each year; this is a true signature of the growth 

in the field. Hopefully, the experiments will provide a consistent picture of nucleon 

spin structure at their completion. 

In summary, there are still many open questions regarding the internal spin 

structure of the nucleon. Tests of QCD via the investigation of the Bjorken sum 

rule is a prime motivator for the field, and will continue with the next round of 

precision experiments. The question of the origin of spin is still a fundamental 

problem. Our  hope is that high-energy probes using spin will shed light on this 

intriguing mystery, in addition to characterizing the spin structure of the nucleon, 
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ABSTRACT 

Various approaches are discussed for producing polarized nu- 
clear targets for high energy physics experiments. As a unifying 
theme, examples are drawn from experiments to measure spin 
dependent structure functions of nucleons in deep inelastic scat- 
tering. This single physics goal has, over roughly two decades, 
been a driving force in advances in target technology. Actual 
or planned approaches have included solid targets polarized by 
dynamic nuclear polarization (DNP), several types of internal 
targets for use in storage rings, and gaseous 3He targets po- 
larized by spin-exchange optical pumping. This last approach 
is the type of target adopted for SLAC E-142, an experiment 
to measure the spin structure fun&ion of the neutron, and is 
described in detail. 
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1 Introduction I 

Polarized targets have played an important role in high energy physics since the 
early 1960s. Thrbghout this period, the technology’of choice has been solid 
targets that employ dynamic nuclear polarization (DNP). Continuing advances 
in target materials and technology have made it possible to use DNP to pursue 
increasingly challenging experiments. In recent years, however, a number of new 
techniques have evolved that are also having an impact. 

One important innovation is the development of practical methods for po- 
larizing large quantities of 3He. Without 3He, experiments requiring a polarized 
neutron have employed comparisons of deuterons and protons. Since the deuteron 
is mostly in a spin-l S-state, both the neutron and the proton are aligned along 
the spin of the nucleus. Only by studying both the proton and the deuteron can 
the spin effects due to the neutron be separated out. From the perspective of 
spin, however, a polarized 3He nucleus is by itself a pretty good neutron [l]. Both 
protons are in the Is-state, and by the Pauli exclusion principle, must be anti- 
aligned. The neutron is also in the Is-state and is largely responsible for the spin 
of the nucleus. Calculations indicate that the neutron polarization is about 87%, 
and the proton polarization is about -2.7% [2, 31. 

Another ‘important innovation is the introduction of polarized internal targets, 
gas targets that are injected into a storage ring. Internal targets have many 
important advantages, such as being chemically and isotopically pure, resulting 
in no dilution factor. As will be discussed, polarized internal targets are already 
having an important impact on nuclear physics. At high energies, the recent 
demonstration of electron polarization in the HERA ring at DESY has focused 
considerable interest on the upcoming plans of the HERMES collaboration to use 
internal targets comprising hydrogen, deuterium, and 3He. 

One area of high energy physics in which polarized targets have played an 
important role is the study of spin-dependent structure functions in deep inelas- 
tic scattering. These studies provide fundamental tests of QCD and elucidate 
the internal spin structure of the nucleon. The field began with polarized elec- 
tron/polarized proton (I?- p3 experiments at SLAC in the, 1970s [4, 51. More 
recently, experiments at CERN have stirred enormous interest, leading to many 
new efforts. The first results from CERN were from 6 - p’ scattering [6], and 
now include c - d’ scattering (71. N ew CERN results on the proton are to be 

published shortly [8]. At SLAC, a new experiment on Z- 3z scattering was just 
published [9], and an experiment involving both e’- p’ and e’- Jscattering was 
just completed. The aforementioned HERMES experiment should also be taking 
data relatively soon. This dynamic field is discussed at some length by Emlyn 
Hughes in these proceedings. 

In this paper, I will try to touch on some of the more important techniques 
for producing polarized targets for high energy physics experiments. I will discuss 
some history of the field, and in giving specific examples, I will focus my discussion 
on targets whose purpose is the study of spin structure functions in deep inelastic 
scattering. It is remarkable that in examining the various approaches being taken 
in spin structure function measurements, one gets a very reasonable overview 
of the various target technologies that are in use. In making this choice, I am 
excluding much of the pioneering work done at Argonne, Berkeley, Brookhaven, 
CEA, CERN, Saclay, and SLAC. There are, however, many excellent references 
that cover various aspects of this work [lo]. 

In Section 2, I will first discuss the principles of DNP solid targets and then 
describe a few examples. Section 3 will be devoted to some recent work involving 
internal targets. Atomic beam sources of H and D, laser-driven sources of H and 
D, and laser-driven sources of 3He will all be covered. Finally, in Section 4, the 
technique of polarizing 3He by spin-exchange optical pumping will be discussed. 
In this context, considerable detail will be given on the target used in SLAC E-142, 
an experiment to determine the neutron spin structure functions 191. 

2 Solid Targets 

Polarization by “brute force,” that is , 9 taking advantage of the relative popu- 
lation of spins due to a Boltzmann distribution, is generally impractical for high 
energy physics experiments. Even with’a magnetic field of 5 Tesla, and a tem- 
perature of 1 Ii, a polarization of only about 0.5% is achieved’in protons. For 
high polarizations, temperatures of 10s qf mI< are required, which is not possible 
whenever beam heating is an issue. The first hint of a solution to this prob- 
lem came in the early 1950s when Overhauser proposed that by saturating the 
electron spin resonance (ESR) transitions of conduction electrons in metals, one 
could take advantage of the much higher Boltzmamr polarization of electrons, and 
obtain appreciable polarization of the miclei in the metal [ll]. It is fitting to men- 
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tion that the Overhauser effect was first verified experimentally by T. R. Carver 
and C. P. Slichter 1121. Carver was also the first, with Bouchiat and Varnum, to 
demonstrate that 3He CT be polarized by spin exchange with an optically pumped 
alkali-metal atom. Overhauser’s ideas were extended to insulators in which fixed 
paramagnetic impurities have dipolar couplings to surrounding nuclei, particularly 
by A. Abragam and C.D. Jeffries in the late 1950s [13, 141. The first practical 
target experiments followed shortly thereafter, in 1962 at Saclay, utilizing a low 
energy proton beam, and at Berkeley in 1963, utilizing a pion beam. Some of this 
history is discussed more elsewhere [15]. 

2.1 Basic Principles of Dynamic Nuclear Polarization 

The principles of dynamic nuclear polarization have been described in a number 
of places, including a concise and readable book by C. D. Jeffries 1161. Concep- 
tually, the idea is quit~e simple. One starts with a target material that is rich 
in protons and dopes it with paramagnetic impurities. High polarization in the 
electrons of the dopant follows quickly in appropriate conditions. The 5 T field 
and 1 I< referred to earlier, for instance, result in a Boltzmann polarization of 
99.8%. Rf is then used to force the “spin temperature” of the nuclei toward that 
of the paramagnetic impurities. The polarization that results depends on two 
competing forces. On the one hand, the rf causes the nuclei to relax toward the 
spin temperature of the paramagnetic impurities. On the other hand, there will 
always be competing relaxation mechanisms that cause the nuclei to relax toward 
the Boltzmann distribution corresponding to the true temperature of the lattice. 
If the rf power is high, however, it is generally possible to make the electron- 
nuclear relaxation rate sufficiently fast that high polarizations are achieved. The 
only caveat is that too much rf puts a thermal load on the system and can make 
it difficult to maintain low temperatures. 

While a more rigorous treatment of DNP needs to include a careful discus- 
sion of effects related to spin temperature [15], additional understanding can be 
obtained from a simple model, illustrated in Fig. 1, from Jeffries’ book [16]. We 
consider a simple model consisting of a single electron and a single nucleus. The 
basic arguments still apply to the real situation involving many nuclei in the 
presence of dilute paramagnetic impurities. We assume that m. and ml, which 
describe the spin states of the nuclei and the electrons, are good quantum num- 
bers. This will be the case if the magnetic field H is large. Each state is described 

A 

Sat. W3 Sat. Wz 
(b) (c) 

a-* 1 

1 C-A 

1 t* 

sat. Wl  

W  

1 

1 

1 

Polaruation: tanh ($) tanh (5) tanh (4) 0 

Figure 1: Magnetic energy levels and relaxation rates for nuclear spins (I = i) in 
dipole-dipole coupling with electron spins (S = f), The relative populations are 
shown in column (a) for thermal equilibrium; in columns (b) and (c) for dynamic 
equilibrium achieved by saturation of forbidden transitions; and in column (d) 
for saturation of allowed transitions. Here A = g,pBHJkT and d = g,,pBH/kT, 
where a. x 2 and a, x 0.003. Also shown are the magnitudes of the resulting 
polarizations. FromRef. 1161. 7 

by the ket Jm,, ml). The upper pair of states in Fig. 1 corresponds to the electron 
being in a spin-up state, and the lower pair of states corresponds to the electron 
being in a spin-down state. The smaller splitting (which, if drawn to scale, would 
be much smaller) is due to the nucleus being in a spin-up or spin-down state. 
We assume that the spin-lattice relaxation rate for the electrons is fast and that 
the electrons and nuclei are weakly coupled by dipole interactions. The idea is to 
drive either of the two forbidden transitions, w03 or wz, to saturation. Assume for 
definiteness that we drive ~3. This causes the states ] - $,-i) and ] + 4, +h) to 
have equal populations, which for simplicity we will take to be unity. Note that 
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it is only relative populations that are important. The electron spin-lattice relax-’ 
ation causes a Boltzmann distribution to be reached between the states ] + i, -f) 
and 1 - 4, -f), an4 also between ) + 4, +.$) and ] - i, +f). The net result is that 
the relative populations of the nuclear spin states approach the Boltzmann dis- 
tribution of the paramagnetic impurities. Furthermore, if we drive the transition 
UJ~ instead of ~3, a nuclear polarization of the opposite sign results. The relative 
populations that one expects when driving each of the transitions ~1, wz, and wg 
are indicated in Fig. 1. The frequency of transition wi is vi = psg,H/h, that 
is, the Larmor frequency for a jree electron. The frequencies for transitions wz 
and 71.~3 differ from vi by the much smaller Larmor frequency of the nucleon. An 
idealized electron-spin resonance spectrum is shown in Fig. 2, together with the 
nuclear polarization that results. In reality, the spin-lattice relaxation of the nu- 
clei reduces the polarization that can be achieved, but even so, impressive results 
are obtained. 

2.2 Target Materials 

The capabilities of solid targets have benefited greatly from the development of 
better target materials. The earliest targets utilized crystals of lanthanum mag- 
nesium nitrate (LMN), a material that was investigated by a number of authors 
[17, 18, 191. With the chemical formula LazMgs(NOs)iz, 24Hz0, LMN can be 
doped with divalent ions, such as Fe2+ and Co2+, and trivalent ions such as 
Ce3+ and Nd3+. While LMN played an important role in early experiments, 
it has the limitation that the ratio of free protons to the total number of nu- 
cleans is only about 3%. Furthermore, it has the severe limitation that it can 

only withstand bombardment by a relatively small number of particles, around 
2 x lOi particles/cm2, before suffering radiation damage that is sufficient to reduce 
the target polarization to about e -l of its initial value 1201. 

An important step came with the demonstration that various organic mate- 
rials such as butanol, propanediol, and ethanol make good target materials. For 
instance, Mango, Runolfsson, and Borghini showed that samples made of 95% 
1-butanol and 5% water, saturated with the free radical porphyrexide yielded 
good results [20]. For butanol, the ratio of free protons to total nucleons is about 
13%. Butanol can also withstand far higher doses of radiation than LMN, about 
5 x 1014particles/cm2 before a loss of a factor of e-l in polarization. 

’ v ’ :H 

a 2 

Figure 2: Illustrated is an idealized electron spin resonance (ESR) spectrum and 
the resulting nuclear polarization in the low polarization limit. The central fre- 
quency corresponds to the free electron Larmor frequency, i.e., 140 GHz in a 5 T 
field. In a real system, the ESR lines are generally not nearly so well-defined. 
From Ref. [16]. 

Another important innovation, that came in large part in response to the 
need for more radiation-resistant materials, was the development of ammonia as 
a polarized target material. While earl@ efforts with chemical doping were less 
successful, Niinikoski and Rieubland obtained high polarizations x 90% in solid 
NHs, in which paramagnetic radicals had been created by proton irradiation [21]. 
Considerable activity using irradiated N -3 followed [22-271. Irradiated ammonia It 
targets have much better resistance to radiation than the chemically doped target 
materials, withstanding something like 4 - 8 x 1015 particles/cm2 before losing 
e-l of their polarization. They also have a somewhat higher ratio of free protons 
to the total number of nucleons, about 18%. They suffer the drawback, however, 
that the spin-l 14N nucleus can also be polarized (up to about 20%). 
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2.3 Examples of a Few Targets 

Next I will discuss a number of examples of DNP proton and deuteron targets. In 
addition to drawing attqtion to important experimental woik, this will give an 
opportunity to describe some of the important features that all DNP solid targets 
share. With one notable exception, I will limit my discussion to targets that have 
been used for spin structure function measurements of the proton and deuteron. 

2.3.1 The SLAC-Yale Polarized Proton Target 

The SLAC-Yale target was developed in the mid to late 1970s for the first studies 
of the spin structure function of the proton in deep inelastic e’- p’ scattering 
(28,291. Since the expected experimental asymmetries were reasonably small, the 
target needed to be fairly large and have the highest polarization possible. It also 
needed to be able to take, what for a polarized target experiment, was a fairly 
intense beam. Development efforts benefited from earlier polarized proton target 
experience at SLAC (301. 

The target, which is depicted in Fig. 3, utilized l-butanol with 5% water, sat- 
urated with porphyrexide. Irradiated ammonia, which is better suited for intense 
beams, was not yet established as an option. The butanol was frozen into beads 
and contained in a plastic cup of dimensions 2.5 x 2.5 x 4.8 cm3. In order to 
cope with the rapid degradation of polarization due to radiation damage, several 
provisions were made. The target incorporated an extraction mechanism that al- 
lowed the target to be withdrawn to a region where it could be quickly annealed 
at a temperature of about 130°C. This would largely restored the target to a state 
where good polarization could again be achieved. After seven or eight anneal- 
ings, the same extraction mechanism allowed the target material to be replaced. 
Starting with zero polarization, the time required to reach l/c of maximum po- 
larization was about four minutes. The electron beam was rastered over the face 
of the target, so that no one area received an undue amount of damage. Despite 
annealing every two to three hours, and periodically replacing the target material, 
Ash et al. report a duty cycle for the target of 70% (28, 291. 

A magnetic field of 5 T was provided by a niobium-titanium superconducting 
solenoid. The required microwave frequency for DNP was thus about 140 GHz. 
A 4He evaporation refrigerator provided about 700 mW of cooling at 1.03 I<. 

140 GHz MICROWAVE GUIDE 

CRYOSTAT 
HEAT EXCHANGER 

HELIUM VALVE 

/ PLASTIb CUP WITH 
25 cc OF BUTANOL BEADS -1 

Figure 3: Schematic of the SLAC-Yale polarized proton target. From Ref. (291. 

The proton polarization, monitored using NMR, was initially 50-65% and had 
an average value of about 40%. 

2.3.2 The EMC Polarized Target 
I 

The EMC target was built to study the proton spin structure functions using the 
CERN SPS muon beam [6]. The highest muon’fluxes with which the target was 
used, around 2.5 x lo6 p-‘s/set, are very small compared to fluxes at electron 
machines such as SLAC. Thus, the challenge &as to build a target of unprece- 
dented size. The target, which is shown in Fig. 4, was in two halves, each 38.0 cm 
in length, separated by a gap of 20.0 cm. Fortunately, the target length could 
be much longer than is possible with electron targets since muons radiate rather 
little when passing through matter. With a cross-sectional area of roughly 5 cm 
by 6 cm, as indicated in Fig. 4, the total volume of the target was 2.1 liters. A 
key feature of the target was a massive 3He/4He dilution refrigerator which pro- 
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E.M.C. POLARISED TARGET 

Figure 4: Shown is the target used in the EMC measurement of the spin structure 
function of the proton. From Ref. [32]. 

vided about 2 W of cooling power at the 0.5 K operating temperature [31]. In 
their description of the target, Brown et al., report that to their knowledge, their 
dilution refrigerator had the highest power of any in existence [32]. 

The two halves of the target were run in opposite longitudinal polarization 
states. This was an important feature since the muon helicity could not be flipped, 
and flipping the target helicity required on the order of approximately eight hours 
which was only done about once a week [6]. The 20 cm separation of the target 
halves made it possible to determine cleanly from which half of the target events 
originated. A field of 2.5 T, with a uniformity of f8 parts in lo5 over a volume 
100 cm long and 6 cm in diameters, was provided by a superconducting magnet. 
EMC reported peak proton polarizations of 80%, with typical polarizations in the 

range of 755800/o (61. Average polarization growth curves for both sections of the 
target are shown in Fig. 5. The ki’nks in the curves are due to the adjustment 
of operating parameters, such as microwave frequency and power, during the 
polarization process. 

2.3.3 The University of Michigan Polarized Proton Target 

A considerable amount of effort has gone on at the University of Michigan to 
refine ammonia target technology, motivated in large part by the desire to study 
spin effects in high-P: proton-proton scattering [33]. This work has contributed 
significantly to the development of DNP solid targets which are better suited for 
maintaining high polarizations in intense beams. 

In 1990, Crabb et al., reported the observation of 96% polarization in a new 
version of their ammonia target (271. Previously, they had operated with a 2.5 T 
magnetic field and a 3He evaporation refrigerator operating at 0.5 K. Their refrig- 
erator, however, was limited to a cooling power of about 140 mW, which made it 
difficult to maintain low temperatures with a high-intensity proton beam. Their 
new target, shown in Fig. 6, operates with a 5 T magnetic field and a 4He evapo- 
ration refrigerator operating at 1 K. The,superior thermal properties of 4He made 
it possible to obtain 0.9 W of cooling power, a big advantage in dealing with beam 
heating. 

Aside from the question of cooling power, Crabb et al., found that operating at 
5 T and 1 K yielded significantly higher polarizations than operating at 2.5 T and 
0.5 K. Polarization growth curves are shown in Fig. 7. While the reason for this 
improvement is not entirely clear, possible explanations included slightly longer 
proton spin relaxation times, as illustrated in Fig. 8, and better separation of the 
positive and negative polarization enhancement peaks. In fact, the mystery of the 
higher polarization is still largely outstanding [34]. Figure 8 also illustrates nicely 
how critical temperature is. Slight warming of the target quickly decreases the 
spin-lattice relaxation time of the protops, thus making them harder to polarize. 
This is why it is advantageous to back off on the microwave power as polarization 
increases. The effect of lowering the power can be seen in Fig. 7 as several kinks 
in the polarization growth curves. 
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Figure 6: The University of Michigan polarized-proton-target apparatus. The 
superconducting magnet produces a highly uniform 5 T field. The 4He cryostat 
produces about 0.9 W of cooling power at 1 I<. The target material is contained in 
the small cavity at the bottom of the cryostat. The 140 GHz microwaves are fed 
into the target cavity via the horn. The proton beam passes through the target 
cavity. From Ref. [27]. 

2.3.4 The SLAC E-143 Target 1 

An excellent example of a DNP ammonia target is that used for the !&AC E-143, 
an experiment to study the spin structure fdnctions of both the proton and the 
neutron, utilizing as target materials 15NH3 and “ND3. The target was developed 
at thp University of Virginia by a team that included Don Crabb, who was also 
a central person in the University of Michigan work, as well as Donal Day, Jim 
McCart,hy, and others. As in the University of Michigan target, a 4He evaporation 
refrigerat,or was used which was essentially of a design developed by Geoff Court 
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Figure 7: The spin polarization of the free protons in the University of Michigan 
polarized-proton-target apparatus is plotted as a function of the time of microwave 
irradiation. Data are shown for both 5 T and 1 K, and the older configuration of 
2.5 T and 0.5 I<. From Ref. [27]. 

at Liverpool. It provided about 1.5 W of cooling power at 1.06 I<, the temperature 
at which the target ran while taking beam. The E-143 target was able to take 
more beam than any previous solid target. It ran with about 4 x loge-/pulse, 
at 120 Hz. The beam was rastered over a circular area, about two cm in di- 
ameter. Using a very rough estimate of 15 hours for the time during which the 
polarizations would fall to e-’ of its initial value, one computes a radiation dose 
of 8 x lOI particles/cm’. 

The use of 15NH3 and 15NDs, in which the only unpaired spin in the spin- 
l/2 15N nucleus is a proton, helps reduce systematic errors. Unlike a spin-l 
14N nucleus, there is no neutron spin contributing to the nuclear spin. The initial 
polarizations, before irradiating the target with beam, were in the range of 35-40% 
for deuterons, and 70-75% for protons. The proton polarization was somewhat 
lower than had been expected. One reason is that the proton target was probably 
somewhat starved for microwave power. Both the proton and the deuteron targets 

Figure 8: The spin relaxation time for ,the protons in NH3 is plotted against 
temperature for two different field strengths. From Ref. [27]. 

were in the cryostat simultaneously, and when the proton target was in position, 
the deuteron target may have been attenuating the microwaves. Polarizations as 
high as 90% were seen when the target was run without the deuteron target in 
place. Another limiting factor may have been chemical impurities in the 15NHs 
and 15NDs which could have increased the proton and deuteron spin relaxation 
rates. Still, the fact that 15N was used instead of 14N largely offsets the somewhat 
lower polarization. The magnetic field of 5 T was provided by a superconducting 
magnet. The geometry is shown in Fig. 9 [34]. 

2.3.5 The “Old” SMC Polarized Target 
I 

I comment here on the target used by the Spin Muon Collaboration (SMC) to 
obtain the deuteron spin structure functp results reported by Adeva et al. [7]. 
The target is essentially an upgraded version of the EMC target. A newer target 
has subsequently been installed and will not be described. 

The target was cooled to 500 mK during polarization and to 50 mK in “frozen 
spin” operation in which the target spins were kept cold enough that the polariza- 
tion remained essentially constant despite not being polarized by DNP. The target 
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Figure 9: The SLAC E-143 polarized-proton-target apparatus. The supercon- 
ducting magnet produces a highly uniform 5 T field. The 4He cryostat produces 
about 1.5 W  of cooling power at 1 K. By permission. 

material was deuterated butanol. Deuteron polarizations in excess of 40% were 
obtained using a technique in which the microwave frequency was modulated. The 
two target halves were 400 mm in length, separated by a gap of 200 mm. Another 
important feature of the upgrade was the addition of a transverse magnetic field of 
0.2 T that was provided by a superconducting dipole coil wound on the microwave 
cavity. The transverse field made it possible to adiabatically rotate the magnetic 
field every eight hours, which was very useful for the control of systematic errors. 

I 2.3.6 Summary of Target Parameters 

Shown below is a summary of a few of the parameters of the targets discussed. 

each 360 mm 
Michigan 5 T 1 K 36 mm 20 mm NH3 96% 
SLAC E-143 5 T 1 K 30 mm 20 mm 15NH3 70-75% (p) 

“Old” 
SMC 

& 15ND3 35-40% (d) 
2.5 T 0.5 K 2 halves 50 mm deuterated >40% (d) 

each 400 mm butanol 

3 Polarized Internal Targets 

With the advent of storage rings, the possibility arises of using polarized internal 
targets, gas targets that are injected into a storage cell through which the circu- 
lating beam travels [35]. Internal targets are very thin, but the large circulating 
currents in storage rings make them practical. The storage cell has no windows- 
it has at most a reduction in conductance at its ends to facilitate differential 
pumping. The idea is illustrated schematically in Fig. 10. 

There are many potential advantages to internal targets. There is no dilution 
factor; the target gas can be isotopically and chemically pure. In principle, the 
source of polarized atoms can be prepared in ych a way that only modest mag- 
netic fields of a few gauss are required. This eases potential problems with beam 
deflection or spin precession of the stored bear& and it also eases restrictions on 
detector placement with the absence of large magnets. The target polariiation can 
be reversed quickly and easily. Finally, the abs&nce of windows makes it possible 
to detect scattered particles at very forward angles, and the use of thin-walled 
storage cells makes possible the detection of heavy recoils, which facilitate the 
separation of various breakup channels. 

At energies of 2 GeV or below, there have already been at least two experi- 
ments that have utilized polarized internal targets in a storage ring. There was a 

I  
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Figure 10: Illustrated schematically is the target cell of a polarized internal target. 
Polarized H D, or 3He is fed continuously into an open-ended storage cell, through 
which the circulating beam passes. From Ref. [42]. 

measurement of the tensor analyzing power Tzs of e - D elastic scattering at the 
VEPP-3 electron storage ring in Novosibirsk [36] and measurements of analyz- 
ing powers and spin correlation parameters in p’- 3z scattering at the Indiana 
University Cyclotron Facility (IUCF) Cooler Ring [37]. At higher energies, an im- 
portant experiment, currently under construction, is HERMES, which will study 
spin structure functions of nucleons utilizing polarized electrons and polarized in- 
ternal H, D, and 3He targets [38]. In what follows, I will focus particularly on 
target developments that are relevant to HERMES. 

The flux achieved in the VEPP-3 experiment was 1 x 1016/s. With the storage 
cell, this resulted in a target thickness of 3 x lO’*‘cm-*, more than enough with 
circulating beam currents of 0.1.-0.4 amp. Depolarization of the D as it was fed 
into the storage cell was inhibited by coating the walls with a drifilm coating 
[39, 401. This was quite important as the atoms experienced on the order of 400 
wall collisions before exiting the cell. A 0.3-0.7 kG magnetic field was applied 
to align the target polarization and inhibit depolarization by the time varying 
magnetic fields of the electron beam pulses. 

A prototype of the HERMES H and D atomic beam source (ABS) has been 
developed by a Heidelberg-Marburg-Miinchen-Wisconsincollaboration (FILTEX). 
It operates by producing an intense beam of monoatomic H and D using an rf- 
dissociator with a cooled nozzle and uses a powerful four-stage differential pump 
ing system together with two skimmers. Sextupole magnets separate states ac- 
cording to mu, and high frequency transitions are driven that are ml specific. 
The FILTEX ABS was tested at the MPI-Heidelberg Test Storage Ring (TSR) 
and achieved a flux of 8 x lOI polarized hydrogen atoms/set [41]. The polariza- 
tions measured at the TSR were about 47% when two hydrogen substates were 
used, close to the maximum polarization that is expected when using a weak guide 
field [42]. If a high magnetic field is applied to the target, as will be the case for 
HERMES, polarizations of nearly 100% are projected. The low energy of the TSR 
precluded using a high magnetic field in the initial tests. 

3.1 Atomic Beam Sources 

For H and D, the HERMES collaboration is planning to use an intense atomic 
beam source based on the Stern-Gerlach separation. The feasibility of such a 
source at an electron storage ring has been demonstrated in the VEPP-3 exper- 
iment mentioned above which utilized the Novosibirsk atomic beam source [36]. 

3.2 Laser-Driven Source of Spin Polarized Hydrogen and 
Deuterium 

While the current plan for HERMES is to use an atomic beam source, there is 
another technology that, while less mature, promises to offer improvements for 
the future. It is not practical to opticflly pump hydrogen directly because the 
lS-2P transition from the ground state lies in the ultraviolet. G,n the other hand, 
the cross section for spin exchange between hydrogen and alkali-metal atoms is 
very high, on the order of 10-14cm2 [43]. In 1990, S. Redsun et al., showed that 
very high polarizations could be achieved in hydrogen by spin exchange with laser 
optically pumped Rb [44]. In this work, however, the densities were relatively low, 
and the precise flow rate of polarized atoms was not carefully studied. 

-194- 



Figure 11: Shown schematically is the Argonne laser driven H and D source, 
together with some of the apparatus used for polarization diagnostics. By per- 
mission. 

A great deal of work has gone on at Argonne to make a practical source of 
polarized hydrogen and deuterium based on spin exchange with optically pumped 
alkali-metal atoms. At first, this work was limited by radiation trapping, a phe- 
nomenon in which the alkali-metal atoms re-emit radiation at the wavelength of 
the pumping light, which is subsequently reabsorbed, or trapped, by the alkali va- 
por. Since the re-emitted light does not in general have the desired polarization, 
radiation trapping limits the highest alkali-metal number densities at which one 
can maintain high polarizations. Limits in alkali-metal number densities translate 
into limits in the hydrogen or deuterium flow rates, as well as limits in polariza- 
tions. It was pointed out by Tupa and Anderson, however, that at high magnetic 
fields, radiation trapping is greatly reduced (451. The Argonne group exploited 
this concept, and in 1992, reported deuterium polarizations of (73 f 3)%, with a 
flow rate of 2.1 x 10” atoms/s [46]. 

A schematic of the Argonne source is shown in Fig. 11. Either Hz or D2 
is bled into an rf dissociator. From there, the monoatomic H or D enters into a 
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Figure 12: Performance data on atomic polarization of H and D as a function of 
total source intensity for the Argonne Laser-Driven Source. From Ref. 147). 

pumping cell, in which there is also a vapor of K. A magnetic field of up to 4.4 kG is 
maintained on the pumping cell to inhibit the effects of radiation trapping. Optical 
pumping of the K is accomplished using a single frequency titanium sapphire laser. 
The H or D, polarized by spin exchange with the K, exit the spin exchange cell 
through a transport tube and are transported to an electron-spin polarimeter 
comprising a permanent sextupole magnet and a quadrupole mass spectrometer 
for detection. As is illustrated in Fig. 12, wh;lch shows atomic polarization as a 
function of flow rate, the source is capable of producing in excess of 10n’atoms/sec. 

The Argonne source has already produced 4 flow rate that is larger than that 
achieved with the FILTEX ABS. The figure of merit P*F = (polarization)’ x flux, 
however, is roughly comparable to the projecvd ABS values. On another point, 
the Argonne group has not measured their nuclear polarizations directly; they 
infer the nuclear polarization from the atomic polarization. Direct measurements 
are desirable, in part, because of some questions raised by Walker and Anderson 
concerning the effects of spin-exchange collisions [48]. As the Argonne source 
becomes increasingly refined and well-tested, however, it will present an important 
alternative to the ABS. 
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Figure 13: The atomic energy levels of 3He that are relevant to metastability- 
exchange optical pumping are shown. From Ref. (501. 

3.3 The Metastability Exchange Source of 3He 

The internal 3He target currently under construction for use at HERMES is based 
on the technique of metastability-exchange optical pumping. This technique was 
first proposed by Colgrove, Schearer, and Walters in 1963 (491. It is illustrated in 
Fig. 13. First, 3He atoms, which are in the l’s0 ground state, are excited to the 
23S1 metastable state by a weak rf discharge. The 23S1 atoms are optically pumped 
by driving transitions up to the 23P states, thus producing high polarizations in 
the 23S1 atoms. Collisions in which met&ability is transferred from atom to 
atom are quite rapid, and this provides a means by which the polarization of the 
23S1 states is rapidly transferred to nuclear polarization of the llSO states. The 
only drawback of the met&ability-exchange polarization technique is that it is 
only practical at pressures of about 1 T. Much higher pressures make it difficult to 
maintain the rf discharge and shorten the lifetime of the 2’So metastable states. 
For a source of polarized 3He atoms, such as is needed for al; internal target, it is 
probably ideal. 

The development of appropriate laser technology, particularly at E.N.S. in 
Paris, has had the effect of making metastability exchange optical pumping ex- 

tremely practical (511. External 3He targets polarized by metsstability exchange 
have been developed (52, 53, 541, and as mentioned earlier, an internal target 
based on metastability exchange has been successfully employed in an experiment 
at the IUCF storage ring [37]. In that experiment, the 3He atoms were fed to 
a Pyrex pumping cell through a precision capillary, and after being polarized, 
exited through a second precision capillary to an open-ended storage cell. The 
pressure in the pumping cell was daintained at 0.5 Torr, with a flow rate of 
1.2 x 10” atoms/set. The optical puinping light was produced by an LNA laser, 
consisting of a Nd-doped lanthanum hexaluminate crystal in a Lasermetrics 9550 
YAG cavity. About 3 W were obtained at the required 1.083 pm wavelength. The 
storage cell was 40 cm in length, had a rectangular cross section of 13mm x 17mm, 
and had aluminized Mylar foil walls that were only 1.7pm thick. The resulting 
target thickness was 1.5 x 10’4atoms/cm2. Lee et al., report an average 3He 
polarization of 0.45 f 0.02, measured by monitoring the circular polarization of 
the 667 nm line of the 3He discharge 1551,. For HERMES, the target cell will be 
made of thin ultra-pure aluminum and will be cryogenically cooled to 15 I<. With 
a modest, increase in the flow rate to 2 x 10’7atoms/sec, a target thickness of 
lOI atoms/cm2 is projected, with a polarization of 0.5. 

4 Spin-Exchange Optical Pumping and the SLAC 

E- 142 Target 

Spin-exchange optical pumping refers to a two-step process in which, (1) alkali- 
metal atoms, such as rubidium, are polarized by optical pumping, and (2) the 
electronic polarization of the alkali-met+ atoms is transferred to the nuclei of 
noble gas atoms by spin-exchange collisions. For the case of 3He, spin-exchange 
optical pumping is less efficient than the fnetastability exchange technique already 
discussed. It has the important advantage, though, that it is Particularly well- 
suited for the production of high densitiqs. It is for this reason that it was chosen 
as the polarization technique for the 3He target for SLAC E-142. 

Before proceeding, I want to note that in discussing the E-142 target, I am 
presenting the the work of the E-142 target collaboration, of which I am a mem- 
ber. The reader is asked to refer to the acknowledgments for the names of my 
colleagues. 
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Optical pumping proceeds in a similar manner in all of the alkali-metal atoms 
[56]. In each case, the ground state is a 2S1,2 state, with mJ = *l/2. The first 
excited state is a 2P 

‘Q 
state, with the same principal quantum number n, and 

with mJ = *l/2. The corresponding absorption line is called the D1 line. Optical 
pumping is accomplished by illuminating alkali-metal atoms with circularly polar- 
ized laser light tuned to the D1 line. If, for example, circularly polarized light of 
positive helicity is used, the AmJ = +l selection rule guarantees that only atoms 
in the mJ = -l/2 ground state will absorb light. Once excited, atoms can de- 
cay back into either state. Assuming that the spin relaxation of the ground state 
atoms is reasonably slow, the mJ = -l/2 state becomes quickly depopulated, and 
the atoms become polarized in the mJ = +1/2 state. 

In principle, any alkali-metal vapor can be polarized in this manner, but 
Rb, K, and Cs are particularly convenient due to the commercial availability 
of Ti:Sapphire lasers. Cw outputs of 3-5 W  are typical at 795 nm, the Rb D1 line, 
which is close to the maximum of the Ti:Sapphire gain curve. 

The polarization of the alkali-metal atoms is transferred to 3He nuclei through 
spin-exchange collisions [57, 58, 591. Consider, for instance, collisions between 
optically pumped Rb atoms and 3He atoms. During Rb-3He binary collisions, 
there is a small’ probability that the Rb valence electron will penetrate the 3He 
electron cloud to the 3He nucleus. The hyperfine interaction between the 3He 
nucleus and the Rb valence electron can then induce both species to flip their spins, 
thereby transferring angular momentum to the 3He nucleus from the electron. The 
cross section for this interaction is only = 10-24cm2 [60], so the spin-exchange is 
very slow. If, however, the other spin relaxation mechanisms that are randomizing 
the 3He spins are even slower, substantial polarizations can result. 

Historically, it was not obvious that spin-exchange optical pumping was a prac- 
tical means for polarizing 3He for use in a target. When it was first demonstrated 
at Princeton by Bouchiat, Carver, and Varnum, the optical pumping was accom- 
plished with an Rb resonance lamp [57]. They worked with a 2.8 atmosphere 
sample, but the polarizations were only about 0.01%. For many years, little 
progress was made. In 1979, however, Bhaskar, Hou, Suleman, and Happer, at 
Columbia, published studies of optical pumping at very high alkili-metal number 
densities [61]. They explored regimes in which the alkali-metal vapor was optically 
very thick, with an absorption length of, at most, a few millimeters. With such 
high densities, the only way optical pumping radiation can penetrate apprecia- 

bly into the sample is if the vapor becomes essentially 100% polarized. In 1982, 
at Princeton, Bhaskar, Happer, and McClelland showed that they could achieve 
both high polarizations and high densities in samples of 12gXe [58], and a detailed 
theory of spin-exchange optical pumping followed in 1984 [59]. This work stim- 
ulated considerable activity, and in 1987, Chupp, Wagshul, Coulter, McDonald, 
and Happer published results demonstrating spin-exchange optical pumping as a 
practical technique for producing high-qensity gaseous polarized 3He targets [62]. 
Spin-exchange polarized 3He was quickly employed as a target in muon physics 
[63], in pion scattering [64], and in electron scattering (651. 

4.1 Optimizing Polarization 

The time evolution of the 3He polarization can be calculated from a simple anal- 
ysis of spin-exchange and 3He nuclear relaxation rates [62]. Assuming the 3He 
polarization P~H~ = 0 at t = 0, 

PaHe = (hb) 
7SE 

Y scriptscriptstyleSE + rR >( 
1 _ e-(7sE+wt 

(1) 

where 7SE is the spin-exchange rate per 3He atom between the Rb and 3He, rR 
is the relaxation rate of the 3He nuclear polarization through all channels other 
than spin-exchange with Rb, and (PRb) is the average polarization of an Rb atom. 
Likewise, if the optical pumping is turned off at t = 0 with R,, = PO, the 3He 
nuclear polarization will decay according to 

IsHe = pg e-(7SE+rR)t 

The spin exchange rate 7SE is defined byh 

(2) 

where (uSE U) = 1.2 x lo-l9 cm3/sec is the *locity-averaged spin-exchange cross 
section for Rbp3He collisions [62, 66, 671 arid [Rb]A is the average Rb number 
density seen by a 3He atom. For targets, 1/7SE is typically four to 40 hours and 
the time constant for a build-up of 3He nuclear polarization, l/ (7SE + r,), ranges 
from about three to 25 hours. A typical spin-up curve is shown in Fig. 14. 

From Eq. (l), it is clear that there are two things that we can do to get the 
best possible 3He polarization-maximize 7SE and minimize rn. But from Eq. (3), 

-197- 



-30 - 
E . 
3 - 
$20 - 

2 : 0 - 
= 10 - 

. . l .- 

. l * 
. 

. 
. . 

. 
. 

. 
. 

. 

. 
. 

. 
. 

” ” ” ” ” ” “I, ” ” v I ” 
0 10 20 30 40 50 

PUMP UP TIME (hrs) 

Figure 14: A typical build-up of 3He polarization is shown as a function of time 
for the SLAC E-142 target. 

it is also clear that maximizing ySE means increasing the alkali-metal number 
density, which in turn means more laser power. If we have a volume Vim% of 100% 
polarized Rb, then the number of photons needed per second must compensate 
for the number of Rb spins destroyed per second. Defining the relaxation rate of 
Rb polarization to be rso and the total absorbed laser power to be Ptotal, the 
required flux of photons is given by 

P t&al - = rsr$W’,oos,, hv 

where [Rb] is the number density of Rb atoms (621. The relaxation rate rsn is 
due largely to two things, spin destroying collisions with other Rb atoms, and 
spin destroying collisions with 3He atoms. These two contributions have been 
measured [G8, 691, resulting in 

rsn = (2 x 10-‘scm3/s)[3He] + (8 x 10-‘3cm3/s)[Rb]. (5) 
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Using Eqs. (3)-(S), we can compute the required laser power for a given volume 
and a given spin-exchange time constant 7sE = l/+ySE. These results are given in 
the table below under the assumption’ of Vim% = 75cm3 and a density similar to 
that used in the E-142 target. 

[Rb](cme3) TSE (hrs) Power/CC POWer for 75 cc 

10’5 2.3 350 mW 26.3 W 
5.8 x lOI 4.0 154 mW’ 11.6 W 
1.16 x 1014 1 20 20 mW 1.5 w 

In computing 75E in the table above, it is assumed that [Rb]A=[Rb]. In fact, for 
the two-chamber design used in the E-142 target, [RblA x $Rb], because a vapor 
of Rb was only maintained in one of the two chambers. This effectively doubles 
7SE, so that for the SLAC target, about 12 W are required for 7s~ = 8 hours. In 
fact, there are additional sources of loss of laser power, ranging from inefficiencies 
in the transport of the laser beams to the depolarization of Rb atoms near the 
walls of the cell. For the E-142 target, we thus decided to use five lasers, which 
collectively provided about 16-22 W. Having planned for enough lasers that a 
high [Rb] and hence a high -ySE was feasible, the next task was minimizing rR. 

4.2 3He Nuclear Spi n Relaxation 

There are many processes which contribute to the 3He relaxation rate rn. One of 
these processes is a 3He-3He dipolar interaction which occurs during binary colli- 
sions in the bulk 3He gas and couples the spin angular momenta of the 3He nuclei 
to the relative angular momentum of the two atoms. It provides an unavoidable 
upper limit to 7~ z l/r, and has been c&ulated by Newbury et al., to be 

at 23°C where [3He] is the number densit+ of 3He in amagats 1701. (An amagat is 
a unit of density corresponding to 1 atm at 0°C.) The calculation relies on a dis- 
torted wave Born approximation and uses well-known interatomic potentials for 
two He atoms. The result should thus be quite reliable, and experimental mea- 
surements, also by Newbury et al., support this view. The relaxation rate varies 
with temperature, implying a maximum relaxation time constant of ~100 hours 
for the 3He densities and temperatures found in the target used for SLAC E-142. 



This limiting lifetime will be further reduced by collisions with the walls of the I 

target cell, and potentially, by collisions with paramagnetic gaseous impurities. 
Collectively, these mechanisms will yield a relaxation rate given by 

I111 -=- +-+A 
741 Tb,lh ~,,I1 r,,s 

where the relaxation mechanisms that contribute to r,,,, result from the properties 
of the target gas and the materials used in the containment vessel, and is therefore 
a characteristic of the target cell itself. 

In addition to TV,,,,, there are interactions not inherent to the target file which 
further increase the nuclear relaxation rate. Inhomogeneities in the magnetic 
field, which provides an alignment axis for the 3He nuclear polarization, induce 
relaxation according to 

(8) 

where D is the diffusion constant of the 3He in the target, 00 is the magnitude 
of the alignment field, assumed to lie along the z-axis, and B, and By are the 
components of the magnetic field transverse to B, [71]. This effect was very small 

(708 >400 hours) in the high-density SLAC target, but in experiments where 
spectrometer magnets are close to the target or the 3He density is much lower, 
field gradients can be much more important. 

Nuclear relaxation can also be induced by the presence of ionizing radiation 
such as an electron beam [72, 731. When a 3He atom is ionized, the hyperfine inter- 
action couples the nuclear spin to the unpaired electron spin which will in general 
be depolarizing. Furthermore, electrons from other 3He atoms can be transferred 
to the original ion, creating the potential for depolarizing other atoms. The depo- 
larization rate 1/7,ca_ therefore depends on the ionization rate of the 3He and the 
average number of 3He nuclear depolarizations per 3He ion created. According to 
Ref. [73], in the high 3He density target there will be on average one 3He nuclear 
depolarization per ion created. Even with this number of depola.rizations per ion, 
only at the highest currents used was the 3He ionization rate from the electron 
beam large enough to produce a noticeable effect on the 3He polarization. The 
relaxation time TV,., inferred from the z 10% relative drop in 3He polarization at 
our maximum beam current of 3.3 /LA is 100-200 hours, consistent with the pre- 
dict,ed time constant from Rtf. [73] of 170 hours. The total 3Hr nuclear relaxat,ion 

rate is given by 

when these two external mechanisms ar& included. 

(9) 

4.3 Apparatus 

Any alkali-3He spin-exchange polarized 3He target will have as its central feature 
the containment vessel for the Rb andi3He. In our case, this was a 160-170 
cm3 glass cell containing = 8.4 atm of 3He at 20°C and z 65 Torr of nitrogen, 
which served to increase the efficiency of the optical pumping. The target cell 
has a double chamber design [69], where the upper and lower chambers have 
roughly the same volume (90 cm3 and 70 cm3 respectively) and are connected 
by a 60mm long, 9 mm inside diameter transfer tube. The lower chamber is the 
target chamber through which the electron beam passes and has a 30cm long 
interaction region. This chamber has a 2cm diameter to insure that the walls 
are outside any significant halo that may surround the electron beam. The upper 
chamber, or pumping chamber, is where the optical pumping occurs and contains 
a few mgs of Rb metal. 

The layout of the target system is shown in Fig. 15. At the center is the 
target cell. A hot air oven which encloses the pumping chamber of the cell is 
used to control the Rb number density. The oven, and all other items which are 
near t,he target cell, must be made of nonmagnetic materials. The plastic used 
in constructing the oven, Nylotron, proved to be unsatisfactory when operating 
at the design temperature of 180” C. We were thus forced to operate at a lower 
temperature of 160 to 165 “C, resulting in [Rb] of a few times lOI atoms/cm3 in 
the pumping chamber. The colder target ,hLmber, at N 65”C, had a (Rb] that 
was about three orders of magnitude lower. ,For the temperatures at which we 
operated, the pressure in the cell was 11 atm, which corresponds to a ?He number 
density in the target chamber of 2.3 x 10”1 uclei/cm3 or a target thickness of 
7 x IO*’ nuclei/cm*. 

i 

Five Ti:Sapphire lasers provided the photons for the optical pumping. Each 
Ti:Sapphire was pumped by a 20 W  argon ion laser. This system routinely pro- 
duced 20 W  on the Rb D1 resonance of 795 m11. A shielded hut in the experimental 
area housed the lasers so that the laser beam path from the optics tables to the 
target was only 2 to 3m. The beams passed through focusing/expanding optics 
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Figure 15: Shown is a schematic representation of the SLAC E-142 polarized 3He 
target. Only one of the five titanium-sapphire/argon ion laser systems are shown. 
Not shown are the transverse coils and the window cooling system. 

and a quarter-wave plate before being introduced into the pumping chamber of 
the cell. All five beams were nearly colinear as they entered the chamber through 
the same window and were arranged to get a reasonable filling of the chamber’s 
cross section. Since the laser hut was in a high radiation area, access for laser 
tuning during the experiment was limited, but was generally necessary only once 
every few days. 

A set of 1.4 m Helmholtz coils coaxial with the electron beam produced a 20-40 
G  alignment field for the 3He nuclear polarization. This field strength is sufficient 
to suppress ambient magnetic field inhomogeneities but is still reasonably easy to 
produce. The 3He nuclear polarization was measured using ihe nuclear magnetic 
resonance technique of adiabatic fast passage (AFP) [74]. The AFP system used, 
in addition to the main field coils, a set of 46 cm Helmholtz rf drive coils and 
an orthogonal set of smaller pick-up coils located around the target chamber of 

the cell. A stronger alignment field would have led to larger NMR signals, but 
this field strength was selected as au acceptable compromise between signal size 
and equipment costs. A second set of Helmholtz coils, transverse to the electron 
beam axis, was used to rotate the target polarization and for operation with a 
polarization transverse to the beam. 

All of the target equipment except the lasers and the alignment field coils were 
located inside a vacuum chamber at’a few mTorr pressure in order to reduce the 
background event rates from nontarget materials. Small cooling jets of helium 
were directed at the thin entrance and exit windows of the target chamber as 
a precaution against the thin glass breaking due to excessive heating from the 
electron beam. We accordingly designed the vacuum system to mcommodate a 
large gas load. 

4.4 Cell Production 

The production of target cells with long intrinsic relaxat,ion times 7,,11 proved to 
be a challenging task. First of all, we chose to work with aluminosilicate glass 
(Corning 1720, in our case) because most workers in this field have reported that 
such glass produces the least 3He nuclear relaxation. It is postulated that the 
extremely small spin relaxation is due to the low permeability of aluminosilicate 
glass to He. The 3He cells used in [63] and [70] demonstrated that relaxation due 
to the aluminosilicate glass can be reduced to a negligible level compared to bulk 
relaxation. 

For the SLAC target, we needed to consistently approach the limit of 7,.,& in 
cells that were quite different than the simple spheres used by Newbury et al. 
[63, 701. In particular, the larger and more complex geometry required the use of 
glass tubing, and we found untreated cimmercial glass tubing to be completely 
unsatisfactory from the point of view of inducing spin relaxation. Rather than 
producing ~~~11 x 100 hours, as one would expect from bulk effects, we found 
TceIf = lo-60 min. Presumably, this iq due, at least in part, to the presence 
of paramagnetic sites on the interior surface of the tubing that result from the 
manufacturing process. We were thus forced to develop procedures that would 
get us closer to the performance that we knew was possible with small spheres. 



Figure 16: Illustrated is the process by which glass tubing is resized from a smaller 
to a larger diameter, an important step in fabricating the SLAC E-142 target cells. 
The procedure is performed on a glass lathe, and a graphite resizing block is used 
to define the new tube diameter. 

Ultimately, we settled on a process in which the first step was to carefully resize 
all the glass tubing that was used in producing the target cells. The purpose was 
to ensure that all the glass used had been brought to a fully molten state before the 
cell was fabricated. For instance, as is shown in Fig. 16, the target chamber glass 
tubing is initially 12mm in diameter and is expanded to 21 mm on a glass working 
lathe. The resizing leaves a pristine surface, presumably with fewer contaminants 
and defects. I note that before developing the resizing technique, we tried rinsing 
the glass with nitric acid to remove any surface contaminates. The acid cleaning 
did improve rW.,, dramatically, increasing it from as little as tens of minutes to a 
few hundred hours for cells that were only filled to 1 atm or less. Unfortunately, 
r,,,, was considerably worse in high-pressure, 5 to 10 atm cells, and appeared to 
decay significantly with time. One explanation of this effect is that the interior 
surface of the acid-etched glass suffered from excessive numbers of microfissures, a 
phenomenon that is well-known in glass. The behavior of high pressure cells could 
then be attributed to the microfissures being forced open with time or cycling. 

Equally important to the construction methods is the filling process. The 

CY Valve 

Liquid 
4He 
Trap 

Figure 17: Shown is the gas handling system used for filling the E-142 target cells. 

cells are attached to a high vacuum system (x 10e7 to lo-*Torr) and given long 
bake-outs under vacuum for three to six days at 475°C (Fig. 17). The Rb is 
then distilled into the cell with a hand-held torch from a side arm of the vacuum 
system. During the distillation, the cells remain open to the vacuum pumps so 
that any material outgassed due to the heat of the torch may be pumped away. 
Next, a small amount of nitrogen (99.9995% pure) is frozen into the cell. Finally, 
the initially 99.995% chemically pure 3He is introduced into the cell through a 
trap at a liquid 4He temperature. This cryo 

‘i 
enic trap further purifies the 3He 

by condensing out any contaminants. The ce 1 is also cooled with liquid 4He in 
order to get a high density of 3He in the cell while maintaining a pressure of 
less than one atmosphere. This step is nece&ary since the cell is permanently 
sealed by melting closed the “pull off,” shown in Fig. 17, that connects the cell to 
the vacuum system. Similar cell filling procedures were used for experiments at 
TRIUMF (64, 751 and at LAMPF [63, 701. 

Out of ten cells produced with the techniques described above, all five of those 
measured had nuclear polarization lifetimes in excess of 30 hours. Three of the 



five cells, including all those used in the experiment, had measured lifetimes of 50. 
to 65 hours at room temperature. These numbers, compared to the 95-hour limit 
of rh[k at 2O”C, i ply that most of the relaxation is caused by the unavoidable 

1 3He-3He dipole in raction, although some improvement in r,,,, is still possible. 
Use of our procedure should ensure production of nearly bulk-limited lifetimes in 
target cells of any arbitrary geometry and volume so long as extreme care is taken 
to ensure the cell surfaces are all freshly worked glass, the bake-out is meticulous, 
the vacuum is good, and filling gases are extremely pure. 

One final note on cell making: Before adopting long bake-outs, even the cells 
made of resized glass had fairly mediocre performance. (Earlier bake-outs were 
12-36 hours at somewhat lower temperatures.) It was only the combination of 
long bakes and resized glass that gave the best results. An interesting test that 
is missing from our studies is the performance of an acid-etched cell that has 
been baked-out for a long time. More studies are needed before drawing definite 
conclusions. We do not mean to suggest that our prescription for making good 
cells is unique. 

4.5 NMR Polarimetry 

The target polarization was determined using AFP (741. An rf field was applied 
to the sample at 92 kHz using the 46 cm diameter drive coils shown in Fig. 15. 
Simultaneously, the magnetic field produced by the main coils was swept through a 
value of 29 G, which corresponds to the resonance condition for the 3He nuclei. As 
the field passes through resonance, the 3He nuclear spins flip over, thus inducing a 
signal in an orthogonal set of pick-up coils, also shown in Fig. 15, that are located 
around the center of the target chamber of the cell. The NMR electronics are 
illustrated in Fig. 18. 

The AFP-NMR signal is calibrated with the known thermal equilibrium Boltz- 
mann polarization of the protons in a water sample of the same dimensions. The 
value of the polarization is easily calculable from Boltzmann statistics and is given 

P r,rdm=tanh(&) =tanh(g),. (10) 
where B=22.6G for protons in resonance with the 92 kHz rf. Typical proton 
signals are Z 1.9pV, and the resulting calibration for 3He signals is 1.61 f .ll% 
polarization per 10 mV of signal. Figure 19 shows a 3He signal and an average of 

i.. - 
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Figure 18: Shown is a schematic representation of the SLAC El42 NMR elec- 
tronics. 

25 proton signals. The largest source of uncertainty in the polarization calibration 
came from a systematic shift in the has 

‘i 
line of the NMR signal before and after 

going through resonance, an effect that is clearly visible in Fig. 19. 
One possible concern with this polarimetry system is that it measures a volume- 

average polarization at the center of the target chamber while: the local polar- 
ization in the beam may be different.\ However, for our 3He samples, D x 
0.25cm2/sec, and in 4 set, a 3He atom will diffuse about 1 cm, the radius of 
the target chamber. Mixing therefore occurs with a time scale that is very fast 
compared to the time constant, > 100 hours, associated with beam induced re- 
laxation. Thus, no significant polarization gradient exists in the cell. 

We are also in the process of developing an alternate polarimetry method which 
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Figure 19: Examples of NMR signals including at left, the average of 25 proton 
signalsobtained from a water sample, and on the right, a 3He signal. The magnetic 
field is shown in arbitrary units. The full sweep range was about 10 G for proton 
scans and 20 G for 3He scans. 

involves measuring the shift in frequency of the Rb ESR line due to the effective 
magnetic field produced by the polarized 3He [63, 671. This technique depends on 
an atomic calibration constant which at present is known to be 2.5% of itself. 

4.6 Target Performance 

During the experimental run, the 3He polarization was measured every four hours. 
The results of these measurements, which were taken from November 7 to Decem- 
ber 22, 1992, are shown in Fig. 20. The average 3He polarization over the entire 
run was about 36%. During the first three weeks of the experiment, there were 
a few precipitous drops in the polarization. These problems were’caused by ma- 
terials overheating in the pumping chamber oven, leading to mechanical failure 
of vacuum seals. The use of higher temperature plastics in constructing the oven 
should correct these problems in the fut,ure. We also had a problem with a cell 
running out of Rb. Being careful to choose cells with plenty of Rb, however, 
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Figure 20: Shown is the 3He target polarization as a function of run number 
during SLAC E-142. 

and having established the lower temperatures at which it was safe to run, the 
target polarization became very stable, running for three weeks with only slow 

drifts. Toward the end of the run, the slight drop in polarization that is evident 
in Fig. 20 is due to an increase in the beam current from an average of 2.1 PA to 
3.4 PA. 

Another important performance figure is the dilution factor. The fraction 
of events that came from the polarized 3He yss approximately l/3. Most of the 
remaining events came from the glass windows at the ends of the target cell, which 
were each about 120~ thick. A smaller contritiution came from the = 65 Torr N2. 

In evaluating the prospects for improving the polarization, it is useful to deter- 
mine such target characteristics as spin-exchqge rates and spin-relaxation rates. 
Due to the pressures of the E-142 run, there-was only minimal opportunity for 
such studies. Our observations typically occurred when we were trying to get 
the target polarized for a run or when we were in the process of taking data. 
Consequently, our data are minimal in this regard. Still, we can get a rough 
picture. The time dependence of polarization build-up and polarization decay is 
obtained from spin-up curves such as that shown in Fig. 14 and similar spin-down 
curves. In both cases, the governing rate, as can be seen from Eqs. (1) and (2), 
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is 7s~ + r~. To determine YSE, the observed rate must be adjusted to account 
for l/7,.,,, as well as any relaxation that might have been caused by the electron 
beam or magnetic $eld inhomogeneities, depending on the conditions during the 
measurement. With all this in mind, we estimate that l/-y,, varied from +., 25 to 
N 40 hours during the experiment. This is in agreement with predictions from Eq. 
(3). By comparing the observed saturation polarization with that expected from 
Eq. (I), we can estimate that the 3He polarization was approximately 57% to 64% 
of (Pa&), for maximum and minimum electron beam currents, respectively. There 
was sufficient laser power to run at higher [Rb]. Redesigning the oven with high 
temperature plastics should therefore allow higher (Rb] and a faster ySE. With 
this simple improvement, a doubling of the spin-exchange rate may be possible, 
leading to roughly a factor of 1.25 improvement in PJHc/(PRb). 

After an initial shake-down period, maintenance requirements of the target 
were generally minimal. The laser systems ran for days before requiring brief 
tuning, collectively producing 16 to 22 watts. Target helicity reversals were easily 
done by rotating the alignment field and reversing the laser helicity, requiring only 
15 minutes to complete. No other target system required routine attention during 
the run. 

Overall, the SLAC target was highly successful, and considering the conser- 
vative approach taken in designing this target, there is room for improvement. 
The target operated at a 3He density of 2.3 x 10Zoatoms/cm3 in the 30cm long 
scattering region. The target thickness of 7 x IO*’ atoms/cm* is the highest yet 
achieved in a polarized 3He target. This high density provides good statistics in 
spite of a moderately large background event rate from unpolarized material. Ten 
to twenty percent increases in 3He density and a factor of two reduction in back- 
ground rates from using thinner windows are reasonable goals for future target 
cells. The long 3He spin-relaxation times of the target cells, est,imated to be 70 
hours at 65”C, led to an average polarization of 36% and a maximum of 42%. 
The possibility exists for small improvements in target cell lifetimes and a factor 
of two in spin-exchange time. This combination could bring the 3He polarizations 
well into the 50% range. Even without these improvements, the performance of 
this 3He target was excellent. 

5 Conclusions 

Perhaps the most significant indicatjon of the importance of polarized targets in 
high energy physics is the prevalence with which they are being used. Even a single 
class of experiments, involving the study of spin structure functions, has inspired 
the use of an enormous variety of techniques that are being utilized at a large 
number of laboratories. The differe’nt approaches to building polarized targets 
all have their strengths. Solid targets are still sensitive to radiation damage, but 
they can be quite thick, and the technology is mature. Spin-exchange polarized 
3He targets can take intense beams, largely making up for being much thinner 
than solid targets. The SLAC E-142 3He target yielded what at the time was the 
smallest error on the integral of any spin structure function of a nucleon. The 
fact that it was the neutron that was best understood is quite striking. Finally, 
internal targets, which have already proven themselves in nuclear physics, are 
about to make what promises to be an impressive debut at high energies. The 
physics that can be addressed with polarized targets is quite exciting, and it is fair 
to say that the production of better polarized targets has attracted lively activity 
involving a great many people. It will be fun to watch how the field progresses. , 

6 Acknowledgments 

First and foremost, I wish to acknowledge the members of the SLAC El42 target 
group, who in addition to myself, include Hunter Middleton, Nate Newbury, and 
Bas Driehuys from Princeton University, Tim Chupp and Todd Smith from the 
University of Michigan, Alan Thompson from Harvard University, Emlyn Hughes 
and Werner Meyer from SLAC, and Jim Johnson from the University of Wisconsin. 
I particularly want to thank Hunter for,his extensive help on Section 4. I would 
also like to thank Paul Souder of Syracuse University for many helpful discussions, 
as well as Roy Holt from Argonne, Richard Milner from MIT, and Don Crabb from 
the Univ. of Virginia. Finally, I wish td thank David Leith and others at SLAC 
t,hat made it possible for me to give these lect,ures. This work was supported by 
the Unit,ed States Department of Energy, Grant No. DE-FG02-90ER40557. 

-204- \ 



References 

[l] R.M. Woloshyn, N,ucl. Phys. 496A,749 (1989). 

[2] B. Blankleilder and R.M. Woloshyn, Phys. Rev. C29, 538 (1984). 

[3] J.L. Friar et al., Phys. Rev. C 42, 2310 (1990) 

[4] M.J. Alguard et al., Phys. Rev. Lett. 37, 1261 (1976). 

[5] G. Baum et al., Phys. Rev. Lett. 51, 1135 (1983). 

[17] M. Abraham, M.A.H. McCausland, and F.N.H. Robinson, Phys. Rev. Lett. 
2, 449 (1959). 

[18] O.S. Leifson and C.D. Jeffries, Phys. Rev. 122, 1781 (1961) 

[lo] M. Borghini, Proc. of the VII Int. Con!. on Low Temp. Phys., (Toronto: 
University of Toronto Press, 1961), @. 151. 

[20] S. Mango, d. Ru&lfsson, and M. ‘Borghini, Nucl. Instr. Methods 72, 45 
(1969). 

[6] J. Ashman et al., Phys. Lett. B 206, 364 (1988); Nucl. Phys. B328, 1 (1989). 

[7] B. Adeva et al., Phys. Lett. B 302, 533 (1993). 

[8] Private communication, Vernon Hughes (1994). 

[9] P.L. Anthony et al., Phys. Rev. Lett. 71, 959 (1993). 

[IO] A few examples include: High Energy Physics with Polarized Beams clnd 
Targets, ed. M.L. Marshak, Am. Inst. Phys. (New York, 1976); High Energy 
Physics with Polarized Beams and Targets, ed. G.H. Thomas, Am. Inst. Phys. 
(New York, ‘1979); High Energy Physics with Polarized Beams and Polarized 
Targets, eds. by C. Joseph and J. Soffer, (Birkhauser Verlag, Basel, 1981); 
High-Energy Spin Physics, ed. by G. M. Bunce (AIP, New York, 1983); Proc. 
4th International Workshop on Polarized Target Materials and Techniques, 
Bonn, 1984, ed. W. Meyer; High-Energy Spin Physics, ed. by K.J. Heller 
(AIP, New York, 1989). 

[ll] A. Overhauser, Phys. Rev. 92, 411 (1953) 

[12] T.R. Carver and C.P. Slichter, Phys. Rev. 92, 212 (1953). 

[13] A. Abragam, Phys. Rev. 98, 1729 (1955). 

[14] C.D. Jeffries, Phys. Rev. 106, 164 (1957). 

[15] A. Abragam in High Energy Physics with Polarized Beams and Targets, ed. 
G.H. Thomas, Am. Inst. Phys., p. 1 (New York, 1979). 

[16] C.D. Jeffries, Dynamic Nuclear Orientation, Interscicncc Publishers (New 
York, 1963). 

[21] T. Niinikoski and J.M. Rieubland, Phys. Lett. 72A, 141 (1979). 

(22) U. Haertel et al., High Energy Physics with Polarized Beams and Polarized 

Targets, eds., C. Joseph and J. Soffer, Birkhauser Verlag, Base1 (1981), p. 
447. 

[23] M.L. Seely et al., Nucl. Inst. Methods 201, 303 (1982). 

[24] W. Meyer et al., Nucl. Inst. Methods 215, 65 (1983). 

[25] D.G. Crabb, Proc. 4th. Intl. Workshop ‘on Polarized Target Materials and 
Techniques, Ed. by W. Meyer, Bonn 1984, p. 7. 

[26] D.G. Crabb et al., Phys. Rev. Lett. 51, 2359 (1983). 

[27] D.G. Crabb et al., Phys. Rev. Lett. 64, 2627 (1990). 

[28] M.J. Alguard et al., Phys. Rev. Lett. 37, 1258 (1976). 

[29] W.W. Ash in High Energy Physics witA Polarized Beams and Targets, ed. 
M.L. Marshak, Am. Inst. Phys., (New Yprk, 1976), p. 485. 

[30] M. Borghni et al., Nucl. Inst. Methods 84, 168 (1970). 
I 

’ 

[31] T.O. Niinikoski, Nucl. Inst. Methods lSi, 151 (1982). 

[32] S.C. Brown et al., Proc. 4th International Workshop on Polarized Target 
Materials and Techniques, ed. by W. Meyer, Bonn, 1984. 

[33] D.G. Crabb et al., Phys. Rev. Lett. 65, 3241 (1990). 

[34] D.G. Crabb, private communication. 

-205- 



I 

[35] See, for instance: W. Haeberl i  in Nuclear Physics with Stored, Cooled Beams, 
eds. by P. Schwandt  and  H. 0. Meyer,  (AIP, New York, 1985),  AIP conf. 
proc. 128,  p. 251.  

[36] R. Gilman et al., Phys. Rev. Lett. 65, 1733  (1990). 

(371 Ii. Lee  et al., Phys. Rev. Lett. 70, 738  (1993) 

[38] HERMES proposal,  DESY-PRC-90-01, January 1990.  

[39] L. Young et al., Nucl. Instr. Methods Phys. Res., Sect. B 24/25, 963  (1987). 

[40] D.R. Swenson and  L.W. Anderson, Nucl. Instr. Methods Phys. Res., Sect. B 
29, 627  (1988). 

[41] F. Stock in Polarized Ion Sources and Polarized Gas Targets, eds. L.W. An- 
derson and  W. Haeberli, (AIP, New York, 1994),  AIP conf. proc. 293,  p. 
22. 

[42] Proposal to the DOE and the NSF from the U.S. groups of the HERMES 
collaboration, unpubl ished (1993). 

[43] H.R. Cole and  R.E. Olson, Phys. Rev. A 31, 2137  (1985). 

[44] S. Redsun et al., Phys. Rev. A 42, 1293  (1990) 

[45] D. Tupa and  L.W. Anderson, Phys. Rev. A 36, 2142  (1987). 

[46] K.P. Coulter et al., Phys. Rev. Lett. 68, 174  (1992). 

[47] M. Poelker et al., in Polarized Ion Sources and Polarized Gas Targets, eels. 

L.W. Anderson and  W. Haeberli, AIP conf. proc. 293,  p. 125  (New York, 
1994).  

[48] T. Walker and  L.W. Anderson in Polarized Ion Sources and Polarized Gas 
Targets, eds. L.W. Anderson and  W. Haeberli, (AIP, New York, 1994),  AIP 
conf. proc. 293,  p. 138.  

[49] F.D. Colegrove, L.D. Schearer,  and  G.K. Walters, Phys. Rev. 132,  2561  
(1963). 

(501 F. Lalol;, P.J. Nacher,  M. Leduc,  and  L.D. Schearer,  in Workshop on Polarized 
“He Beams and  Targets, AIP (New York, 1985),  p. 47. 

1511  See, for instance, M. Leduc et al.; Nucl. Sci. Appl. 1, 1 (1983); C.L. Bohler 
et al., J. Appl. Phys. 63, 2497  (1988). 

[52] R.G. Mimer, R.D. McKeown, and  S.E. Woodward,  Nucl. Instr. Methods 
A274, 56  (1989). 

[53] C.E. Jones et al., Phys. Rev. C 47, 110  (1993). 

[54] G. Eckert et al., Nucl. Instr. Methods A320, 53  (1992); W. Heil in Polarized 
Ion Sources and  Polarized Gas Targets (AIP Conf. Proc. 293),  eds. L.W. 
Anderson and  W. Haeberli, American Institute of Physics, (New York, 1994),  
p. 22  . 

1551  W. Lorenzon,  T.R. Gentile, H. Gao,  and  R.D. McKeown, Phys. Rev. A 47, 
468  (1993). 

[56] W. Happer,  Rev. Mod. Phys. 44, 169  (1972). 

[57] M.A. Bouchiat, T.R. Carver, and  C:M. Varnum, Phys. Rev. Lett. 5, 373  
(1960). 

[58] N.D. Bhaskar,  W. Happer,  and  T. McClelland, Phys. Rev. Lett. 49,25 (1982). 

[59] W. Happer,  E. Miron, S. Schaefer, D. Schreiber, W.A. van W ijngaarden, and  
X. Zeng,  Phys. Rev. A 29, 3092  (1984). 

[60] R.L. Gamblin and  T.R. Carver, Phys,. Rev. 138,  A946 (1965) 

(61) N.D. Bhaskar,  M. Hou, B. Soulemaq and  W. Happer,  Phys. Rev. Lett. 43, 
519  (1979). 

[62] T.E. Chupp,  M.E. Wagshul ,  K.P. Cohlter, A.B. McDonald,  and  W. Happer,  
Phys. Rev. C 36, 2244  (1987). 

[63] N.R. Newbury et al., Phys. Rev. Lett. 67, 3219  (1991). 

[64] B. Larson et al. Phys. Rev. Lett. 67, 3356  (1991). 

[65] A.K. Thompson et al., Phys. Rev. Lett. 68, 2901  (1992) 

-206- 



[GG] K.P. Coulter, A.B. McDonald, W. Happer, T.E. Chupp, and M.E., Wagshul, 
Nut. Inst. Methods in Phys. Res. A 270, 90 (1988). 

[67] N.R. Newbury, A.$ B t ar on, P. Bogorad, G.D. Cates, M: Gatzke, H. Mabuchi, 
and B. Saam, Phys. Rev. A 48, 558 (1993). 

[68] R.J. Knize, Phys. Rev. A 40, 6219 (1989). 

[69] T.E. Chupp, R.A. Loveman, A.K. Thompson, A.M. Bernstein, and 
D.R. Tieger, Phys. Rev. C 45, 915 (1992). 

[70] N.R. Newbury, AS. Barton, G.D. Cates, W. Happer, and H. Middleton, 
Phys. Rev. A 48, 4411 (1993). 

(711 G.D. Cates, S.R. Schaefer, and W. Happer, Phys. Rev. A 37, 2877 (1988); 
G.D. Cates, D.J. White, T.-R. Chien, S.R. Schaefer, and W. Happer, Phys. 
Rev. A 38, 5092 (1988). 

(721 K.D. Bonin, T.G. Walker, and W. Happer, Phys. Rev. A 37, 3270 (1988). 

[73] K.P. Coulter, A.B. McDonald, G.D. Cates, W. Happer, and T.E. Chupp, 
Nut. Inst. Methods in Phys. Res. A276, 29 (1989). 

[74] A. Abragam, Principlesof Nuclear Magnetism (Oxford University Press, New 
York, 1961). 

[75] B. Larson, 0. Hausser, P.P.J. Delheij, D.M. Whittal, and D. Thiessen, Phys. 
Rev. A 44, 3108 (1991). 

-207- 

\ 



1 

‘Y 
’ SPIN DYNAMICS IN STORAGE RINGS 

AND LINEAR ACCELERATORS* 

John Irwin 
Stanford Linear Accelerator Center 

Stanford University, Stanford, California 94399 

ABSTRACT 

The purpose of these lectures is to survey the subject of spin dynamics in acceler- 
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to electrons end protons. Examples of experimental and theoretical results in 
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* Work supported by Department of Energy contract DCAC03-76SFOO515. 

@J. Irwin 1994 

-209- 



1 Spin Preliminaries 

1.1 2-D Spinors and Density Matrix 

For spin l/2 particles, such as the electron and proton, the spin observable is 
determined by a ray in a 2-D Hilbert space. Since the ray is normalized to unity 
and has an arbitrary phase, two real numbers uniquely determine this ray. The 
standard choice of these two parameters, so as to give a one-to-one correspondence 
with the usual paler description of a unit directional vector in three dimensional 
space is: 

on = ,ix 
[ 

cos (e/2) emi’f2 
sin (8/2) e+Qf2 I 

4-b n = (sin 0 cos cp, sin 19 sin cp, cos 0). (1) 

This correspondence may be extracted from the relationship: 

where the 5 are the two-by-two traceless Hermitian Pauli spin matrices. The 
operators 4Oj/2 generate rotations, 

and a Pauli matrix calculation confirms the desired relationship: 

(3) 

(4) 

In quantum mechanics the rotation generator times ifi is the angular momentum 
operator, hence it is usual to define a spin S = hd/2. The spin vector can couple 
with a classical magnetic field to give a scalar Hamiltonian. There is a free pro 
portionality constant, and it is usual to define a magnetic moment c = ge/2mS, 
with the Hamiltonian given by H = -j?. B. For orbital angular momentum the 
proportionality constant is determined; g = 1, and z = e/ZmL. The constant g 
is called the Lande g factor. For the electron g = 2. 

‘Y 
The Hamiltonian is the generator of the time evolution, 

hence the direction vector n characterizing \Ir satisfies 

!!Ln xn 
dr L I with no, = $B. 

(5) 

(6) 

The quantity 1 RL 1 is called the Larmor prcccssion frequency. The variable r 
has been chosen to represent the time variable so as to draw attention to the fact 
that the frame of reference is taken to be the rest frame of the particle. The 
electron charge e is a negative quantity for the electron. The highest energy state 
for the electron has the spin aligned with the magnetic field. Note that even for 
a magnetic field of B = 1 Tesla, the energy tire = 10T4 eV, which is much less 
than the kinetic energy of particles in accelerators. In other words, with very high 
accuracy the spin motion will have no influence on the particle orbit motion. 

For an ensemble U and any observable 0, the expected value of 0 is given by 

(0) = (WW,,, = N ’ C 7Zi (QiO’lEi), (7) 

where N = Gin+, and r~ is the number of occurrences of ‘IJi in the ensemble. 
If each 9i in the ensemble is expanded in some basis designated by Q,,,, Qi = 

c, cinI%n, and 0 is characterized by its matrix elements in this basis, O,, = 
(@,,,OO,,) , then upon entering these expressions into the definition of (0) the 
expected value of 0 is given by 

All the information that is necdcd to charactcrizc the ensemble is given by the 
matrix p with 

Pm = f xi TliCTnCi,. 

This matrix p is called the density matrix. Prom its definition it can be deduced 
to be i) Hermitian, ii) positive, and iii) have Tr p = 1. 
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Since all 2 x 2 Hermitian matrices are given by four numbers, p can be ex- 
panded in the basis consisting of the unit matrix 1 and the three u matrices. Since 
the us are traceless and trace of p is unity, there are three unknown constants, 
and they may be chosen to be components of a vector according to 

p = l/2 [I + (P . a)]. (10) 

If the basis states defining p are rotated so that the z-axis is in the direction of 
P, then 

p= O+Pz)P 
[ 

0 
0 1 (1 - PA/2 ’ 

(11) 

and one can see that the positivity of p implies that ] P ]I 1. Further since it 
may be verified that 

dP/dr = RL x P, (12) 

it is appropriate to interpret P as the polarization of the ensemble. 

1.2 Thomas-BMT Equation’ 

If the particle orbit is given, then B(r) can be found from B(t) by transforming 
to the rest frame of the particle. Such frames can be obtained by pure boosts 
from the lab frame. If a particle is moving along an orbit, such that in time 6t the 
velocity has changed bv, from vr to v2 = vr + 6v, Thomas’ noted that if Or was 
a frame of reference at rest with respect to the particle at time tt obtained by a 
boost from the lab frame, and 02 was a frame of reference at rest with respect to 
the particle at time t2 also obtained by a boost from the lab frame, and if O), was 
a frame of reference at rest with respect to the particle at time ts obtained by a 
boost from the frame Or, then 0; is rotated with respect to 02 by an amount 

6eLp = - t7 - 1) 6eo. (13) 

(LP signifies “es seen from the pure boost frames from lab,” and 0 signifies 
rotation of orbit direction.) Thus in a sequence of pure boost frames, each at rest 
with respect to the particle, a constant vector in the rest frame of the particle will 
appear to precess in a sense opposite to the rotation determined by the sequence 
of velocity vectors in the lab frame. 

rr Assuming for the moment that the particle is moving in a magnetic field, then 

dvfdt = e/m7 (v x B) . (14) 

The magnetic field in the pure boost frames at rest with respect to the particle 
would have a field in those frames of 

05) 

(I indicates the component perpendicular to and ]] the component parallel to 
the velocity vector). The precesion frequency in the sequence of lab frames (use 
dr = dt/-y) would be 

nLp=-g&(BI+++ (16) 

However in this set of frames, even were it constant, the spin would appear to 
precess at the frequency (T for Thomas) 

The sum of these gives an apparent precession frequency of 

i-l .,,=-; 
a+1 
---+I ’ Y 1 

where a = (g - 2)/2 z 1.16 x low3 for electrons, and a z 1.79 for protons. 
If an electric field is present the apparent rotation frequency is 

(17) 

(18) 

t-l +,-(o+-&)+ (19) 

The dominant term here is usually aB1. The Bll can be significant at low energies 
for particles in a solenoid. The last term is usually small for two reasons: typically 
E/c << B (a 1-Tesla magnetic field has a strength equivalent to an electric field 
of 3 MV/cm), and very often E is parallel to v. 

, 
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In a constant magnetic field in the laboratory with motion given by dv/dt = 
e/m-y(v x B), a frame in the laboratory that rotates so that one axis is always 
pointing in the direction of the velocity, rotates with a frequency called the cy- 
clotron frequency, 

If one observes the precession of the particle spin in frames of reference that are 
pure boosts from this rotating frame in the lab, then the l/y BI cancels out. 
Observed from this sequence of frames, and assuming a field perpendicular to the 
velocity vector, 

QTLPO = ?a% (21) 

(TLPO signiiies a rotation observed in frames which rue pure boosts from a lab 
frame rotating with the orbit, accounting for the Thomas precession effect). We 
have the very simple result that the spin in these frames rotates ya times 8s fast as 
the orbit rotation, i.e., for one orbit around an accelerator, the spin would precess 
ya times. This result is usually valid when other fields are present because the 
other terms are very small. For electrons -ya = E(GeV)/0.44065, and for protons 
ya = E(GeV)/0.52335, so for similar energies, the rotation angle of protons and 
electrons is similar. The product ya is called the spin tune. It is interesting to note 
that the proportionality between the orbit change and the spin precession gives 
a sense of the “stiffness” of the spin. The orbit has to be substantially altered in 
order to alter the spin direction. 

For a particle in a circular accelerator, travelling in a horizontal plane with 
dipole fields in the vertical direction, there will be horizontal fields from imperfec- 
tions and from focussing in the quadrupoles. These fields usually average to zero, 
are weak, and act over short distances. However if these horizontal fields occur 
with a frequency that matches the spin frequency, they can cause the direction of 
the spin to change. This condition is called a spin resonance and is discussed in 
detail in Section 4.4. 

;, 1.3 Spinor Representation of Classical Precession 

Since the precesion equation dnldt = Sl x n, with 0 = -ge/PmB, describes 
the motion of the direction of the 2-D Hilbert space vector @a under the action 
of the generator G  = -ia’. 012, it is acceptable and indeed often convenient to 
analyze precessional motion by solving spinor equations. In anticipation of this 
use, and assuming the precession equation to be analyzed is dnJdt = nTLp0 x n, 
the generator is given by 

G = -$. f-tTLpO 
ra& (1 +-ya)BZ -i(l +a)& (22) 

(l+ya)B,+i(l+a)B, --raB, 

which for large 7 becomes 

(23) 

2 Accelerator Physics Preliminaries 

2.1 Linear Transport and Closed Orbit 

The typical elements of an accelerator are: i) dipoles which have a con- 
stant magnetic field to bend the beam; ii) quadrupoles which have a linear field 
(By = kx, B, = -ky) used to focus the beam; iii) sextupole pairs for chromatic 
corrections; and, rarely, iv) octupoles for tune-shift-with-amplitude or other mi- 
nor orbit adjustments. The fringe fields of dipoles have a sextupole-like quality, 
and the fringe fields of quadrupoles have an octupole-like quality. Since the sex- 
tupoles occur in pairs, in such a way that the sextupole aberrations cancel, and 
the octupoles are very weak, it will be satisfactory for a first analysis to limit the 
discussion to dipoles and quadrupoles. 

The effect of a linear element, such as a drift or quadrupole, may be repre- 
sented by a matrix. If the phase-space state of a particle is represented by the 
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four-vector z = (x,x’, y, y’), then passage through a drift is represented by 

22 = MLZI, (24) 

where ML is given by 

ML = i 0 0 0 1 L 0 0 I 0 0 0 1 L 0 0 1 1 . 

A thin quadrupole kick can be represented by the matrix 

0 0 01 

Each of these matrices has unit determinant and is symplcctic. Thick quadrupoles 
can be represented by a sequence of drifts and thin kicks, hence beam lines made 
up of drifts and thick qusdrupoles can be represented by products of the above 
matrices. A tilted quad, indeed any linear transformation, may be represented by 
a matrix. 

Being a product of symplectic matrices, the one-turn matrix of a storage 
ring is necessarily symplectic. If X is an eigenvalue of a symplectic matrix, so is 
l/A, and since these are real matrices, so is its complex conjugate X’. Taking 
X = e“, it follows that p is either real or purely imaginary. Real Jo unequal to zero 
is excluded, for in such a case there would be an initial coordinate that would 
become arbitrarily large after many turns. The pure complex case corresponds to 
a stable ring. 

The real and imaginary parts of the cigenvectors of the one-turn matrix M 
can be used to define a similarity transformation A which has the property 

r cask sin pZ 0 O 1 
M =A-’ -sbn’lz coy 

I . 

0 0 
A. 

cos Py sin pv 
(‘W 

0 0 - sin py cos pV 

Though the one-turn matrix is a function of the starting place in the ring, all one- 
turn matrices are related by a similarity transformation, namely the transport 

mitrix between the two starting points. Hence the eigenvalues of the one-turn 
matrix will not depend on the location at which the one-turn map is defined. The 
quantities vZ,y = ~~,~/27r are called the tunes of the ring. 

The dipole strengths are chosen to define a closed orbit at the design energy. 
However errors in dipole strengths and quadrupole mis-alignments will cause the 
design orbit not to close exactly. If the ring is stable, a closed orbit can still 
be found. Suppose after one turn the image of a particle represented by initial 
coordinates a maps to the point b, then the point a+Aa will map into b+ Mha, 

where M is the one-turn matrix. To find a fixed point it is necessary to solve 

a+Aa=b+MAa, or (l-M)Aa=b-a. (27) 

If unity is excluded as an eigenvalue, the matrix (I-M) is invertible, and a fixed 
point can be found. The fixed point, and its image around the ring, is called the 
“closed orbit.” 

2.2 Betatron and Synchrotron Oscillations 

After redefining the coordinate system so that the closed orbit is at the origin, 
there exist four independent solutions, two for primarily horizontal motion and 
two for vertical motion. In each pair there is one sine-like and one cosine-like 
solution. These are defined as 

q(s) = M(s)A-‘(l,O,O,O); 

z2(s)=M(s)A-I(O,l,O,O); 

z3 (3) = II~ (s) A-’ (O,O, 1,o) ; (28) 

z4 (s) = A4 (s) A-’ (o,O, 0,l) ; 

where M(s) is the tranport matrix from the initial plane to a point a distance s 
along the closed orbit, and A is the similarity matrix defined above. For nC c 
s < (n+ l)C, where C is the circumference of the closed orbit, it follows from this 
definition that 

21 (s) = cos (np,) 21 (5) + sin (npZ) 22 (8) ; 

22 (s) = - sin (72~~) rl (S) + cos (7~~) 22 (B) ; 

23 (8) = cos (npy) z3 (5) + sin (72~~) y (5) ; (29) 

. y(s)= - sin (n/+) 23 (5) + cos (71,~~) y (5). 

where B = s - nC is between 0 and C. In other words only the functional form of 
the four functions on the first turn is required to determine the orbit for all later 

-213- 



. . ’ 

turns. These oscillations of the particle around the closed orbit are called betatron 
oscillations. Depending on initial coordinates the motion is a linear combination 
of the four zk(s). 

There also exist non-zero energy spread and bunch length. It is possible to 
introduce two additional coordinates: 1) 6 =  6E/E, the fractional departure from 
the design energy, and 2) CT = As, the longitudinal distance from the center of 
the bunch. Particles oscillate about the design energy and about the center of 
the bunch, and oscillations in this third degree of freedom are called synchrotron 
oscillations. The closed orbit is slightly dependent on energy, defining a function 
called the dispersion function, and there is a tune associated with the synchrotron 
motion which is typically much smaller than the betatron tunes. This fact allows 
the synchrotron motion to be treated as a modulation of the betatron oscillations 
and leads to “sideband” phenomena. 

3 Linear Accelerators 
Figure 1 shows the layout of the Stanford Linear Accelerator (SLC). The 

polarized electron source is at the bottom of the figure. The arrows along the 
electron beam line indicate the direction of the polarization ss the beam proceeds 
from the source through the pre-accelerator to the damping ring, then from the 
damping ring to the main accelerator, and finally to the north arc and the IP at 
the top of the figure. 

3.1 Space Charge Depolarization in Injector 

For the space charge fields of cylindrical bunches (assuming no external fields) 

B = v x E/c2, and v.B=O. (30) 

hence B~I =  0, and remaining terms proportional to “a” cancel, leaving 

This diminishes rapidly with increasing 7. Furthermore, since lines of B circle 
the bunch and particle orbits oscillate back and forth across the bunch, the spin 

‘Y  
/ 

Spin Polarization in the “Flat Beam” SLC 
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Figure 1. Schematic layout of SLC showing direction of spin polarization as of ‘93 for 
beam configuration. 
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rotation direction changes sign and  may cancel  out. However,  neglect ing this 
cancelat ion it is possible to estimate the rotation angle. 

(QI,, = e  PM 0.3Nr,U 
my(y+l) =  u,a,y(7+1)’ (32) 

The calculation of the maximum possible precession in the pre-accelerator, after 
the injector, is given by Ref. 3: 

W IIXU = J- R,,,,dt =  J- Rdrfv 5  0.3Nr,/(o,o,dy/dt) j-d-//r* 
z 0.06 [l/ri - l/rf] <  0.006, (33) 

where rc =  2.8x lo-l5 m, or =  4  mm, oZ = 2  mm, N = 5x lOto, ‘yi =  100,  71  = 2x 
103,  and  d-y/dr =  30m-‘. One  can conclude that there is no  spin precession from 
space charge after -y =  100.  Similar estimates for the injector region (a < 100)  
are shown in Fig. 2, where the bunch length is shown as a  function of position. 
The conclusion is that the total A&,,, <  0.06. Averaging over the radius of beam 
yields a  remaining polarization of at least (P) 2  O.gP,,,,. This is a  comfortable 
situation since no  cancellat ions were assumed.  

3.2 Spin Manipulation into Damping Ring 

Figure 3  shows the region following the pre-accelerator, leading to and  from 
the electron damping ring. Since 7a  = 2.74 at the end  of the pre-accelerator, the 
polarization direction is rotated by 90” when the beam direction is rotated by 
32.8’. The bend  into the RTL (ring-to-linac transport line) has  been  chosen to be  
five times 32.8’ so that the polarization is perpendicular to the direction of motion. 
This bend  is fol lowed by a  straight section of beam line containing a  solenoid. The 
magni tude of the field in the solenoid is chosen so that the polarization is rotated 
into the vertical direction. Thus the polarization is not affected by the subsequent  
bend,  and  the beam enters the damping ring vertically polarized. This is essential 
if the polarization is to be  preserved in the damping ring where the beam travels 
many revolutions and  the energy spread would cause a  complete depolarization 
for horizontal polarization. The details of spin dynamics in the damping ring are 
treated after a  discussion of the spin dynamics of the north arc. 

SLC Injector Region 
Bunch Length vs Position 

*; 300  
A+= 0.4 

R 

Subharmonic 2 S-Band Accelerator 
Buncher -+ g b- 3M Section 

m 

y 1100 
(51 MeV) 

t 1  I I I I 1  I I I I 
0  120 240  360  460  600  

t 
5  m m  

+t 
Z (cm) t a~=4 m m  

0~=7.5 m m  2  m m  ?fz 
Figure 2. The bunch length and the max imum precession phase due to space charge in the SLC 
injector.3 

3.3 Spin Rotation in SLC North Arc 

In a  planar ring or arc on  the design orbit a  particle would exper ience only a  
vertical bending field (B, =  B, =  0), and  

dn  -==nT~Poxn=7ancxn=yaCixn 
dt P (s) 

(i is taken as a  unit vector in the vertical direction, rather than 9, since the 
convent ions for spin usually have i as  the polarization axis). Convert ing c dt to 
ds and  letting ds/p(s) =  de  be  the change in direction of the orbit, the above 
equat ion can be  rewritten as 

dn . z = yaz x n  =  u& x n, 

, 
‘!. 
1  
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Flat Beam Spin Trajectory in 
North Damping Ring Region 

LTR and RTL 
E= 1.21 GeV 

North Damping Ring e- y = 2.37.103 
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kouth Ring 

e+ 
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Figure 3. An enlargement of the SLC north damping ring and the linac-to-ring (LTR) and 
ring-t&inac (RTL) transport lines showing the direction of spin polarization for the flat beam 
configuration. 

where vv is the tune spin, and usP = 100 in the north arc. 

Now sdd some small I?, in resonance with the spin precession. Without B, 

the spin just precesses about the z direction, but with a “resonant” & the set of 

motions sketched in Fig. 4 may be realized. Even with a relatively small B,, this 
situation can result in spin flip. Figure 5 shows a particle orbit in the SLC north 
arc that results from a small vertical kick, and shown superimposed is a plot of 
the horizontal component of the spin. Note that, by a lucky coincidence, the spin 
precesses one time in exactly an arc length corresponding to one vertical betatron 
oscillation. When the particle is at a maximum in its trajectory, the quadrupole 
field is bending the particle back toward the midplane, and since the spin at 
these locations always has the same orientation, the resonant condition sketched 

in the above sequence of drawings applies. Figure 5 also shows the slow growth 
of the vertical component of the spin that results from this resonant condition. 
By adjusting two vertical bumps in the last section of the north arc, it has been 
possible to completely control the polarization orientation at the IF’. 

03 3-M 
7634*4 Bx 

0 c3) 0 
Bx Bx Bx 

Figure 4. Spin moves away from the precession axis under the influence of a horizontal mag- 
netic field which changes in phase along with the precession rate. This condition is called spin 
“resonance” condition. 

u, Particle and Spin Motion in North Arc Achromat 

1 

0 

-1 

0 20 40 
e- Collider Arc (NARC) Length (m) 

Figure 5. A graph of both a vertical betatron orbit and a horizontal component of the spin 
vector in the SLC north arc indicating that the rcsonrmce condition is very well satisfied there.’ 

This situation can be analyzed quite nicely using the spinor representation 
for the precession equation, as described in Section 2.3. Without B, the spinor 
equation is 
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which has the solution 

o(e)=exp(+%%) .Q(O). 

(36) 1 

(37) ’ 

With Bz the equation is 

drIr -iTa 1 -w (4 & (@/P 
z- -- 2 

-ep 6’) Bz W/P 
-1 1 Q (0) 7 (38) 

where p is the longitudinal momentum, and p/e is often referred to as the magnetic 
rigidity Bp. It could arise that a quadrupole with B, # 0 is located in a straight 
section where 0 does not advance. Then pde = ds, and it is necessary to integrate 
B,(s) along the trajectory through the straight region. If the off diagonal element 
is Fourier analyzed on the particle orbit 

eya . P (e) & (e) 
P k=-m 

and one term is dominant; the equation for \k then becomes 

-Eke-ike 
-1 1 Q (e). 

Note that B=(0) can come from either imperfections in the lattice or from betatron 
oscillations ss described above. To solve this equation it is convenient to move to 
a co-rotating frame by substituting 

rk (e) = exp 
-ik8 

( > 
-or Q(e) 

2 

resulting in an equation for @: 

(42) 

where X, = A = I+ - k AZ = Re(s), &, = Z~(E), and 1 x’ )= dm. This 

rn:y be solved to yield 

o(O) = ezp(-io’. AS/Z)@(O). 

Thus the resultant motion is a precession about the direction x’ with frequency 
1 x’ 1, which all is precessing about i. Letting < be the polar angle of x’, then 
cog = A/d-! has the value +l for large positive A, -1 for large negative 
A, and is 0 for A = 0 (exactly on resonance). If the spin tune is changed “slowly,” 
say by changing the energy, so that A moves from +l to -1, then a particle whose 
spin is primarily in the +z direction will precess about x’ as x’ moves from the +z 
to the -z direction. The spin will end up pointing in the z direction. The width 
of this “resonance” region is seen to be about 2s. “Slowly” changing the spin 
tune should be interpreted to mean that the change of A from --E to +E should 
require many oscillations. Letting dv/dB = o, the resonance passage would occur 
in A@ = 2c/a. Many oscillations would require ) X I A0 > 2x. Since I X 12 E, 
this condition may be written (I < c*/rr. 

3.4 Damping Ring Considerations 

Particles enter the damping ring with large betatron amplitudes and are 
damped through the mechanism of synchrotron radiation followed by energy make- 
up. Polarization or depolarization that can occur through the radiation process 
is discussed in Section 6.2. It is a slow process compared to the several damping 
times which electrons spend in the damping ring. Hence the resonant analysis 
described in the previous section is sufficient to understand the behavior of par- 
ticles in the SLC damping ring. To understand the behavior of the spin we must 
analyze the function B,(B). Following Courant and Ruth,’ this can be found by 
analyzing the particle orbit: 

eBJp = eB,c/pc = (dp,/dt)lpc = (dp,/ds)/p = d*.z/ds*. (44) 

The last equality made use of the relationship pi/p = dzlds. Hence to find the 
Fourier analysis of the off-diagonal element, one may Fourier analyze dL.z/ds*. 

Resonances arising from the betatron motion are called intrinsic resonances, 
and resonances arising from machine errors are called imperfection resonances. 
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The imperfection resonances can cause a vertical excursion of the closed orbit. A 
Fourier analysis of the closed orbit could have components at any integer. For the 
betatron motion z(s), it was shown in Section 2.2 that on the nth turn 

2 (9) = cos (npz) q(S) 20 + sin (np,) .zz (a) .r& (45) 

where a and 4 are the initial position and slope, ~(3;) and r*(g) are the cosine- 
lie and sine-like orbits on the first turn, 0 5 B = s - nC < C (C being the 
circumference), and pZ is the betatron phase advance of each turn associated with 
motion in the z (vertical) direction. The Fourier integral required is 

1 cidep (0) 2’ (e) de 

= (C, e-ir2m cos (7~4~)) 2s*epikep (0) Z; (e) de + . . . 
0 

= (C, 6 (IS f !$ + 77~)) Tcidp (8) Z: (e) de + . . . 

(46) 

Therefore there are resonances at v.,,, = IC = fnZ/2n + m = fv, + m, for m any 
positive or negative integer, where v, is the tune of the vertical betatron motion. 

Figure 6 shows what would be expected if the damping ring energy (spin tune) 
were near a resonance. Assuming the spin was in the z direction upon injection 
into the ring, it would then begin to precess about some vector &. This vector 
would precess about the z axis. When the particle is ejected from the ring, & 
will have precessed to some final vector x’,, which without damping would have 
the same polar angle with respect to the z axis. However,  the particle spin which 
is precessing now about x’, will not usually be pointing in the z direction, and 
so the component of the spin in the z direction is generally smaller at extraction 
than on injection. In the presence of damping the amplitude of the betatron 
oscillation is reduced, so the resonance strength changes, and the polar angle of 
,?f will adiabatically change, as indicated in Fig. 6. 

Figure 7 shows a simulation of the exit polarization expected as a function of 
the spin tune in the neighborhood of the design spin tune (Z 2.7). Experimentally 
the polarization can be measured at the end of the main linsc with a Moeller 
polarimeter. The beam can be sent directly down the linac from the injector 
or sent into the damping ring to be damped. Experimentally no decrease in 
polarization is observed from passage through the damping ring. 

SLC Damping Ring 

Y 
s-94 z34As X 

Figure 6. A aketch of the entry and exit polarization for the SLC damping ring illustrating that 
near a resonant condition the exit polarization will be less than the entry polarization.” ‘ 

4 Proton Rings 
In proton rings there is no polarization mechanism, as there often is in electron 

rings (see Section 6), so the only hope for having polarized beams is to polarize the 
beam at its source and preserve the polarization through the entire acceleration 
cycle. Since the spin tune changes with energy, many resonances are crossed. This 
section discusses the various methods that have been devised to cross resonances 
without losing beam polarization. 

4.1 Resonance Crossing 

We have already noticed that as the spin tune passes through a resonance 
the x’ vector changes sign, from up to down, or vice-versa. If the resonances sre 
crossed slowly the polarization will follow the X vector, so the beam will remain 
polarized having only changed the sign of the polarization. This strategy has been 
used successfully. The main problem with this method is that the weak resonances 
must be crossed very slowly, and there are just too many resonances: one resonance 
every 0.52 GeV for a 10 TeV accelerator amounts to 20,000 resonances to cross. 
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Figure 7. The results of a simulation of the exit polarization from the SLC damping ring as a 
function of spin tune (which is proportional to damping ring energy). The design spin tune is 
indicated. The potential depolarization from three separate resonants is evident.6 

Froissart and Stora7 were able to exactly solve the equations for passage 
through a resonance assuming a constant cy = dvlde. They found 

Pz(+w) -= 
P*(-00) 2exp ( > 

-g _ 1. 
2o (47) 

This shows that for very fast passage through a resonance (dv/de >> n&*/2) the 
polarization is not changed. This strategy has also been used succesfully. However 
the problem with higher energy accelerators is that the strength of the resonances 
increases to values greater than unity. 

The resonant strength is proportional to the integral 

2* 

E- e J -iKep (e) B, (8) de, (48) 
0 

which is just the integrated strength of the B, field along the orbit. The B, field 
arises primarily in qusdrupoles. The inverse focal length of the quadrupole is 

gi&,n by 
I 

(49) 

where p is the particle momentum, a is the quadrupole aperture, BT is the pole tip 
field, and LQ is the length. The number of quadrupoles in the ring is proportional 
to C/f, the circumference divided by the focal length of the qusdrupoles. The 
field experienced by the particle will be the gradient times the vertical offset of 
the particle from the quadrupole axis. Putting this together 

J e-‘&p (0) Bz (e) de = 1 eiKe(‘) B, (s) ds 
N AzeLQC N A+ (50) 

where we have taken B, = A%&/a, which can be non-zero for a length Lg. 
The number of such contributions can be C/f. With random signs the integral 
should increase like JcTf. A s machines get larger C/f increases, but in a given 
machine where C and f are constant one expects the imperfection resonances to 
increase linearly with energy (&imp N -y), since AZ arises from vertically displaced 
quadrupoles and is constant. For the intrinsic resonances, At is the amplitude of 
the betatron oscillations. Since the emittance decresses with energy, this ampli- 
tude decreases like l/a. Hence sint N fi. These estimates are evident in the 
calculations assembled in Fig. 8. Note that for the SSC the imperfection reso- 
nances have a strength of 10 to 100. Since imperfection resonances occur at every 
integer, the resonances will be highly overlapping, and the theory of Eoissart and 
Stora is not applicable. 

Imperfection resonances have been eliminated by putting in small closed orbit 
bumps with the right periodic structure until the strength of the resonance is 
compensated by the bump (harmonic matching). However for high energies, there 
are just too many resonances. They overlap, and none of these techniques is 
adequate. 

, 
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Figure 8. A compilation of the intrinsic and imperfection resonance strengths for several proton 
accelerators. Note that in any given machine the imperfection resonance strengths scale with 
energy and the intrinsic resonance strengths scale with the square root of energy.* 

4.2 Siberian Snakes 

Consider a particle moving along the closed orbit of a storage ring. Because 
of imperfections, or because of the presence of spin rotators sometimes inserted 
to ensure spin in the direction of the beam at interaction points, the spin is not 
always vertical. For one turn we may write 

rIr (0 + 271) = M (8) \k (0) , (51) 

where M(B) is the one-turn matrix for the spin precession, beginning and ending 
at the location designated by 8. It is clearly possible to find such a matrix because 
there is a spin transport matrix for every element of the ring, and the rotation 
for the complete ring will be given by the product of these matrices. Now every 
rotation can be characterized by an axis of rotation and an angle of rotation. The 

‘uangle of rotation will be the same for all 0 since i) the rotation angle is given I 
by the eigenvalues of the matrix, and ii) the one-turn matrix at any position is 
related through a similarity transformation to the one-turn matrix at any other 
position. The spin tune usp is defined to be this angle divided by 2x. The axis 
of the rotation is denoted by a unit vector n(0). A particle whose spin is aligned 
with n(e) at any t9 will remain aligned with n(e) for all 6’. Given M(B) the spin 
tune and the precession axis can be determined from the relations: 

cos (wSp) = q, and n = 2sin tTY pjT~ (o’M) 
8 

This may be verified by writing 

M = exp(-ia’. n) = cos(lR1/2) - iZ.nsin(IRj/2), (53) 

forming the quantities specified and taking the traces. 
The idea of a Siberian Snake was described by Derbenev and Kondradenkog 

in ‘74. The snake described by Fig. 9 is designated a Type I snake. Assume there 
is a spin rotator designated S that rotates the spin 180’ about the longitudinal 
axis. The top sketch of Fig. 9 begins at position A and follows an up vertical spin 
around the ring. It comes back to position A pointing down (drawn with dashes 
and designated by a number 2). The middle sketch follows a horizontal spin, and 
the bottom sketch follows a longitudinal spin. The angle designated 0 in these 
drawings is the angular precession traveling from A to B (modulo 2x), and A is 
chosen so that this is the same angle as going from C to A. The net outcome is 
rotation of 180’ about the longitudinal axis, independent of 0. In other words the 
spin tune is one-half for all energies! This can also be verified by calculating Tr 
M. For this ring (letting v = ya) 

M = exp (*Iw~) exp (*Vu,) exp (+Vcr) 
= exp (+%rv) exp ( +gz) exp ( +Vor) 
= exp (*rev) = -ia,. 

Hence Tr M = COS(KU,~) = 0, implying vsP = I/2. 

(54) 
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Figure 9. Sketches showing the progression of polarization axes in a Type I Siberian Sndm8 

The Type I snake has the defect that the rotation axis n(0) is in the horizontal 
plane. The Type II snake shown in Fig. 10 does not have this problem. This ring 
contains two rotators, one which rotates 180” about the longitudinal and another 

wfiich rotates 180’ about the vertical. This snake has vs,, = l/2, and the axis 
n 0) 1s up for one-half of the ring and down for the other half. For this ring t 

M = exp ( qcrz) exp (TV exp (G&,) exp ( ?@ur) 
= exp ( quz) exp ( $3ry) (55) 
= (iu,) (by) = -ia,. 

Hence again TrM = cos(xusP) = 0, and uaP = l/2. 
Apparently, if resonance widths are less than l/2 then the spin should never go 

through a resonance. There are two effects which complicate this simple picture. 
When sextupoles and octupoles are included, the Fourier analysis of orbits has 
components at frequencies other than the integers (k), and k f V, as indicated 
above following Eq. 46. There are also components at k + k,v, + kzvz + k*v,, 
where k, k,, kz, and k, are all integers. Hence, there is potentially a resonance 
condition with a snake whenever 

112 = k + k,u, + k,u, + k,v,. 

Figure 11 shows the possible location of such resonances in the (I+, I+) tune plane 
taking k = k, = 0 and 1 k, 1 + 1 Ic, 1 5 2. These nonlinear resonances could 
apparently be avoided with proper choice of the betatron working tune (vz, vz). 

There is another effect: the presence of errors can shift the tune spin from l/2. 
Suppose the particle is being accelerated through a resonance and v = ya = k. 
Then, using Eqs. 41 and 43, 

M (01 4 02) = exp -i w2 -w -ih. a (e, - e,) 
2 2 (57) 

since X, = 0, X, =I E 1 coscp, X, =I E 1 sintp. For one turn of the type I snake 

M = exp (qku,) exp (q E’. ~7) exp ( yuv) cxp (F ku,) exp (~$5.5) 
= exp (+ka,) exp (% E’. 5) exp ( qkuL) exp (%uv) exp (=$G) 
= exp (++. 5) exp (+uv) exp (+<. ~7) , 

(58) 
where the + sign holds for odd k and the - sign for even k. This can be further 

. 
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Figure 10. Sketches showing the progression of polarization axes in B Type II Siberian Snake.’ 

9 q+l 
3-M vx (horizontal tune) 7834Ai 1 

Figure 11. A diagram of the the bet&on tune plane showing nonlinear resonant conditions in the 
presence of a Siberian Snake. There could also be synchrotron sidebands to these resonmces.Lo 

reduced to 

M=exp(~5.~)exp(~~~.~)(i~,), (59) 

where ET = (-E~,Q). Expanding the exponential and taking the trace one finds 

‘TrM = ;Tr [-sin(n~&I)(*f.a-~~.$)~] 2 
= (0 if k odd, sincpsin(*le() if k even}. 

(60) 

Hence vsP = l/2 for k odd but could lie in a band from l/2- 1 E I< I+, < l/2+ ) E ) 
for k even. Of course an arbitrary integer could also be added to the tune. This 
would suggest that this snake would be effective if I E (< l/2. 

Following the same analysis with the type II (double snake) leads to 

cos(7rv,p) = -cos2vsin2 (7r l4/2), (61) 

which cannot have an Integer vsp if ) E I< 1. Multiple double snakes lead to the 

, 
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condit ion 

cos (m&N) = - cos 2psin2 (a I&I/N). (62) 

This equat ion will have no  integer solution if sin2(1r I E I /N) <  sin(lr/2N), which 
implies a  condit ion 

I4 < m  (f-53) 

This suggests that the number  of snakes must increase as the square of the res- 
onance width. There is some debate in the literature on  this point, and  other 
estimates yield a  limit that increases linearly with the resonance width. The lat- 
est estimate is that 26  double snakes would be  required in the SSC to ensure 
absence of spin resonances.  I1 Of course there is also the requirement of a  properly 
chosen working tune to avoid nonl inear resonances.  

A nice sequence of experiments has been  performed with Siberian snakes at 
the University of Indiana cyclotron facility. Krisch et al (‘89)12 and  J. Goodwin 
(‘90)13 publ ished results showing that the type I snake performed as expected. 
Also M. Minty, (‘91)14 verified that a  type I snake removed resonance behavior 
for imperfection, betatron, and  synchrotron resonances.  Results are illustrated in 
Fig. 12. 

Overlapping resonances have also been  recently investigated at this facility by  
Baiod et al. (‘93),15 with an  rf resonance overlapping an  imperfection resonance.  
The snake wss effective in removing the depolarization that occurred without the 
snake.  See Fig. 13. 

5 Electron Rings 

5.1 Characteristic Times 

Figure 14  shows the characteristic t imes for different processes that occur in 
electron storage rings. The ring of this example has an  energy of 25  GeV, but 
these times may be  easily scaled to other energies using the fact that the radii of 
these rings scale like the second power of energy (p N -y2). The photon energy 
radiated per second for a  particle in a  constant magnet ic field is given classically 

Snake On Snake Off 
1.0 1  I I I I I I I 1  I I 

-I - $  - NV-4 
1.0 I I I I I I I I I 

I 

-0.5 I I I I I I I I 

5.10 5.15 5.10 5.15 5.20 
3-M m34A12 vY vY 

Figure 12. Experiment at the Indiana Univerty Cyclotron Facility showing the preservation of 
polarization with a  snake. (Note: Injected polarization was horizontal with the snake on, and 
vertical with the snake off.“) 

by 

(- 1) ( 

and  the so called critical energy for these photons is 

b, =  2x7&3 
3P 

(- 7) 

(64) 

The average photon energy is about  0.3 times the critical energy.  An important 
ratio, the critical energy divided by the particle energy,  is indepedent  of energy 
and  has a  value of about  lo-‘: 

E = !$ = 32 m  lo-6 (- 1). 

The number  of photons radiated per second is P-, divided by the average photon 
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The energy oscillation (synchrotron oscillations) damping time is given by the If the beam is completely unpolarized at time t = 0, the polarization will grow 

particle energy divided by the rate of radiated photon energy: ac!$ording to the formula 

E 3 P2 
- t-71. rE=j7=51;q3 

The damping time for the betatron oscillations is two times the energy damping 
time: 

5.2 Self Polarization 

Sokolov and Terno@ found that the spin-flip transition rate during syn- 
chrotron radiation depends on the direction of the spin. The spin-flip transition 
rate is given by 

where 

8& P3 
rp= yxcr,y5 t-71. 

The down state is preferred over the up state, and in the steady state the beam 
will have obtained a polarization 

Baier, Katkov, and Strskhovenko” found an additional term for the case in which 
the polarization has a component in the direction of the beam. 

W  

1 

sa = 
27 

[ 1 + 
15 

(n .1) 

2 

- P 
5 

(n . $)2 1 ; 

(n z?) is usually quite small. 

P(t) = -; (1 - ,-Al) ( 

where 

I-i(n(e).s)?)) and B=(~(n(0).6)2). 

Here 6 is a unit vector in the direction of the magnetic field component perpen- 
dicular to s. The average is taken over the closed orbit. Recall that n(6) is the 
axis of the one turn rotation matrix. The beam will polarize in this direction. 
The characteristic polarization time is rp, also shown in Fig. 14. It is much longer 
than most other characteristic times. 

5.3 Spin Diffusion and Depolarization 

In addition to a polarization mechanism, there is a depolarization mechanism. 
Whether the beam actually polarizes depends on the relative rates of the these 
processes. 

When a particle emits a photon it changes energy discontinuously. Particles 
of the new energy have a different closed orbit, so the particle is all of a sudden 
not on the closed orbit, and will begin to execute oscillations about the new closed 
orbit. The derivative of the closed orbit with frational change in energy is called 
the dispersion vector g(s). Since the position and slope of the orbit do not change 
during the emission process, the amplitude of the betatron oscillation is given by 
ze = -rj(sO)& (this is a phase space four component vector), where s,, is the pcei- 
tion in the ring at which the quanta wss emitted, and 6, is the fractional change 
in energy. In a perfectly planar ring the dispersion vector will lie in the horizontal 
plane, and the betatron oscillation will also lie in this plane. In such a case the 
particle would experience no horizontal fields, and the polarization vector will re- 
main unchanged. However in real rings, because of quadrupole misalignments and 
slight tilting of bend and quadrupole magnets, the dispersion vector has vertical 
components, and the horizontal and vertical betatron motion are slightly coupled. 
The analysis of Section 3.2 concludes that even in such a situation the betatron 
motion can be completely described by four functions. 

, 
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Though impossible, assume for a moment that the betatron amplitude after 
emission was zero. Then the motion would be along a deviated closed orbit de- ’ 
scribed by .$(~)a. As the particle travels along this orbit it may encounter a small 
horizontal field, say in a displaced qua&pole. This rotates the spin slightly about 
the horizontal axis, creating a very small component of spin in the longitudinal 
direction. Microradians will be shown later to be the relevant rotation scale. 
Continuing around the ring to the starting point, this small component of spin 
precesses, until at the end of the ilrst turn, though it will lie in the horizontal 
plane, it will have components both perpendicular and parallel to the direction 
of motion of the orbit. Other displaced quadrupoles would similarly contribute 
a spin component in the horizontal plane. Since these contributions are so very 
small, the spin vector at each small horizontal field is almost vertical. Hence all 
of the horizontal vector components can be taken to add linearly. Let the sum of 
all these horizontal components be 6Sr. 

On  the second turn two things will have happened: i) the energy will have 
changed slightly and will begin following a synchrotron oscillation, so that on 
subsequent turns the energy will be given by 6j = cos(j,us)6,, and ii) the en- 
ergy will have decreased very slightly due to further radiation. Taken together 
6j = e~p(-j7R/,)cos(j~,)6~. The ratio l/N = TR/TE is typcially between 10e3 
and 10e4. Thus the contribution to the horizontal spin on the second turn is 
6Sr = e-‘lNcos(p8)6Sr. To this must be added the contribution of the first 
turn which will have precessed by 2nu,, = 2nya E pap. Representing the hori- 
zontal spin vectors by complex numbers, and letting 6Sr = .eeiY; it follows that 

bS2 = ezp(-l/N)cos(p,)ee”, and the total horizontal spin after two turns will 
be 

6x2= 6sleih + 6s2 = 
[ 
1 + ewllN ~0s (ps) e-‘p’p 1 ,&(~+~~p). 

After j turns 

6Xj E 6Sleij~@p + 6S2ei(j-1)pap + . . . +6Sj 
= 1 + ,-l/N cos (pd) e-ip.p + ... + e-j/N cos (jp,) e-ijp., 1 ,,ij(v+d. 

Because of the small damping the infinite sum can be carried out, then the limit 

Nhcocanbetaken: 
“1 

sin (bgp - k)/2) + sin ((bp + ~,)/2) ’ 

A non-zero horizontal component of the spin is left which is precessing about the 
vertical. Note the denominators which vanish when pBp = fp,. This is typical, 
and illustrates a large depolarization at this resonance condition. Away from the 
resonance the sum has the order of magnitude of the first turn contribution to the 
spin which should be very small for reasons mentioned above plus the fact that all 
of the contributions from the qusdrupoles around the ring also will tend to cancel 
one another. Note that if 6Sr had been calculated starting at a different place 
along the orbit, the value of E would remain unchanged, and cp would advance 
by v,,s/C around the ring. The magnitude of E is proportional to 6, the energy 
fraction of the radiated photon. 

The betatron motion can be treated in exactly the same way. In this case there 
are four contributions: two modulated by the horizontal betatron tune, and two 
modulated by the vertical betatron tune. Letting z(s) be the phase space vector of 
Section 2.2, and A the matrix found from the eigenvectors of the one-turn matrix, 
the motion resulting from the quantum emission will be given by 

z (s) = xk zk (s) qk, 

where qk may be found from 

g = -A?76. 

In this case it is required to find the contribution to the horizontal spin vector that 
accrues along the first turn trajectory defined by zk(g). Later turn contributions 
are modulated by cos(jpZ), sin(jp=), cos(jp,), or sin(j,+) just as the closed orbit 
example was modulated by cos(jpS). The contribution of each can be summed, 
then added together and to the closed orbit sum, to give the total change in the 
spin vector as the result of the quantum emission. Each contribution is propor- 
tional 6, the energy fraction emitted. Derbenev and Kontratenko” define a vector 
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F, which they call the spin-orbit coupling function, by 

6n = r6, 

where 6n is the small rotation vector that would give the horizontal spin com- 
ponent 6X, (summing together betatron and closed orbit contributions). As a 
result of N repeated emissions there will be a random walk in the horizontal vector 
n given by 

1 An I=( E(6n)2 Ill2 = [N1262] 1’2. 

During a polarization time rp there are N = T~/T~ = 3/e2 emissions (recall < = 
FtuJE c 10-6). Also 6 z tw,/E = E. Hence in a polarization time, I An Ix 
fi I I’ I. To achieve a polarized beam, ( F I should be small compared to unity, 
implying the one-turn 6n(= F6) must be small compared to 10T6. 

The polarization time development will now follow the equation 

P(t) = -z (1- eeAl) , 

with 

2 2 11 
l-;j(n(0).s) +181r12 and B= $ (n PI . W2) . 

Unfortunately the theory described above is not adequate to totally explain the 
depolarization measurements; a theory which includes nonlinear effects is required. 
The details of such a theory are beyond the scope of these lectures, but they pro- 
ceed very much like the linear theory. Normal form theory establishes that there 
are four variables (as q above, which reside in a two-degrees-of-freedom phase 
space) which determine the orbit at some starting position and which advance 
turn-by-turn according to a block diagonal rotation, as in the linear theory. The 
particle position along the orbit can be expanded as a power series in these vari- 
ables, the coefficients being functions of the distance along the orbit. So just as in 
the linear theory, a set of functions (the coefficients of the power series mentioned) 
for one revolution determine the orbit for all revolutions. The contribution to the 
change of the spin vector of each term of the power series can be calculated, 

rn*h as for th e 1 inear theory, taking into account that for some magnets, like 
sextupoles, the horizontal magnetic field may be a quadratic or a higher power of 
the position variable. Thus a contribution to the change in spin vector comas to 
be modulated by a higher power of the rotation functions, e.g., cos2(n~,). The 
infinite sum of such terms will contain a denominator that is zero for a condition 
like usp f 2v, = n. 

There are computer codes which calculate I’. In order of increasing sophisti- 
cation and date of development, examples are SLIM,” SMILE,20 and SODOM.21 

Figure 15(a) shows depolarization data from SPEAR.22 A curve wss fit through 
the data points to aid the eye, and resonance locations were identified. There is 
clear evidence of nonlinear resonances. Figure 15(b) shows the results of nonlinear 
theory 8s computed by S. Mane. 23 The fit is remarkably good. Some resonances 
were identified with this fit that were not explicitly called out in the original data 
analysis. 

5.4 Beam Energy Measurements 

Using spin depolarization to measure beam energy was first suggested by 
Serednyakov (‘76).24 A fast kicker magnet with a horizontal magnetic field is 
inserted into the ring. If the phase advance per turn of the kicker magnetic field 
(2KQprR) equals the phase advance of the spin (2~4~) plus or minus an integer 
multiple of 27r(f2sm), then the spin should be depolarized by the kicker. This 
equation can be written 

where vkp and VR can be measured accurately, and since vsp = Ta, and a is 
known, an accurate value for 7 is obtained. The data shown in Fig. 16 were taken 
at Doris (‘83). 25 The energy is determined to a part in 105. Similar measurements 
were performed in Novosibirsk,26 and it is standard operating procedure at LEP to 
perform this measurement several t imes per week.27 To perform the measurement 
at LEP it is necessary to move some 880 MeV off of the 20 peak, slightly change 
the tunes, install some bumps to compensate the solenoid, and dump the e+ beam. 
An interesting side note is that a periodic variation in the energy was observed 
which was ultimately attributed to the tides of the moon.28 

The polarization time is very long at LEP, on the order of three hours. A num- 
ber of refinements, namely improved orbit measurement and magnet realignment, 
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Abstract 

An imroduction to spin techniques in particle physics is given. Among the top- 
ics covered am: helicity formalism and its applications to the decay and scattering 
of spin-l/2 and spin-l particles, techniques for evaluating helicity amplitudes (in- 
cluding projection operator methods and the spinor helicity method), and density 
matrix techniques. The utility of polarization and spin correlations for untangling 
new physics beyond the Standard Model at future colliders such as the LHC and a 
high energy e+e- linear collider is then considered. A number of detailed examples 
are explored including the search for low-energy supersymmetry, a non-minimal 
Higgs boson sector, and new gauge bosons beyond the W* and 2. 
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INTRODUCTION 

Every beginning student in particle physics learns how to evaluate Feynman 
diagrams and co 

T 
ute decay rates and cross sections. .In processes involving par- 

ticles with nonzer spin, one quickly learns the mantra: average over initial spins 
and sum over final spins. Usually, one learns a number of tricks to perform the 
spin summations so that one never has to worry about the explicit forms for the 
spin wave functions. However, in the process of summing over spins, one loses 
a great deal of information. Suppose one is experimentally studying some new 
physics phenomenon such as a newly discovered particle. In order to maximize the 
information obtained in the experiment, it is advantageous not to sum over spins. 
For example, one can study the production of the new particle with polarized 
beams. One can also study the polarization of the final state by measuring decay 
angle correlations in the decay chain of the new particle. Clearly, with additional 
information of this type, one can potentially learn much more about the properties 
of the new particle and its interactions. 

Today, all particle physics phenomena is successfully described by the Standard 
Model. Precision electroweak measurements at LEP test the Standard Model to 
better than one part in thousand [l]. So far, no convincing deviation from the 
Standard Model has been found. Two pieces of the Standard Model remain to 
be discovered. One is the top quark; evidence for its existence has recently been 
announced #by the CDF collaboration [2]. The other is the Higgs boson. In the 
Standard Model, electroweak symmetry breaking is triggered by the dynamics of an 
elementary complex doublet of scalar (Higgs) fields. As a result of these dynamics, 
the neutral component of the Higgs field acquires a vacuum expectation value. 
Three of the four Higgs degrees of freedom are absorbed and give mass to the W* 
and 2 gauge bosons. A fourth neutral scalar degree of freedom is the Higgs boson. 
Present limits from LEP imply that the Higgs boson mass must be larger than 
60 GeV [3]. 

However, most theorists believe that the mechanism of electroweak symmetry 
breaking must be more complex. Th eories with elementary scalar fields suffer 
from the problem of naturalness [4]. Simply put, the Standard Model cannot 
be a complete theory of particle interactions, since it neglects gravity. However, 
to a very good approximation, it is safe to ignore gravitational interactions at 
all energy scales below the Planck scale, MEL N 10” GeV. The problem with 
elementary scalar fields is that the natural value for its mass is given by the largest 
mass scale at which the scalar field can be viewed as elementary. By natural, 1 
mean that if one attempts to set the scalar mass to be light, radiative corrections 
drive the mass up to the highest energy scale. Thus, to understand why the 
Higgs scalar mass (and thus why the scale of electroweak symmetry breaking) is 

of order 100 GeV rather than 10 ly GeV, one must postulate a remarkable fine- 
tuning of parameters in the fundamental Planck scale theory. Most theorists find 
this possibility unaesthetic and prefer a less “miraculous” explanation of the large 
hierarchy between the eIectroweak1scale and the Planck scale. In attempting to 
devise a theory of electroweak symmetry breaking that avoids this disease, one 
is led to either assume that the Higgs scalar is not elementary much beyond the 
scale of 100 GeV, or else a new symmetry exists that can protect scalar fields from 
acquiring large masses. In all proposed models of these types, there must be new 
physics associated with the dynamics of electroweak symmetry breaking that exists 
at or near the scale of electroweak symmetry breaking. 

The main goal of the next generation of particle accelerators is to discover 
the underlying mechanism of electroweak symmetry breaking (51. That is, one 
must find the Higgs boson and/or new particles associated with the dynamics of 
electroweak symmetry breaking that lies at an energy scale of about 1 TeV or 
below. Assuming that new particles or phenomena are found, it will be crucial to 
determine the details of the new particle mass spectrum and the nature of their 
interactions. Spin will play a major role in this enterprise. By employing polarized 
beams and studying the initial and final state spin correlations, it will be possible 
to extract detailed information about the new particles and their interactions. 

The object of these lectures is to describe some of the basic techniques for mak- 
ing use of spin information to explore new physics beyond the Standard Model. 
In Lecture 1, I review spin formalism in particle physics and its practical applica- 
tions to systems of spin-l/2 and spin-l particles. Most everything in Lecture 1 is 
well known to practitioners of the field, but is rarely disseminated in elementary 
graduate courses. I shall highlight the most important results, focusing on the use 
of helicity states. It is interesting to note that although the material of Lecture 
1 is well known, techniques involving the computation of helicity amplitudes are 
still evolving. New and powerful methods are still being developed today and are 
permitting the calculation of some mu,lti-particle processes that could not have 
been envisioned even ten years ago. I will only be able to touch on some of these 
new methods briefly here. In Lecture ;?I, I will discuss low-energy supersymmetry 
as a canonical candidate for physics beyond the Standard Model. I will then show 
how spin and polarization can be exploited in the detection and elucidation of su- 
persymmetric particles and their intera iz. tions. In Lecture 3, 1 focus on two other 
examples of the use of spin and polarization for the detection of new phenomena: 
Higgs bosons at a y7 collider, and the detection of new gauge bosons beyond the 
W* and Z at a future hadron collider. I end with a few comments on other areas 
where spin techniques can play a critical role in the search for new physics. 

-232- 



LECTURE 1: 
Spin Formalism and Calculational Techniques 

I 
1.1 Helicity states in quantum mechanics 

Consider a spinning particle in quantum mechanics with spin vector ,!?, orbital e - 4 * 
angular momentum vector L, and total angular momentum J = L + S. In most 
elementary textbooks of quantum mechanics, it is shown how to construct simulta- 

-2 -2 -2 neous eigenstates of J , JZ, L and 5’ . Another useful basis is the product basis 
consisting of simultaneous eigenstates of I?~, L,, s2 and S,. Transformations be- 
tween these two bases involve the Clebsch-Gordon coefficients. However, there is 
a third basis choice which will prove far more convenient in processes involving 
relativistic particles. Define the helicity operator A as follows 

-4 

which is a scalar operator that commutes with J and S . We can now build angular -2 

momentum states that are simultaneous eigenstates of j2, J,. g2 and A. These are 
the helicity states of a single particle. The helicity states have certain advantages 
over, say, simultaneous eigenstates of i2, J,, J?~ and s2. In particular, helicity 
states are (i) invariant under spatial rotations, (ii) invariant under boosts along the 
particle’s moment&m (as long as the direction of momentum is not reversed), and 
(iii) convenient for describing relativistic scattering of both massless and massive 
particles. Let us explicitly construct the single particle helicity states [6,7]. I shall 
employ the standard particle physicist’s convention of h. = 1. We shall need to 
make use of the D and d rotation matrices introduced in most quantum mechanics 
textbooks. These are defined as follows. The unitary rotation operator act,ing on 
the quantum mechanical Hilbert space is [S] 

where the rotation R is specified by three Euler angles. The D and d-matrices are 
then defined by 

=e -:f$me-iym’dj 
mm,(e) 63j’. 

Three important properties that we will need are 

e--rnJy Ijm) = (-l)J-" lj, -m) , (1.4) 

and the orthogonality relation 

J JJ’ “,“I’, 6 

(1.5) 

(1.6) 

where dR E d cos 6dq5 (note that there is no dependence on the angle y). 

Let I; be a unit vector pointing in a’ direction specified by a polar angle 0 
and azimuthal angle 4 with respect to a fixed z-axis. The three-momentum of a 
particle will be denoted by p’= pfi. A plane wave state of helicity X is constructed 
by starting with a plane wave eigenstate of S, (with eigenvalue A) moving in 
the z-direction. Applying the rotation operator U[R(q5,6, -d)] results in a plane 
wave moving in the direction of 6 Note that the third argument of R is purely 
conventional, since for a particle moving in the z-direction, a rotation about i has 
no physical effect. The reason for choosing such a convention is that the rotation 
R(c$, ~9, -4) is equivalent to a single rotation by an angle 0 about an axis A, where 

ii = (- sin 4, cos I$, 0). 

This result can be proven by verifying that 

(1.7) 

which follows from the commutation relations of the angular momentum operators. 

The helicity plane-wave state is explicitly given by 

I& 4 = VR(4,0, -411 Ipi, 4 , (1.9) 

where i 

Jz Ipi, 4 = X lpi, A) , (1.10) 

since for p’ = pi, J, = f.j = 3. $ = S,. Let us expand in a comilete set of 
eigenstates of I2 and JZ, 0 

(1.11) 

J=bi 

where the sum is taken over integers (half-integers) for an integer (half-integer) 
spin particle. Next, apply U[R] to Eq. (1.11) t o obtain Ipi A). Inserting a second 
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complete set of angular momentum states and using Eq. (1.3), one obtains 

IF 4 = g 5 lb,N) @~(WP,~P% A). 

j=l,il “C-J 

(1.12) 

This result is the generalization for spinning particles of the well known expansion 
of plane waves in terms of spherical waves. To see that this is the desired result., 
multiply Eq. (1.12) by (fl. For spinless particles, X = 0, j = e, and - 

vi P, w N icjf(~)Yh(+) 
(p, em ] pi) is a constant independent of i, 2. 

Eq. (1.12) then reduces to the familiar result 

(1.13) 

(1.14) 

The overall factor of 47r can be obtained by setting p = 0. 

Let us return to Eq. (1.12). We can invert this expansion and evaluate the 
matrix ele 

Using Eq. 

(1.15) 

. , 

lent (p, jm]p>, X) by imposing the orthonormality relation 

(p, jmX(p’, j’m’A’) = + 6(p - p’)6jjtb,,SSA,JS 

1.6), one ends up with 

Jp, jmA) = 
d---J 

$$! dodgy’ Ipi A) , (1.16) 

where the rotation R is specified by Euler angles (4,0, -4). Note that I have in- 
serted a helicity label A on the left-hand side of Eq. (1.16) since Ip, jm) is explicitly 
an eigenstate of A. It follows that Ip, jmA) are the simultaneous eigenstates of y’, 

Jz, g2, and A. These are the one-particle helicity states. 

In scattering processes, the initial state consists of two particles. It is conve- 
nient to work in the center-of-momentum (CM) frame where p’ G pi = -6. The 

total helicity of the two-particle system is defined as 

A=A,+A2=J;.~1$J;.li2=(j;-j~).~. (1.17) 

It is also useful to define the relative helicity of the two-particle system as 

1. p = (J; + &).fi = A~ - A~. (1.18) 

We can construct two-particle helicity states [6] in the same way we obtained the 
one-particle helicity states above.* First we define two-particle plane wave states 
in the CM-frame. However, there is a delicate question of phases that must first 
be addressed. As in the derivation of the one-particle helicity states, one begins 
from the state moving along the z-direction and rotates to the desired orientation. 
But, in the two-particle state in the CM-frame, if P; = pi then P; = -pi. Thus, 
we must define the state (-pi, A). Th’ is can be done in two different ways: (i) start 
in the rest frame with a state of helicity A, boost along the positive z-direction 
and then rotate to the negative z-axis, or (ii) start in the rest frame with a state 
of helicity -X and boost along the negative z-axis. These two results yield states 
that differ by a phase, so a convention is required. I shall choose the Jacob-Wick 
second particle convention [S] which d e fi nes a helicity state of a particle of spin s 
moving in the negative z-direction to be 

I-pi, A) = (-1y-Q’“JY Ipi, A) (1.19) 

This definition implies that 

!a (p2, -XI - pi, A) = 1) (1.20) 

where Eq. (1.4) has been used [which explains the origin of the extra phase (-l)“-A 
in Eq. (1.19)]. The two-particle plane-wave state is then defined by 

lp’; X1X2) q ulR(d,e, ;4,] lpi, A,) 8 I-pi, A,) (1.21) 

It follows from Eq. (1.18) that 

.WP’;w2) = WSA$)~ x z x1 - x2. (1.22) 

From this point on, the analysis follows the derivation of the one-particle helicity 
state. The final result for the two-particle helicity state [the analogue of Eq. (1.16), 

* Good textbook introductions to helicity formalism in particle physics can be found in 
Refs. [9] and [IO]. 
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with X = Xr - X2] is 

Jp, jm AJA2) = dR D$(R)* I& A,; X2) . (1.23) 

1.2 Helicity amplitudes in decay and scattering processes 

From the expression for the two-particle helicity state given in Eq. (1.23), it is 
straightforward to derive formulae for decay widths and scattering amplitudes in 
terms of helicity amplitudes [9,10]. Two examples are given below. 

First, consider the two-body decay of an unstable particle of spin J. Let us 
work in the CM-frame. Choose a z-axis and assume that the decaying particle is 
polarized with J, quantum number equal to M. The final state particles have spin 
s, and helicity X, (where i = I, 2). The decay angular distribution for (J, M) + 
(~1, XI) + (s2,h) is given by 

where m is the mass of the decaying particle, p, is the CM-momentum: and 

(1.25) 

In the above formula, X G Xr - /\2, and Mi,A\2 is a reduced decay amplitude 
which is a function of J, the outgoing helicities, and the particle masses, but is 
independent of the angles 0 and 4. 

Second, consider the two-body scattering process. Again, it, is convenient to 
work in the CM-frame. Then, the differential cross section for the scattering of 
particles of definite helicities: a(&) + !I(&) + c(&) + d(&) is given by 

where fi is the CM-energy of the process, p, (pf) is the initial (final) CM- 
momentum [explicitly: pi = X’j2( s, rnz, m%)/2& and for p/, replace initial state 

* Explicitly, p, = A’~z(mz,mf,m~)/Zm, where m, (i = 1,2) are the masses of the decay 
products and X(a, b, c) 3 (a + b - c)* - 4ab. 
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masses with final state masses], and the helicity amplitudes for the scattering pro- 
cess are given by I 

m 

Mx,x.,;x,x~(s, O,~J) = C (2J+ljdxJ,x, (e)e ‘(X’-Xf))MXJ~~\d;A.Xb(S), (1.27) 
J=max(X.,X,] 

summed over integers (half-integers) for integer (half-integer) A, and Af, where 

(1.28) 

In the above formula, M~,)ld;X,Xb(~) is a reduced matrix element which is indepen- 
dent of scattering angle. Note that if all particles are spinless (take & = Af = 0 and 
J = e, where e is the orbital angular momentum), then Eq. (1.27) reduces to the 
usual partial wave expansion of nonrelativistic quantum mechanics. [In verifying 
this result, use the fact that d&(B) = Pr( cos 0), which follows from Eq. (1.5).] 

If the decay and scattering processes are mediated by parity (P) and/or time- 
reversal (T) invariant interactions, then there are nontrivial constraints on the 
reduced matrix elements. Additional restrictions are obtained if the initial and/or 
final state particles are identical. These constraints are summarized below [6,9]. 

(a) Parity 

where 7, is the intrinsic parity of particle i. Note that in the first formula above, 
n is the intrinsic parity of the decaying spin-J particle. 

(b) Time-reversal 

(1.30) 

(c) Identical particles 

M;\J,x, = (-OJM,J,,, 1 

M~~x,AA~) = 
(-l)JMicx,,A,\,(s), a, b identical, (1.31) 

(-l)JMidA,;)i.ib(s), c, d identical. 

Note that in the case of identical particles, J must be an integer. 

In actual computations of decay and scattering processes from Feynman dia- 
grams, one can compute the helicity amplitudes by employing explicit representa- 
tions for the spin wave functions. Then, the reduced amplitudes can be identified 
from Eqs. (1.25) or (1.27). 
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specified by (7r - O,C$ f r) [the choice of sign is made so that 0 < C$ < 2n]. It 
follows from Eq. (1.38) that’ 

I 
x4(-8 = tx xx(li) 1 (1.42) 

where the phase <x E (-1)S-‘e-2”” f or a particle of spin s. For s = l/2, it, is 
convenient to write lx = 2Xe- lix) For second particle spinors in the Jacob-Wick . 
convention, the overall phase of xX(-i) is modified by choosing Fx = 1. 

With the explicit forms for the helicity spinors, one can derive a number of 
useful relations. We list three such relations below, which we will make use of later 
in this lecture: 

and 

V(P, A) = -2X-l5lqP, -A) I (1.43) 

d--P, -A) = I,, YOdP, A), 

U(-Pq -A) = t-x YOfJ(P, A) 1 
(1.44) 

where -p E (E; -p’) and tx is defined below Eq. (1.42). 

In high energy processes, the chiral or “high energy” representation of the Dirac 
matrices and spinors is more useful if an explicit representation is needed. For the 
record, I note that 

(1.45) 

where the subscripts s and c refer to the standard and chiral representations re- 
spectively, 4 is either a u or v-spinor and 

(1.46) 

For example, 

u(p)= &&j ( (m+E-f-x) = (@-) , (m+E$p’.a’)x (1.47) 

where ufl = (1;;) and Y = (1; -Z). See e.g., Refs. [lo] and [13] for further details 
on this representation. 

t An equivalent result for x,(-p), which can be obtained from Eq. (1.39), is 

xi(+) = -2Ae-2’Am iA. 8(-,x,(~), 

where thq phase (A is defined below Eq. (1.42). 

Although the explicit forms for spinors are occasionally useful in practical 
computations, it is often more useful tp employ the helicity projection operators 
which are independent of the specific Dirac matrix representation. For a massive 
spin-l/2 particle with four-momentum pJ’ = (E; p’), the spin four-vector is defined 
as 

(1.48) 

where 2X = fl is twice the spin-l/Z particle helicity. The spin four-vector satisfies 

s.p=o, 

s’s=-1. 
(1.49) 

Note that in the rest frame, s = 2X (0 ; $), while in the high energy limit (where 
E >> m), s = 2ApJm. 

The helicity spinors satisfy the Dirac equation and are eigenstates of ysb with 
unit eigenvalue. Explicitly, we have 

bb A) = m4p. A), rsb U(P, A) = dP> A) ? 
(1.50) 

MP, A) = -mv(p, A), 755 4P? A) = V(Pt A) t 

From these results, one can derive the helicity projection operators for a massive 
spin-l /2 particle: 

U(P, AMP, A) = :(I t -k#) (j + m) , 

U(P, AMP, A) = 3(1 + rd) ($ - m) . 
(1.51) 

To apply the above formulae to the massless case, recall that in the m -+ 0 
limit, s = 2Ap/m + 0(m/E). Inserting this r&suit in Eq. (1.50), it follows that the 
massless helicity spinors are eigenstates of ysr 

(1.52) 

Applying the same limiting procedure to Eq. (1.51) and using the mass-shell con- 
dition ($j = p2 = m2), one obtains the helicity projection operators for a massless 
spin-l/2 particle 

U(Pt AMP, A) = f(1 + 2Ay,) # , 

7J(P, X)v(p, A) = ;( 1 - 2x7s) j . 
(1.53) 
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(2) Spin-l helicity states 
4 

Let k+ = (/co; ,) be the four-momentum of a spin-l particle moving in the 
direction i which boints in a direction specified by p6lar and azimuthal angles 
B and 4. The spin-l wave function (or polarization four-vector) for the helicity 
A = fl states is given by 

P(k,fl) = &*i+(o; F cos0cosd+isinQ,, -icosQFcosBsind, fsin0). 
(1.54) 

Note that the above result holds both for massless and massive spin-l particles. If 
the mass m # 0, one must also list the polarization four-vector of the longitudinal 
(X = 0) state 

The spin-l polarization vectors satisfy 

k . c(k, A) = 0, 

t(k, A) . c(k, A’)’ = -&,, . 

In addition, the overall phase of c has been chosen such that 

c(k,-X)=(-l)X~(k,X)*. 

For spin-l particles moving in the -I direction, one can check that 

(1.55) 

Many examples of such computations can be found in Ref. 1141. Here, I shall 
illustrate the method in the computation of the squared matrix element for 

~+(P~,Az) + e-(m,Xi) -+ p+(p4,X4) + II-(P~,X~), (1.59) 

where each lepton is in a definite helicity state as specified by the corresponding X 
(and the p, are the corresponding four-momenta). There is one tree-level Feynman ! 
diagram shown below. 

e- 

e+ 

e”(-k, --A) = -~xY,, @‘(k, A), (1.58) 

where -k z (k’; -z) and grv = diag(1, -1, -1, -1) [but there is no implied sum 
over ~1. The definition of tx is the one appropritate for s = 1 [see below Eq. (1.42)]; 
i.e., Ix = (-l)‘-Xe-2’Xb. As before, for a second particle in the Jacob-Wick 
convention, the overall phase of G’(-k, A) is modified by choosing tx = 1. 

1.4 Spin projection operator methods 

All particle physics students learn how to use projection operators to compute 
spin-summed and averaged cross-sections in quantum field theory. These methods 
also apply when the incoming and/or outgoing particles are in definite spin states. 

(1.56) 

Applying QED Feynman rules, the helicity amplitudes are 

e2 
MA~x,;x,x~ = ~~(P3,~3)7P~(P4,~4)~(p2,~2)71r~(PI,~l)r (1.60) 

where s = (~1 -+ ~2)~ is the CM-energy squared. Squaring the amplitude, and 
making use of the helicity projection operators [Eq. (1.51)], one obtains 

1.57) IMx~x,;xAI~ = $Tr -01 + -d4)(P4 - mJr”(l + rJ3)(P3 + md 

x’h 7r(l+75#1)(P~ +me)7dl +7552)($2 - 4. 
(1.61) 

Although this expression is complicated, it can be worked out by hand. However, 
it is instructive to simplify the computafion by evaluating the squared amplitude 
in the high energy limit. In this case, I can neglect all masses and replace 6, with 
f2X [where the plus (minus) sign is chqsen for (anti-)particles]. Eq. (1.61) then 
reduces to 

e4 
lM~3~,~~1~112 = yTr ?‘(I- ~~47$,)~47"(1 +2x375)$3 16s2 

x Tr ~~(1 + 2X1-r5)d1yv(l -2X27.&2 

= ie” [( 1 + cos2 B)( 1 - 4x112)( 1 - 4X3x4) 

+~COS 0(2X1 - 2&)(2X3 - 2&)] 

(1.62) 

Keep in mind that the X, can take on the values +$. 
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Eq. (1.62) is easy to understand. First, note that if X1 = X2 and/or if %J = X4, 
then MA,A,;A,A~ = 0. This is a consequence of angular momentum conserva.tion, 
which is illustrated in the diagram below. 

I --9 t 
-- 

eR 4 

The long arrows indicate the direction of three-momentum (in the CM-frame), 
while the short arrows indicate the direction of helicity (which is eit,her parallel 
or antipara.llel t,o the momentum depending on whether X is positive or negat,ive, 
respectively). For example, in the above configuration, if WC choose t.he positive 
t-axis t,o lie along the electron direction, then the total J, = 0, which is in conflict 
with .I, = fl, which is required since helicity is conserved in QED when fcrmion 
masses can be neglected. By the same reasoning, t.he allowed configurations would 
include the possibilities shown below. 

For these configurations, the squared amplitude takes the following form 

~Mx~-x~;x,,-x, I2 = e4 [l + (2x1)(2&) cos 012 

This amplitudr vanishes at cos0 = -1 [cosO = I] if X1 = A3 [~, = -X3]. This 
result, can also he seen to be a consequence of angular momentum conscrvat,ion; 
that, is, t.he amplitude vanishes when J, = +1 in the initial st,ate hut J, = ~1 in 
the final state. 

1.5 The spinor helicity method 

For scattering processes with more t,han two particles in the final state, the 
spin projection operator methods quickly become unwieldy. In t,his sect ion, 1 sha.ll 
give a brief int.roduction to the spinor helicity method [15-191 which is a powerful 
technique for computing helicity amplitudes for multiparticlc processes involving 
massless spin-l/2 and spin-l part,icles. Although generally applied to t,rec,-level pro- 
cesses, more general techniques have been developed recent,Iy which are applicable 
to one-loop (and multiloop) diagrams [ZO]. The spinor helicity t,echniques are ideal 
for QCD where light quark masses can almost always be neglected. Generaliza- 
tions of these methods t,hat incorporate massive spin-l /2 and spin-l particles rxisi.. 

although thr complications that are introduced are substantial. The reader can 
study the papers of Ref. [16] to learn about these techniques for massive particles; 
in this section, I shall restrict my discussion to the massless case. 

WC begin by recalling that massless helicity spinors are eigenstates of yg [see 
Eq. (1.52)]. Combining this result with Eq. (1.43) yields 

v(p, X) = -2x7,?& -A) = u(p, -A), (1.64) 

and WC see that, pa.rticle and antiparticle massless spinors of opposite helicity are 
the sa.me.* With this observation, it is clear that the algebra of massless spinors 
should simplify significantly. Ilerc, I shall describe the spinor-helicity technique of 
Xu, Zhang and Cha.ng [17] (denoted h enceforth by XZC), which is a modification 
of techniques developed by the CALKUL collaboration [18]. Following XZC, I shall 
introduce a very useful notation for massless spinors 

IPf) = dP, +, = z,(P) r$) I 

(p*l s zl(p, *$, = c(p, r;, 

These massless spinors have the following properties 

1. Massless Dirac equation 

(1.65) 

5IPf) = (pfl5=0. (1.66) 

2. Chirality conditions 

(lf7,)IPf)=O, 

(Pfl(lf75)=0. 

3. Ot,her massless spinor properties i. 

(Pf I 7” lP4 = 2Y 7 

(1.67) 

(1.68) 

IPf) (Pfl = +r1 f Ydi 1 (1.69) 

from which the following “completeness”-type relation follows 

IPS) (p+l+ IP-) (P-l = #. (1.70) 

* Eq. (1.64) mot,ivatcs t.he choice of overall sign in the definit,ion of the charge conjugation 
matrix C [Eq. (1 .X3)]. 
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4. Vanishing spinor-products 

I 
(P+IQ+)=(P-Iv-)=0 for any P, 9, 

(p+Ip-)=O. 
(1.71) 

Eq. (1.71) shows that only a few of the possible spinor-products are non-zero. 
It is therefore convenient to introduce the following notation for spinor-products: 

(w) = (P - I9+) = -(9p) 1 

[WI = (P + la-) = -lqpl. 
(1.72) 

These two quantities are related by 

(w)’ = -[WI, 

where all spinors are assumed to have positive energy! It follows that 

I(P9)12 = l[P9112 =2P.9, 

(1.73) 

(1.74) 

which indicates that the spinor-products are roughly the square roots of dot prod- 
ucts. Other useful relations can be found in Appendix A of Ref. [19]. 

Next, XZC introduced a convenient expression for the massless spin-l polar- 
ization vector. Let k be the four-momentum of the massless spin-l particle. Let p 
be a %eference” four-vector (usually taken to be another four-momentum vector in 
the scattering process of interest). The XZC spin-l polarization vectors are given 
by 

(1.75) 

The only restriction on p is that it not be parallel to Ic. One can immediately check 
that c”(k, X) [where X = fl] so defined satisfies Eq. (1.56), which means that it is 
a valid polarization four-vector. Note that 

E’(k, A) = t(k, -A), 

which implies that the choice of phase in the above definition of c(Ic, *l) differs 
from that of Eq. (1.54). 

t In Ref. [19], calculations are performed assuming that all particle momenta are outgoing. 
As a result, energy-momentum conservation implies that some spinors have negative energy, 
in which case Eq. (1.73) is replaced by (pq)’ = -sign(p. q)[pq] 

To appreciate the significance of the reference four-vector p, one can check that 
if p is changed then t@ is shifted by a’factor proportional to k@. This does not affect 
Eq. (1.56) since k2 = 0 for massless spin-l particles. Moreover, this shift does not 
affect the final result for any observa b . le (m particular the sum of amplitudes of any 
gauge invariant set of Feynman diagrams remains unchanged). Thus, the presence 
of the arbitrary four-vector p just reflects the gauge invariance of the theory of 
massless spin-l particles. ! 

The following additional propert!ies of G‘(k, X) defined in Eq. (1.75) are note- 
worthy: 

p c(k, X) = 0, (1.77) 

c t,,(k, A)c;(k, A) = -grv + p’k;,+;k’ , 
x 

I(k) = $$& (I&) (~4 + lpf) WI) (1.79) 

We are now ready to apply the XZC technology to a real calculation. Consider 
the process: 

-r(h,h) + -/(h.h) + q(pl,h) + +2,~4)r (1.80) 

which is relevant as a background to Higgs production in yy collisions (to be 
discussed in Lecture 3). In the following computation, I shall neglect the quark 
masses. Two tree-level diagrams contribute to this process 

‘,-Jz+;; ‘\;=-lJ?:: 

- - 1 - - 

where the separated arrows above indicate the flow of four-momenta. The corre- 
sponding amplitudes are 

M, = -e2e2ti(pI){; ” - Cl 9 (pl - k1)2 12v(p2) ’ 

Mb = -e2e,2ii(pl)t2 lh - F2 flG2) 1 
(PI - k2)2 

(1.81) 

where e4 is the quark charge in units of e. It is easy to check that the helicity 
amplitudes with Xr = X2 and/or with Xs = X4 are zero. This leaves four non-zero 
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helicity amplitudes corresponding to 
, 

(X3,A4;hrA2) = (*+$+1,-l), (‘fJ&1,+1). (1.82) 

I 
Consider first M(+i, -3; -1, +l). I shall use the following notation for the photon 
polarization four-vectors 

tl = b(h,+l) = I(h,pz,+l), 
#2’- bh-1) = /(kz,pl,-I), 

(1.83) 

where the reference momentum chosen in each case is indicated. Note that one 
can choose different reference momentum for different photons. The decision on 
which reference momenta to choose is somewhat of an art; experience will teach 
you which choices lead to the most simplification in a given computation. Writing 
the amplitudes given in Eq. (1.81) using the XZC bracket notation, and using the 
fact that all external particles are massless, 

e2e2 
M,(+;,-@,+I) = ‘I zpl kl (PI + lilt+1 - h))f2b2+) 9 

e2e2 
Mb(++, -f; -l,+l) = --d- 2Pl . k2 (Pl + l/2M - ~z)vllPz+)~ 

Next, we employ Eq. (1.79) to write 

(1.84) 

I1 = (p2 -$.,+, (h-) (m-1 + lm+) (h+l) , 

t2 = (p 
1 

;F2-, #2+) b1+1+ lm-) (b-l) . 
(1.85) 

Using Eq. (1.71), it follows that Mb = 0 since (pl + Ik2+) = (pl + Ipl-) = 0. 
Thus, 

M(+$, -a; -l,+l) = -e2e:(Pl + Ikl-) (PZ-I#, - h lpi-) (k2 - lp2+) 
PI . klbz - lh+)(pl + Ik2-) 

= e2e;(~l + P-b - lh+)(h + lP1-j(k2 - lp2+) 
Pl . kl(Pz - Ih+)(pl + Ik2-) 

(i.86) 

where we have used 31 IPI-) = 0 [Eq. (1.66)] and $ = (kl+) (kl+] + ]kl-) (kl-] 

[Eq. (1.70)]. Finally, we convert to the spinor-product notation [Eq. (1.72)]. Writ- 
ing 2~1 kr = ([Plkl ]I’, it follows that 

1 km lh4 
M(+i,-$--1,+1) ~-2~2e~[klpl,~~plk21, 

~ -2e2e2 ,io lk2P2) 

q [pllczl’ 

(1.87) 

where I have noted that eia E [ klpl ]/( klpl 1’ is a pure phase. Thus, we arrive at 
the final and very simple result 

IM (+f, -3; -1, +l) 1’ = 4e4e: 2, (1.88) 

Ry parity and identical particles (Eqs. (1.29) and (1.31)], the remaining non-zero 
helicity amplitudes immediately follow. We collect the complete set of non-zero 
helicity amplitudes below 

IM (+$,-i; -1,tl) 1’ = IM (-$, +i; +1,-l) I2 = 4e4e: $$, 

IM (+$, -3; +l, -1) I2 = (M (-i, +i; -l,+l) 1’ = 4e4e: e. 

(1.89) 

Finally, it is conventional to introduce the kinematic invariants 

t = -2pl . kl = -2p2. k2, 

u = -2p1 k2 = -2m. kl . 
(1.90) 

From Eq. (1.89) we immediately obtain the gquared amplitude for 7-r + qij aver- 
aged over initial spins and summed over final sprns and colors (A’, = 3) 

IMf,, = 2Nce4e: ik + f) 

I 

’ (1.91) 

1.6 The Bouchiat-Michel formulae 

Instead of trying to generalize the methods of the previous section to the case 
of massive fermions, I shall introduce yet another method for evaluating helicity 
amplitudes. This method is well suited for scattering processes in which the initial 
state consists of two equal mass fermions. First, one introduces three four-vectors 
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sf, a = 1,2,3 such that the s’ and p/m form an orthonormal set of four-vectors. 
That is, 

p.sa=o, 

I 
g Sb = -pb , (1.92) 

P,Pv 
3; s; = --S/w t ,2, 

where repeated indices (such its the index a above) are implicitly summed over 
unless otherwise stated. A convenient choice for the s“ is 

S1lr = (0; cosf?cosqh, cosBsin$, -sin0), 

s2# = (0 ; - sin 4, cos 4, 0)) 
(1.93) 

and 

(1.94) 

in a coordinate system where $ = (sin 0 cos 4, sin 0sin 4, cos 6’). Note that s3 is 
identical to the positive helicity spin vector; that is, 2Xs3 = s [see Eq. (1.48)]. 
From these explicit forms, it is easy to derive a number of useful properties* 

(1.95) 

where ~0123 = -&‘123 z 1. One can check that the helicity spinors satisfy (211 

(1.96) 

where the 7” are the Pauli matrices! and there is an implicit sum over the repeated 
label X = *i. In Eq. (1.96), the second formula may be obtained from the first 
one by using Eq. (1.43) and noting that 4AX’?,,-,, = --T:,~. Consequently, the 

* 1 do not distinguish between upper and lower Latin indices. Thus, Pbc is the usual Levi- 
Cevita tensor in three space dimensions with f”s = 1. 

t The first (second) row and column of the r-matrices correspond to )r = l/2 (-l/2). Thus, 
for example, &, = ~M,uI (no sum over A). 

helicities X and X’ that label T” appear in tlie second formula of Eq. (1.96) in 
reversed order. Finally, note that for ~1 = 3, Eq. (1.96) re uces to a result previously d 
obtained [see Eq. (1.50)]. 

Using Eq. (1.96), one can deride the following formulae first introduced by 
Bouchiat and Michel [22] for spin-l/2 particles of mass m 

(1.97) 

Note that the Bouchiat-Michel formulae are generalizations of the helicity projec- 
tion operators. The former (Eq. (1.97)] d re uces to the latter [Eq. (1.51)] when 
X = X’ after using 2Xs3 = s. Although the above results apply to the m # 0 case, 
the m = 0 limit of the Bouchiat-Michel formulae can be easily obtained. Not- 
ing that s3 = p/m $ 0(m/E) in the high energy limit, and using the mass-shell 
condition (p’ = m2), it follows that the m -+ 0 limit is smooth. The end result is 

(1.98) 

As expected, when A = A’, we recover the helicity projection operators for massless 
spin-l/2 particles [Eq. (1.53)]. 

1 shall now illustrate how one can use the Bouchiat-Michel formulae to eval- 
uate helicity amplitudes involving two equal-mass spin-l/2 particles. A typical 
amplitude involving a fermion-antifermion pair takes the form 

MA,A~ = $P~,~~)~v(P~,xz), (1.99) 

where r can contain Dirac matrices, spin-l polarization vectors, etc. In the CM- 
frame, P; = -& = $. Using the notationi-p E (E; -p’), 

Mx,x, = ~(P,X~)~~-P,~Z) ’ 

= -2J42qp, Xl) r-Y5+ 1 ,421 

=-2x qp xl)r7 yo ‘,i2, 2 7 5 u 7 
(1.100) 

= -hTr {r~5~ol~~1~z + r5&,#"l(+ t m)} , 

where Eqs. (1.43) and (1.44) have been used (with the Jacob-Wick second parti- 
cle convention, i.e., < x = 1) to manipulate the amplitude into a form where the 
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Bouchiat-Michel formulae [Eq. (1.97)) can be applied. By performing the trace, 
one completes the direct evaluation of the helicity amplitude. As a trivial example, 
set F = 1 in Eq. (l.lOO(. The result is 

GJ, XI M-P, kt) = km$, Tr (r’l”) 

= 4W17X3,X1 (1.101) 

= Wl~A,A~ 

Alternative and related methods for directly evaluating expressions such as 
Eq. (1.99) can be found in Ref. [23]. 

1.7 Density matrix techniques in unstable particle production and decay 

A typical process in high energy physics starts with a two-body collision of 
particles of definite spin. If the beams are polarized, then the initial particles are 
in definite helicity states. If the beams are unpolarized, then one must average 
over initial spins. Particles that are produced in the collision are often unstable. 
A complete quantum mechanical description of the scattering process including 
the decay of all unstable intermediate states must account for possible interference 
effects between the production and decay processes. In this section, I shall always 
work in the narrow width approximation; i.e., the width of the unstable particle 
is small compared to its mass. This approximation is very good in many cases of 
interest. In practical terms, it implies that the Breit-Wigner resonance shape can 
be approximated by a &function in cross-section calculations. Explicitly, 

1 
(s - my + 7722~2 

x --&s - 7n2). 

For the scattering process, A + B -+ Cl + C2 + . . , if Cr is spinless and decays 
via Cr -+ Ui + D2 + . . . , then in the narrow width approximation, the total cross 
section is [lo] 

uT = 4A + B --) CI + C2 + .) BR(Cr -+ D1 + D2 + . . .) , (1.103) 

where the branching ratio is defined by 

BR(CI + DI + D2 + .) = 
~(CI -+ D1 + D2 + .) 

r 
(1.104) 

and I is the total width of particle Cr. Thus, in the narrow width approximation, 
there is no correlation between the production and decay of a spinless particle. On 

the other hand, if the unstable particle ‘has non-zero spin, a proper computation 
should take into account spin correlations between the production and decay. This 
is most easily done by introducing the cohcept of density matrices. Good textbook 
introductions to density matrices in particle physics can be found in Refs. [9] 
and [lo]. In addition, see Ref. 1241 f or a comprehensive treatment of polarization 
phenomena using helicity amplitude techniques. In this section, I shall illustrate 
the use of density matrices in two simple examples. Further details on the material 
in this section can be found in Refs. [25-29). 

As a first example, consider the process 

A + B -+ Cl + cz + . 

LD,+D,+... 
(1.105) 

where Ci is a spin-l/2 fermion. Let MA [N,] be the matrix element for production 
[decay] of Cr with helicity X. We then define the production and decay density 
matrix elements, respectively, as follows 

(1.106) 

where the summation sign indicates that one should average over initial spins and 
sum over the final spins of all particles excluding Cr. (More complicated density 
matrices can be defined if other initial or final state particles are also prepared or 
observed in definite helicity states.) These matrices are sometimes referred to as 
helicity density matrices to emphasize the fact that they are defined with respect 
to states of definite helicity (other choices are possible). Note that the diagonal 
elements PAA correspond to the usual squared matrix element for the production 
or decay of the particle of helicity X. The total squared matrix element for the 
process A + B + (01 + D2 + . . .) + Cz + . . . 1s then given by 

(1.107) 

The meaning of the summation sign here is similar to its use above. The nontrivial 
spin correlations between production and decay are evident in the above formulae, 
since the total squared matrix element contains terms involving products of the 
off-diagonal density matrix elements. 

Since Cl is assumed to be a spin-l/2 particle, the most general forms for pp and 
pD can be deduced from the Bouchiat-Michel formulae. In particular, Eq. (1.97) 
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implies that the spin-l/2 density matrices must be linear in 6xx, and in r&s;. 
Thus, we may write* 

I P[~, = AbxAs + r;&B” , ’ 

pfAo = C6xxt + TX”&, D” , 
(1.108) 

where A, B, C, and D are functions of the kinematic invariants of the problem. 
These results should be compared with the more traditional expression 

pD = C(I + P. F), (1.109) 

where I is the 2 x 2 identity matrix and P’ is the polarization vector of the decaying 
spin-l/2 particle. Comparing the two equations above yields P* = sf,D”/C, which 
can be inverted [using the second equation of Eq. (1.92)] to give: D” = -CP”s~. 

In a parity-conserving process, there are restrictions of the form of the density 
matrices. These can be derived from the parity constraints on helicity amplitudes 
[see Eq. (1.29)]. The end result is that the density matrix elements must satisfy [lo] 

&,+A# = (-l)x-x’pAx, (1.110) 

For the 2 x 2 spin-l/2 density matrix, this constraint implies that the two off- 
diagonal elements are opposite in sign. Using Eq. (1.109), it follows that for parity 
conserving interactions P, = P, = 0 while Pr, may be non-zero (i.e., the polar- 
ization vector is normal to the production plane), which is a well known result. 
Equivalently, in the notation of Eq. (1.108), B,, and D, must be proportional to 
S;. 

Using the general forms for the density matrix elements shown in Eq. (1.108), it 
is easy to compute the total amplitude squared [Eq. (1.107)] for the process shown 
in Eq. (1.105). Using Tr 7’ = 0 and Tr r”r* = 26”*, we obtain [using Eq. (1.92)] 

Tr (pppD) = 2 [AC + B” (-~pv + s) Dv] (1.111) 

The term in Eq. (1.111) involving B and D describes quantum mechanical corre- 
lations between the production and decay processes. 

* Note that in the definitions presented above, Tr p is equal to the helicity-averaged squared 
amplitude. In the literature, one often finds that density matrices are normalized such that 
Tr p = 1, although I will not follow this convention here. 

As a second example, consider the process 

A+B--+Ci+Cz 

1 

LFl+F2+... 

( DI + D2 t 

(1.112) 

where Cr and C2 are both spin-l/2 particles. Let MA,, be the matrix element for 

the production of Ci and C2 with helicities X and p, respectively. Let Nil) [Nf)] 
be the matrix element for the decay of Cl [Cz] with helicity ,! [p]. We then define 
the production and decay density matrix elements, respectively, as follows: 

where the summation sign indicates that one should average over initial spins and 
sum over final spins of all particles excluding Cr and C2. Then, the total squared 
matrix element for the process A + B -+ (01 + D2 + .) + (Fl + F2 + . . .) is given 

by 

CIM tck3112 = Px4+fi’Pxq\P,q?, . (1.114) 

Following the same steps as above, we use the Bouchiat-Michel formulae to write 
down the general forms for the density matrix elements: 

Restrictions in the case of parity conservation can be obtained as before. If parity 
is conserved in the production process, then B and C are both proportional to s2 

(note that there is no restriction on D). If parity is conserved in the decay process, 
then F and H are each proportional to s2. 
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The total squared amplitude for the process shown in Eq. (1.112) is 

Pxxr;Pr,p$,q: = 4 AhG -I- B= P [ (-gap+ y) FPG 

+ CB 
~)..,.Fp(-gp~+~)D~~(-gpo+~)H~]. 

(1.116) 
Note that all terms in Eq. (1.116) apart from the first term proportional to AEG 
reflect the non-trivial correlations between the production of Cr and Cz and their 
subsequent decays. 

To gain a better understanding of these results, I shall give another derivation of 
Eq. (1.116) which is more physically motivated, following the analysis of Ref. [27]. 
For simplicity, I shall consider the case of B = C = 0. Let w’r and 4 be the 
polarizations of Cr and Cz in their rest frames. For example, if we define an 
orthonormal set of axes & in three-space, then the components of 31 are given by 

(number of Cl with spin along + &) - (number of Cr with spin along - ;i) 
r~’ = (number of Cl with spin along + ii) + ( number of Cl with spin along - Zi) 

(1.117) 
and so on. Now, compute the production cross-section for AtB + Cl(&)+&(&), 
i.e., the probability distribution for producing Cl with its spin in the direction of 
$1 in its rest frame, and Cz with its spin in the direction of Zz in its rest frame. 
We take Zr and Zz to be unit vectors. Symbolically, we write 

dc(A + B + Cl + C2) = C + Dtjslis2J1 (1.118) 

where there is an implicit sum over i, j = 1,2,3. 

Next, consider the problem of computing the decay distribution of Cr (or C2) 
of arbitrary polarization G’. We allow for the possibility of a mixed state so that 
the norm of G need not be unity. (In general, 111 < 1.) For example, the decay of 
an unpolarized state would correspond to Cu = 0. Now, the decay distributions for 
Cl and C2 (in their respective rest frames) are schematically given by 

dr(C, -+ DI + D2 + . . .) =A1 + B1 gl . d, , 

dr(Cz-,F~tFFz+...)=A2+B2~2;.~2, 
(1.119) 

where <r and 9’2 are final state momenta of one of the decay products of Cr and C2 
respectively. Using Eq. (1.118), Th e number of Cr having spin along the direction ii 
with the polarization of Cz in a certain direction 22 is proportional to C + D,,sz,; 

whereas the corresponding number of Cl having spin along the direction -ii is 
C - Dt,sz,. Hence, using Eq. (1.117), one finds 

(C + Dijs2j) - (C - Di,s2,) Di,s2, 
wli = (C + Dijsz,) t (C - Di,sxj) = C ’ 

(1.120) 

Inserting this result into the formula for clI’(Cr 4 D1 + D2 + . .) [see Eq. (1.119)], 
we symbolically have: 

do 8 dr(Cl + DI + DZ t .) O: CA1 + Bl(ql)iDiJSPJ. (1.121) 

Similarly, we may compute 7~2, (holding fixed the angular distribution of Cl). The 
result is: 

CA* + Bl(ql)iDij - [CA] - Bl(ql)iDij] 
w2’ = CA1 t Bl(ql)iDr, t [CA] - Bl(ql)iDij] = 

Bl(ql)iDij 
CA, . 

(1.122) 

Substituting this into the formula for dr(C2 -+ Fl + F2 + . . .) [see Eq. (1.119)], 
one ends up with the combined angular distribution of the decay products of Cl 
and Cz at fixed production angle 

dg@dr(Cl 4 DISDZS.. .)@dr(Cz + Fl+F2+. . .) O: CAIA2+BlB2(ql)i(q2),DiJ. 
(1.123) 

In Eqs. (1.121) and (1.123), I have omitted the overall normalization. But, this 
factor is easily obtained by considering the case of B1 = B2 = 0. Then, the joint 
probability distribution is [normalized to our previous calculation; see Eq. (l.llS)] 
equal to 4A1 A&‘. 

Finally, we need to convert the results of Eq. (1.123) into a covariant form. 
Recall that <r is the momentum in the Cr rest frame and qz is the momentum in 
the Cz rest frame. If one defines (Jj)i E D,j, then it is easy to check that the 
covariant expression which reduces to $1 . Jj i& the frame where pi = 0 is 

q, .p,d, PI 
1 

-a . d, + 
4 

= qfd; -gpu + ‘9 , (1.124) 
9 > 

since if pl = (ml ; 0), then -ql.d,+(ql)o(pl)o A {r . Zj as desired. Thus, Eq. (1.123) 
becomes 

do@ddrl@ddrz 0; CAlA2+BlBzq; -gp” + !t!!!!p 
ml 

-Spa + F) qz” , 

-“(1.125) 
which is precisely the expression obtained in Eq. (1.116) in the case of B = C = 0, 
with appropriate identification of the corresponding variables. 
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LECTURE 2: 
Applications to Low-Energy Supersymmetry 

I 
2.1 Raison-d’&re for new physics beyond the Standard Model 

The search for the origin of electroweak symmetry breaking and new physics 
beyond the Standard Model provides the central focus for particle physics experi- 
ments envisioned at the next generation of colliders. With the recent demise of the 
SSC, the only hadron supercollider now on the drawing boards is the LHC which 
will be constructed at CERN. LHC is a proton-proton supercollider operating at a 
CM-energy of fi N 14 TeV, with an instantaneous luminosity of 1OX3 cm-’ set-‘, 
and an eventual capability to reach luminosities above 1O34 cm-’ set-’ [30]. Mean- 
while, the e+e- physics community is vigorously engaged in the development of an 
e+e- linear collider with CM-energy of & = 500 GeV and luminosity in excess of 
1O33 cm-’ set-’ with eventual upgrades to CM energies of 1 TeV (and perhaps 
beyond) and ludinosities above 1O34 cme2 set-’ [31]. There is an active interna- 
tional collaboration involved in the design of this collider, which has been recently 
dubbed the International Linear Collider (ILC). Its proponents envision a forma1 
proposal for constructing the ILC to be ready later in this decade, with completion 
of construction sometime in the following decade. 

There are three fundamental goals of the LHC and ILC. The first goal is to 
discover the’Higgs boson [32] ( assuming that it has not already been discovered 
at LEP-II). If the Standard Model Higgs boson (or the Higgs bosons of an ex- 
tended elementary Higgs sector) is not realized in nature, then one expects to 
ascertain the dynamics responsible for electroweak symmetry breaking. If elemerl- 
tary Higgs scalars exist, then they are probably light (less than 200 GeV in mass) 
and weakly-coupled. An alternative picture is one in which the dynamics responsi- 
ble for electroweak symmetry breaking involves strong forces. In such an approach, 
any Higgs-like scalar is almost certainly composite, heavy (with mass on the order 
of 1 TeV) and strongly coupled. Technicolor is the standard paradigm for such 
approaches [33]. 

The second goal of the future supercolliders is to elucidate the structure of the 
effective low-energy gauge group and associated matter multiplets. If the Standard 
Model is the correct description of physics at the electroweak scale, then the correct 
low-energy gauge group is SU(3)xSU(2)xU(l), associated with three generations 
of quarks, charged leptons and massless neutrinos. However, one cannot be certain 
at present that this is the whole story. It is still possible that physics at the 1 TeV 
scale contains: 

1. New gauge bosons beyond the W ’ and 2 (which would indicate that the 
Standard Model gauge group must be enlarged). 

2. Massive neutrinos (very small masses for left-handed neutrinos and large 
masses of order 1 IbV for right-handed neutrinos). 

3. New quark and lepton generalions with the same quantum numbers as the 
known generations.* 

4. Mirror fermions, whose left-and right-handed couplings are opposite relative 
to those of the Standard Model fermions (341. 

5. Fermions with exotic quantunl: numbers (e.g., new vector-like D-quark and 
E-lepton which could arise in an Es model of grand unification) [35]. 

The discovery of any one of these particles would dramatically alter theoretical 
attempts to exteud our understanding of physics beyond the 1 TeV scale. 

The third goal of the future supercolliders is to search for new physics beyond 
the Standard Model associated with the dynamics of electroweak symmetry break- 
ing. Despite the great success of the Standard Model of particle physics, most 
theorists strongly believe that the successes of the Standard Mode1 will not persist 
to higher energy scales. This belief arises from attempts to embed the Standard 
Model in a more fundamental theory. We know that the Standard Model cannot 
be the ultimate theory, valid to arbitrarily high energy scales. Even in the ab- 
sence of grand unification of strong and electroweak forces at a very high energy 
scale [36], it is clear that the Standard Model must be modified to incorporate the 
effects of gravity at the Planck scale [MPL = (ch/G~)‘/~ 2( 10” GeV].+ In this 
context, it is a mystery why the ratio mW/MpL N 10-l’ is so small. This is called 
the hierarchy problem [37,38]. M  oreover, in the Standard Model, the scale of the 
electroweak interactions derives from an elementary scalar field which acquires a 

* Precision electroweak measurements at LEP do place some constraints. Since the 2 width 
implies the existence of exactly three light neutrinos, any fourth generation neutrino must 
have mass greater than mz/2. Second, precision measurement of the pparameter (where 
p = m&/m; cos28w = 1 to better than ‘1Yo) places strong constraints on the splittings 
between masses of any new fourth generation weak doublet states. 

t The Planck scale arises as follows. The gra!vitational potential energy of a particle of mas 
M, c~M’/r (where GN is Newton’s gravitational constant), evaluated at a Compton 
wavt+zngth, r = h/MC, is of order the rest mass, MC’, when 

1 

which implies that M* - ch/GN. When this happens, the gravitational energy is large 
enough to induce pair production, which means that quantum gravitational effects can no 
longer be neglected. Thus, the Planck scale, MEL = (ch/GN)‘I’, represents the energy 
scale at which gravity and all other forces of elementary particles must be incorporated into 
the same theory 
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vacuum expectation value of v = 2mw/g = 246 GeV. However, if one, couples a 
theory of scalar particles to new physics at some arbitrarily high scale A, ra.diativc 
corrections t.o the scalar squared-mass are of (?(A’), due to the quadratic divrr- 
gence in the scalar self-bnergy (which indicates quadratic se&t.ivity to t,he largest 
energy scale in the theory). Thus, the “natural” mass for any scalar particle is 
A (which is presumably equal to MEL). Of course, in order to have a stlrcrssful 
elect,rowcak theory, the Higgs mass must be of order the electroweak scale. The 
fact. that the Higgs mass cannot be equal to its natural value of MEL is called thr 
“naturalness” problem [4]. 

Theorists have been hard at work for more than a decade in an attempt to 
circumvent the problems raised above. The proposed solutions involve removing 
the quadratic divergences from the theory that are the root cause of the naturalnrss 
problem. Two classes of solutions have been proposed. In one class, the elemenbry 
scalars are removed altogether. One then must add new fundamental fermions and 
new fundamental forces. For example, in technicolor models, new fermions F 
are introduced such tha.t (FF) # 0 due to technirolor forces, which resu1t.s in 
the breaking of t,he electroweak interactions [33]. Other models of this class arr 
composit,e models, where some (or all) of the particles that we presently rrga.rd 
as fundamental are bound states of more fundamental fermions [39]. In this class 
of models, the physics that is responsible for electroweak symmetry brea.king is 
strong and its implementation requires non-perturbative techniques. I believe that 
it is fair to say that no compelling realistic model of this type exists at present. 
I will say no more about this a.pproach. The second class of models are those 
in which new particles are introduced t.o the Standard Model in such a way that 
all quadratic divergences exactly cancel. Since one retains the Higgs scalars as 
elementary, the cancellation of quadratic divergences can only be the result of a new 
symmetry [40]. This symmetry is called supersymmetry which relat.es fermions to 
bosons. Because fermion self-energies have no quadratic divergences, it is possible 
in a theory with a symmetry that relates fermions to bosons to guarantee that no 
quadratic divergences arise in scalar self-energies. 

In this lecture I will focus on low-energy supersymmetry as a compelling model 
for physics beyond t,he Standard Model (411. L ow-energy supersymmetric models 
contain a rich phenomenology of new particles and interactions. Moreover, polar- 
i&ion and spin correlations provide essential tools for disrnt,angling the super- 
symmetric spectrum and checking that the underlying interactions have a super- 
symmet,ric origin. I will first review the ingredients of low-energy supersymmetry 
and define the minimal supersymmetric extension of the Standard Model. Then, 
I will disruss some theoretical biases on the parameters of this model, which arr 
based on additional assumptions about physics at a very high energy scale (near 

the Planck scale). Finally, I will survey how to exploit polarization and utilize spin 
informat,ion t,o study supersymmetric plienomenology at future supercolliders. 

2.2 Introduction to low-energy supersymmetry 

Supersymmetry is an attractive theoretical framework that may permit the 
consistent. unification of particle physicsland gravity, which takes place at an en- 
ergy of order the Planck scale [42-441. H owever, supersymmetry is clearly not an 
exa.ct symmetry of nature, and therefore must be broken. In theories of “low- 
energy” supersymmetry, the effective scale of supersymmetry breaking is tied to 
t,he electroweak scale [45,38]. In th’ IS way, it is hoped that supersymmetry will 
ultimately explain t,he origin of the large hierarchy between the W and 2 masses 
and the Pla.nck scale. 

The minimal supersymmetric extension of the Standard Model (MSSM) con- 
sists of taking the Standard Model and adding t,he corresponding supersymmetric 
partners [46]. In addition, the MSSM contains two Y = fl Higgs doublets, which 
is the minimal structure for the Higgs sector of a.n anomaly-free supersymmet- 
ric extension of the Standard Model that generates mass for both “up”-type and 
“down’‘-type quarks (and charged leptons) [47,48]. Supersymmetric interactions 
consistent. with (global) B-L conservation (where L? is baryon number and L is lep- 
ton number) are included. Finally, the most general soft-supersymmetry-breaking 
terms are added [49]. If supersymmetry is relevant for explaining the scale of 
electroweak interactions, then the mass parameters that occur in the soft-super- 
symmetry-breaking t.erms must be of order 1 TeV or below [50]. Some bounds on 
these paramet,ers exist due to the absence of supersymmetry particle production 
at current accelerators, as well as the absence of any evidence for virtual super- 
symmetric particle exchange in a variety of Standard Model processes [51]. 

As a consequence of B-L invariance, the 
invariance, where R = (-1)3(B~mL)+2s f 

PSSM possesses a discrete R-parity 
or a particle of spin S 1521. Note that, 

t,his formula implies that all the ordinary %andard Model particles have even 
R-parif.y, whereas the corresponding supersymmetric partners have odd R-parity. 
Thea conservation of R-parity in scattering and decay processes has a crucial impact 
on supersymmet)ric phenomenology. For exa h, pie, starting from an initial state 
involving ordinary (R-even) particles, it, follows that supersymmetric particles must 
be produced in pairs. In general, th ese particles are highly unstable and decay 
quickly into lighter states. However, R-parity invariance also implies that the 
lightest suprrsymmetric particle (LSP) is absolutely stable, and must eventually 
he produced at the end of a decay chain of a heavy unstable supersymmetric 
part.icle. In order to be consistent wit,h cosmological constraints, the LSP is almost 
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certainly electrically and color neutral [53]. C onsequently, the LSP is weakly; 
interacting in ordinary matter, i.e., it behaves like a neutrino and will escape 
detectors without being directly observed. Thus, the canonical signature for (R- 
parity conserving) 

f 
upersymmetric theories is missing (transverse) energy, due to 

the escape of the SP. Some model builders attempt to relax the assumption of 
R-parity conservation [54]. Models of this type must break B-L and are therefore 
strongly constrained, although such models cannot be completely ruled out at 
present. In R-parity violating models, the LSP would be unstable, and this fact 
(among others) leads to a phenomenology of broken-R-parity models that is very 
different from that of the MSSM. 

In the MSSM, supersymmetry breaking is induced by the soft-supersymmetry 
breaking terms mentioned above. These terms parametrize our ignorance of the 
fundamental mechanismof supersymmetry breaking. The parameters of the MSSM 
are conveniently described by considering separately the supersymmetry-conserving 
sector and the supersymmetry-breaking sector. A careful discussion of the conven- 
tions used in defining the MSSM parameters can be found in Ref. [55]. Among the 
parameters of the supersymmetry conserving sector are: (i) gauge couplings: gJ, g, 
and g’, corresponding to the Standard Model gauge group SU(3) x SU(2) x U( l), re- 
spectively; (ii) Higgs Yukawa couplings: X,, X,, and Ad (which are 3 x 3 matrices in 
flavor space); and (iii) a supersymmetry-conserving Higgs mass parameter p. The 
supersymmetry-breaking sector contains the following set of parameters: (i) gaug- 
ino Majorana masses MS, &,and Ml associated with the SU(3), SU(2), and U(1) 
subgroups of the Standard Model; (“) n scalar mass matrices for the squarks and 
sleptons; (iii) Higgs-squark-squark trilinear interaction terms (the so-called “A- 
parameters”) and corresponding terms involving the sleptons; and (iv) three scalar 
Higgs mass parameters-two diagonal and one off-diagonal mass terms for the two 
Higgs doublets. Explicitly, the tree-level Higgs potential in the MSSM reads 

VHiggs = ~I;,,IH~~~ + ~I&,IH~[~ - mf2(H;H; - H;H,+ + h.c.) 

+ $(g2 +d2) (lH,12 - lH212)2 + ;g21H;H212, 

10 1, 
I‘.‘) 

where HI and H2 are weak SU(2) scalar doublets with hypercharges Y = -1 
and +l, respectively! These mass parameters rnfH (; = 1,2) and rn:, can be 
re-expressed in terms of the two Higgs vacuum expectation values, o, zz (HF), 
(i = 1,2), and one physical Higgs mass. Here, 01 (~2) is the vacuum expectation 

* The diagonal Higgs squared mass parameters actually receive a contribution from the super- 
symmetry conserving parameter /J as well. That is, rnzH e I/AI’ + m? (i = 1,2), where mf 
(i = 1,2) and m& are parameters of the supersymmetry breaking sector. Conventionally, 
one writes rnf2 E Bp, which defines the parameter B. 

value of the Higgs field that couples exclusively to down-type (up-type) quarks and 
leptons. Note that uf + vi = (246 GeV) 2 is fixed by the W mass, while the ratio 

ian@ = 2 
Vl 

is a free parameter of the model! , 

The MSSM contains a number of possible new sources of CP violation. For ex- 
ample, gaugino mass parameters, the A-parameters, and p may be complex. Some 
combination of these complex phases must be less than of order 10-2-10-3 (for 
a supersymmetry-breaking scale of 100 GeV) t o avoid generating electric dipole 
moments for the neutron, electron, and atoms in conflict with observed data [56]. 
However, these complex phases have little impact on the direct searches for su- 
persymmetric particles. Nevertheless, if supersymmetric particles are discovered, 
it will be challenging to attempt to measure the CP-violating phases by precision 
measurements of supersymmetric couplings. 

Before describing the supersymmetriC particle sector, let us consider the Higgs 
sector of the MSSM [32]. There are five physical Higgs particles in this model: a 
charged Higgs pair (Hi), two CP-even neutral Higgs bosons (denoted by ho and Ho 
where m,,o 5 rnHO) and one CP-odd neutral Higgs boson (A'). The properties of 
the Higgs sector are determined by the Hi&s potential. The strengths of the Higgs 
self-interaction terms are directly related to the gauge couplings by supersymmetry 
(and are not affected at tree-level by supersymmetry-breaking). As a result, tan B 
[defined in Eq. (2.2)] and one Higgs mass determine: the Higgs spectrum, an 
angle (I [which indicates the amount of mixing of the original Y = fl Higgs 
doublet states in the physical CP-even scalars], and the Higgs boson couplings. 
When one-loop radiative corrections are incorporated, additional parameters of 
the supersymmetric model enter via virtual loops. The impact of these corrections 
can be significant [57,58]. For example,bt tree-level, the MSSM predicts mho 5 
mz [47,48]. If true, this would imply that experiments to be performed at LEP-II 
operating at its maximum energy and lu’minosity would rule out the MSSM if ho 
were not found. However, this Higgs mass bound need not be’ respected when 
radiative corrections are incorporated. For example, in Ref. 1571, the following 

t In the MSSM, it is conventional to choose the phases of the Higgs fields such that ~1 and 
~2 are real and positive. Moreover, one can check that the Higgs sector is automatically 
CP-conserving (at tree-level). Th us, 
The parameter rnT2 in 

the physical neutral Higgs states are CP-eigenstates. 
E q. (2.1) is directly related to the mass of the CP-odd neutral state, 

A”, via m’. = rni2 smflcos 8. Thus, rn:* 
where tan> is pos,!v,. 

1s real and positive in the standard convention 
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upper bound was obtained for m,e (assuming rnAo > mZ) in the limit of mZ < 
mt << M; [where top-squark (r~-r~) mixing is neglected] 

rn$ ~m~+$$--{ln($)[2mf~~‘m’]+&}. (2.3) 

For a top-squark mass of M; = 1 TeV, Eq. (2.3) yields a positive mass shift for 
m,,o of about 20 GeV for rnt = 150 GeV, and 40 GeV for rnt = 180 GeV. Even if 
tan@ = 1 (so that m,,o = 0 at tree-level), there is a large positive shift in rni, due 
to radiative corrections of similar size. 

Consider next the supersymmetric particle sector of the MSSM. The super- 
symmetric partners of the gauge and Higgs bosons are fermions, whose names are 
obtained by appending “ino” at the end of the corresponding Standard Model par- 
ticle name. The g&no is the color octet Majorana fermion partner of the gluon 
with mass M; = ]Ms]. The supersymmetric partners of the electroweak gauge 
and Higgs bosons (the gauginos and Higgsinos) can mix. As a result, the physical 
mass eigenstates are model-dependent linear combinations of these states, called 
charginos and neutralinos, which are obtained by diagonalizing the corresponding 
mass matrices. 

The chargino mass matrix depends on Mz, p, tan /3, and rnw. In the w+-fi+ 
basis, the chargino mass matrix is [59] 

JZm w sin p 

. p 

In general, two unitary 2 x 2 matrices U and V are required to diagonalize the 
chargino mass-squared matrix 

,I&+ = VX’XV-’ = U’XX+(U*)-’ (2.5) 

The two mass eigenstates are denoted by Ft and Fi with corresponding squared 
masses 

M&t =f [IpI2 + lM212 + 2m& T I { (Id2 + IM212 + 2&)2 

l/2 ( 3) 
- 4/p121hf212 - 4rn$ sin2 2B + 8m& sin 28 Re(pMz) , 

where the states are ordered such that Mw: 5 MF:. If CP-violating effects are 
ignored (in which case, h4z and p are real parameters), then one can choose a 

convention where tanp and Mz are positive. (Note that the relative sign of M2 
and p is meaningful. The sign of n is convention-dependent; the reader is warned 
that both sign conventions appear in the literature.) The sign convention for p 
fixed by Eq. (2.4) is used by the LEP collaborations [SO] in their plots of exclusion 
contours in the Mz vs. n plane derived from the non-observation of Z + F;‘g;. 
The mixing matrix elements clip and V,, [ see Eq. (2.5)] will appear in the chargino 
Feynman rules. If CP is conserved, the II, and V can be chosen to be orthogonal 
matrices. 

The neutralino mass matrix depends on Ml, M2, p, tanp, mz, and the weak 
mixing angle Bw. In the &%@-fi$ b asis,* the neutralino Majorana mass matrix 
is [59] 

/ Ml 0 --mzcpw mzspw \ 

I 0 M2 
Y= 

mzcpcw --mzqw 
(2.7) 

-mzww mzcaw 0 I -P ) 

\ mzspsw --mzqw -P 0 / 

where so = sin p, CD = cos p, etc. The 4 x 4 unitary matrix Z diagonalizes the 
neutralino mass matrix 

MFo = Z’YZ-’ , (2.8) 

where the diagonal elements of M, -0 can be either positive or negative. The four 
mass eigenstates are denoted by 2 (i = 1,2,3,4), with corresponding mass eigen- 
values q,Mz. The physical neutralino masses are defined to be positive, with 
Mxl, 5 Mz 5 M:; 5 Ms. The sign of the mass eigenvalue (ni = hl) is physically 
relevant and corresponds to the CP quantum number of the Majorana neutralino 
state. The mixing matrix elements Zij will appear in the neutralino Feynman 
rules. If CP is conserved, then Z can be chosen to be an orthogonal matrix. 

It is common practice in the literature to feduce the supersymmetric parame- 
ter freedom by requiring that all three gaugino mass parameters are equal at some 
grand unification scale. Then, at the electroweak scale, the gaugino mass param- 
eters can be expressed in terms of one of them (say, M2). The other two gaugino 
mass parameters are given by 

I 
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M3 = (s,2/s2W Ml = (5g”/3g2)M2. (2.9) 

Having made this assumption, the chargino and neutralino masses and mixing 
angles depend only on three unknown parameters: the gluino mass, n, and tan p. 

* B and G3 are srrperpartners of the U(l)-hypercharge and W(Z)-weak neutral gauge bosons. 



The supersymmetric partners of the quarks and leptons are spirl-zero bosons: 
the sparks, charged slepto_ns, and sneutrinos. For a given fermion f, there are two 
supersymmetric partners fL and fR which are scalar partners of the corresponding 
left and right-han ed fermion. (There is no CR.) However, in general, fL and 

9, 
- I 

fR are not mass-ei enstates since there is fL-fR mixing which is proportional in 
strength to the corresponding element of the scalar mass-squared-matrix [61] 

MiR = 
md(Ad - p tan p), for “down’‘-type f, 
mU(Au - p cot p), for “up’‘-type f, 

(2.10) 
- 

where md (m,) is the mass of the appropriate “down” (“up”) type quark or lepton. 
Here, Ad and A, are (unknown) soft-supersymmetry-breaking A-parameters and 
p and tan/3 have been defined earlier. The signs of the A parameters are also 
convention dependent; see Ref. [55]. Due to the appearance of the fermion mass 
in Eq. (2.10), one expects MLR to be small compared to the diagonal squark and 
slepton masses, with the possible exception of the top-squark, since rnt is large, 
and the bottom squark if tan/3 > 1. The (diagonal) L and R-type squark and 
slepton masses are given by 1431. 

M& = M$+mi+m;cos2/?($- $sin28w), 

MiR = M$ + rni + $rni cos 2/l sin2 8~ , 

M$, = M$+m$-m;cos2/3(3- $sin28w), 

MiR = Mk + rn: - $rnh cos 2/3 sin2 t?w, 

M;” = Mi+ $micos2P, 

MgL = Mi + rnz - rns cos 2/3( 3 - sin2 8~)) 

Mz, = Mi + rnz - rni cos 2/3 sin2 0w 

(2.11) 

The soft-supersymmetry-breaking parameters: Ma, MC, Mb,, ME, and ME are un- 
known parameters. In the equations above, the notation of first generation fermions 
has been used and generational indices have been suppressed. Further complica- 
tions such as intergenerational mixing are possible, although there are some con- 
straints from the nonobservation of flavor-changing neutral currents (FCNC) [62]. 

One way to guarantee the absence of significant FCNC’s mediated by virtual 
supersymmetric particle exchange is to posit that the diagonal soft-supersymmetry- 
breaking scalar mass matrices are proportional to the unit matrix (in flavor space) 
at some energy scale (normally taken to be the Planck scale) [63]. Renormaliza- 
tion group evolution is used to determine the low-energy values for the scalar mass 

parameters Iisted ahove. This assumption subsiantially reduces the MSSM paranr- 
eter freedom. For example, supersypmetric grand unified models with universal 
scalar masses at the Planck scale typically give [64] ME z ME < MG z MC z ME 
with the squark masses somewhere between a fact,or of l--3 larger than the slep- 
ton masses (neglecting generational distinctions). More specifically, the first two 
generations are thought to be nearly degenerate in mass, while izif~~ and MC, are 
typically reduced by a factor of l-3 from the other soft-supersymmetry-breaking 
scalar masses because of renormalization effects due to the heavy top quark mass. 
As a result, four flavors of squarks (with two squark eigenstates per flavor) and %R 
will be nearly mass-degenerate and somewhat heavier than six flavors of approxi- 
mately mass-degenerate sleptons (with two per flavor for the charged sleptons and 
one per flavor for the sneutrinos). On the other hand, the %L mass and the diagonal 
TL and i;l masses are reduced compared to the common squark mass of the first 
two generations. In addition, third generation squark masses are sensitive to the 
strength of the respective (IL-qR mixing as discussed below Eq. (2.10). 

Two additional theoretical frameworks are often introduced to further reduce 
the MSSM parameter freedom [42,43,65]. The first is that of grand unified theories 
(GUTS) and the desert hypothesis (i.e., no new physics between the TeV-scale 
and the GlJT-scale). In the absence of low-energy supersymmetry, the simplest 
models of this type fail because the three SU(3)xSU(2)xU(l) gauge couplings fail 
to unify at a common scale [66,67]. R emarkably, in the case of the MSSM (with 
a supersymmetry-breaking scale of order 1 TeV or below), the three gauge cou- 
plings do unify at a common energy scale of order 1016 GeV (with only very mild 
assumptions about the GUT-scale theory) [66,68]. Unification constraints on the 
Higgs-fermion Yukawa couplings may also exist but are more GUT-model depen- 
dent [69]. The second theoretical framework is that of minimal supergravity theory, 
which can impose nontrivial constraints on the soft-supersymmetry breaking pa- 
rameters. Referring to the parameter list given above Eq. (2.1), the Planck-scale 
values of the soft-supersymmetry-breaking parameters in the simplest supergravity 
models take the following form: (i) a univkrsal gaugino mass ml,, [assuming grand 
unification; Eq. (2.9) is a consequence of t,his assumption]; (ii) a universal diagonal 
scalar mass parameter mo [whose consequences were described in the preceding 
paragraph]; (iii) a universal A-parameter, Ao; and (iv) three Scala; Higgs mass pa- 
rameters [cj Eq. (2.l)]ptwo common diagonal squared-masses given by l~o(~+rng 
and an off-diagonal squared-mass given by &PO (which defines the Plan&scale 
supersymmetry-breaking parameter Bo), where ~0 is the Planck-scale value of the 
ii-parameter. As before, renormalization group evolution is used to compute the 
low-energy values of the supersymmetry-breaking parameters, and determines the 
supersymmetric particle spectrum. Moreover, in this approach, electroweak sym- 
metry breaking is induced radiatively if one of the Higgs diagonal squared-masses 



is forced negative by the evolution. This occurs in models with a large Higgs-top 
quark Yukawa coupling (i.e., large mt). As a result, the two Higgs vacuum expec- 
tation values (or equiv lently, rn~ and tan /3) can he expressed as a function of the 

t Planck-scale supergrav ty parameters. The simplest procedure [64] is to remove ~0 
and Bs in favor of rn~ and tan @ (the sign of ~0 is not fixed in this process). In this 
case, the MSSM spectrum and its interactions are determined by ms, An, m,lz, 
tan /3, and the sign of ~0 (in addition to the parameters of the Standard Model). 
Combining both grand unification and the minimal supergravity approach yield 
the most constrained version of the MSSM. 

2.3 Polarization and spin analysis as tools for supersymmetry searches 

First, let us briefly consider supersymmetry searches at hadron colliders. The 
supersymmetric particles with the largest production cross sections are the squa.rks 
and gluinos [70]. These particles have non-trivial color quantum numbers and are 
produced in gluon-gluon and quark-antiquark collisions. (Gluinos and squarks can 
also be produced in association via gluon-quark and gluon-antiquark collisions.) 
Since gluinos are color octets, their production cross-section is larger than that 
of the color-triplet squarks. However, because there are twelve squark types (six 
flavors, with two mass eigenstates per flavor), with at least, eight types rather 
close in mass (as discussed in the previous section), the total cross section for the 
production of squarks of all types is competitive with the gluino cross sections. 

One can also directly produce sleptons, neutralinos and charginos at hadron 
colliders via the Drell-Yan mechanism (virtual s-channel gauge boson exchange 
in qtj annihilation). However, these processes are mediated by the electroweak 
interactions, so their cross sections are substantially smaller than those of squarks 
and gluinos. On the plus side, the sleptons, neutralinos and charginos states are 
expected to be lighter than the squarks and gluinos. Nevertheless, gluinos and 
squarks remain the most likely supersymmetric candidates for discovery at the 
LHC. 

The phenomenology of squarks and gluinos at hadron colliders is well known [71]. 
Can one exploit polarization and spin analysis to untangle such signals if they are 
discovered? For a review of spin effects at supercollider energies, see Refs. [72] 
and [73]. Here I will quote one attempt to answer this question if polarized beams 
were available at a future hadron collider. Suppose the initial proton beams have 
helicity X and X’, respectively. Consider the process p(X) + p(A’) 4 jet -+ X, and 
denote some differential cross section for this process by &AA,. Then, one can 
define the double helicity asymmetry 

A 
do++. - do+- 

LL = da++ f do+- ’ 
(2.12) 

In the parton model, this asymmetry is’obtained from 

ALLdo = c -!- 1 
1 

iJ 1 + 4, 
dz,dsb ]Afi(z.)A+fj(zb) + (i ++ j)] byLd&ij 1 (2.13) 

where Af z f+ - f-, and fzx is the parton distribution in a polarized proton of 
helicity X. The sum over i and j in Eq. (2.13) is taken over all possible elementary 
scatt.ering processes i + j -+ k + e, in which the observed jet originates from one 
of the final state partons. 

Note that. ALL is generally nonzero, even in parity conserving interactions. (In 
contrast, single helicity asymmetries are nonzero only in parity non-conserving pro- 
cesses.) One can work out expressions for the elementary partonic cross sections 
(dc,,) and the partonic double helicity asymmetries (&Tt), and derive predictions 
for ALL based on the partonic subprocesses of QCD in the Standard Model. Pre- 
dictions for ALL (at zero rapidity) as a function of transverse momentum tend to 
be small and positive, of order a few percent (741. C onsider now the contributions 
to ALL from supersymmetric particle production. Due to helicity conservation, 
in the limit of zero mass squarks and gluinos, the production of @ and 5 has the 
property that ?iLL = -1. This result is diluted somewhat when the squark and 
gluino masses are taken into account. Nevertheless, it continues to be true that 
jet events of a supersymmetric origin would have ALL < 0. Whether this is an 
observable effect under realistic experimental conditions remains to be proven. 

For the rest of this lecture, I will consider the search for supersymmetry at 
e+e- colliders. In particular, I will exhibit some of the power of the ILC for disen- 
tangling the supersymmetric particle interactions and testing model assumptions 
in the MSSM. The advantages of an e+e- collider for a detailed study of the su- 
persymmetric spectrum (over the corresponding search for supersymmetry at a 
hadron supercollider) are: 1 

1. In an e+e- collider, Standard Model backgrounds to new physics signals 
tend to be of the same order of magnitude in cross section as, the signals 
themselves. This is true because all tree-level cross sections of processes 
produced at e+e- colliders are electrow&k in strength, so all two-body tree- 
level cross sections are roughly a unit of R (where one unit of R is equal to 
the cross section for e+e- --t 7’ -+ P+/I-). 

2. The beam energy constraint can be used (assuming that beamstrahlung ef- 
fects are negligible). That is, the CM-energy of the final state is known to be 
equal to the CM-energy of the e+e- collider. In contrast, at hadron colliders, 
the CM-energy of the final state partons is generally not known unless it can 
be directly measured. 
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3. W* and 2 bosons can be detected in their two-jet decay modes. This is very 
difficult in hadron colliders, where QCD backgrounds are severe. 

4. Polarized be+s can provide a powerful tool for studying new physics and 
rejecting Standard Model background. The SLC has demonstrated the fea- 
sibility of polarized beams at a linear e+e- collider. Although it is possible 
in principle to polarize the beams at a hadron collider, the interest in doing 
so has been limited. (Perhaps these lectures will encourage more study of 
the feasibility of polarized beams at future hadron supercolliders and their 
potential in detecting and elucidating new physics.) 

5. Complex final states are more easily managed at e+e- colliders due to the 
relative cleanliness of the environment (e.g., smaller multiplicities, less gluon 
radiation, etc.). 

6. The production rates for uncolored and colored particles with electroweak 
quantum numbers are similar (of order one unit of R). 

The main disadvantages of e e + - linear colliders as compared to hadron super- 
colliders are: 

1. The CM-energy of future hadron supercolliders are significantly larger than 
any e+e- linear collider that will exist during the same era. Of course, at 
a hadron collider, the new physics reach is determined by the CM-energy of 
the relevant parton-parton interaction, which is of order 10% of the pp CM- 
energy. Even so, the physics reach of the LHC is substantially larger than 
that of a 500 GeV ILC. Since the goal of the next generation of colliders 
is to uncover the mechanism of electroweak symmetry breaking, the LHC is 
therefore essential for maximizing the probability for the discovery of new 
physics at the TeV energy scale. 

2. It is very difficult to directly produce colored particles that are singlets un- 
der the electroweak gauge group (such as the gluino) at an e+e- collider.* 
In contrast, such particles are produced with significant cross sections at 
hadron colliders (via gluon-gluon scattering), and under most circumstances 
are easily observed. 

In summary, hadron colliders and e+e- colliders are complementary. The LHC 
is likely to be the discovery machine for new physics beyond the Standard Model. 
Sorting out the nature of the new physics will primarily be the job of the ILC. 

* Gluinos can be more easily studied at e+e- colliders if they are lighter than squarks, assum- 
ing that the production of squark pairs is kinematically allowed. In this case, the dominant 
squark decay, ij + qij, provides the gluino source. 

Polarized beams at the ILC provide an effective tool in studies of supersym- 
metric particle production. A comprehensive analysis by Tsukamoto et al. [75] 
demonstrates that one can make preaision measurements of the MSSM parameters 
and test various theories for these parameters at the ILC. I will briefly describe 
some of their work here; for a more detailed description of their methods and 
strategies, see Ref. [75]. 

First, based on the theoretical remarks at the end of section 2.2, one expects 
that the lightest states of the MSSM are the sleptons, charginos and neutrali- 
nos. The lightest supersymmetric particle is assumed to be z. However, since 
Fy behaves like a neutrino in particle detectors, one cannot detect e+e- -+ z?t. 
Consider next e+e- -+ x:2, where ~2 + 8 + ff (and f can be either a quark or 
lepton). Note that the 82: final state is produced via t-channel selectron-exchange 
or via s-channel Z-exchange. There is no s-channel virtual photon exchange; as a 
result, the cross section for this process tends to be less than that for charged su- 
persymmetric particle production. Thus, one should first focus on charged slepton 
production e+e- -+ Tl& R (a = e, p, 3 1 r), which is mediated at tree-level by 

e+- T-------';" 

%R 

and on pair-production of the lightest charginos e+e- -+ X:x”; which is mediated 
at tree-level by the following graphs. 

I assume that the initial electron beam is polarized. There are two main ad- 
vantages of employing a polarized electron beam. First, it provides another handle 
for determining the supersymmetric parameters. For example, by controlling the 
electron polarization, one can affect the relative strengths of the competing Feyn- 
man diagrams depicted above. That permits the isolation of neutralino couplings 
in slepton production and sneutrino couplings in chargino production. In partic- 
ular, note that .$ZR (or Ei2;) production occurs only via X:-exchange, since the 
y and 2 couplings to slepton pairs is diagonal at tree-level. Furthermore, only 
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the g component of the j$ contributes to tiR production; clearly this requires an 
incoming eR beam. In j$g; production, i; exchange is absent in the case of an 
incoming ei beam, si ce the i7 is the superpartner of the neutrino which pos- 
sesses only left-hande 6 couplings. Moreover, the eg beam enhances the higgsino 
components of the produced j$. Second, controlling the polarization enhances 
the ability to separate Standard Model backgrounds from the above signals. For 
example, one of the main Standard Model backgrounds to the processes consid- 
ered above is e+e- -+ W+W-. This background can be significantly reduced by 
employing an es beam, because (i) W+W- production via s-channel exchange is 
suppressed and (ii) the t-channel neutrino exchange contribution to W+W- pro- 
duction (which is particularly large in the forward direction due to the exchange 
of a massless particle) is completely absent. 

Tsukamoto et al. 1751 describe the following strategy for the supersymmetric 
particle search at the ILC using a polarized electron beam. Suppose that the su- 
persymmetric particle spectrum satisfies MS < Mi:, < MS, Mg: < Mi*, M;. For 
example, the cross sections for slepton pair production for a represen&ive set of 
parameters for three choices of electron beam polarization is shown in Fig. 1. Then, 
in the first stage of the supersymmetric particle search, a$ and bi will be discov- 
ered.* A detailed experimental analysis will then produce measurements of MC:, 

M~:,,M~.oL(~R)~~R(~R),~~(~R), oR(ER), and the slepton angular distributions. 

The notation herk should be obvious; for example, o,JZR) = o(e+ei -+ &$i), etc. 
The ~7 will also be discovered by virtue of the decay rR -+ exy (e = e, p). The abil- 
ity to separate the supersymmetric signal from Standard Model background can be 
enhanced with polarization. For example, one potentially important background to 
slepton pair production is e+e- -+ W+W- -+ !+I?+ missing energy, which yields 
the same type of final state as the signal events. However, this background can 
be suppressed by employing a right-handed electron beam, since W-bosons couple 
only to ez. The power of polarization in the background suppression is illustrated 
in Fig. 2. When the full analysis is performed, it is found that the supersymmetric 
particle masses can be measured rather accurately, typically to within a few GeV. 
With the information of the masses and cross sections, one can already deduce im- 
portant information about the supersymmetric spectrum. Assuming the relation 
of gaugino mass parameters given in Eq. (2.9), a measurement of M:y is sufficient 
to provide an upper bound on the mass of the lightest chargino. One finds that for 
M:+ 2 mw, the light chargino mass is bounded by MF: 5 (Mz/Ml)Mz ‘v 2Ms, 
where Eq. (2.9) was applied in the last step. One also tests the universality of scalar 
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Fig. 1. Total cross sections for slepton production: (a) efe- -+ E&, e+e- + $Px, 
and e+e- + C~C?E, (b) e+e- -+ ji$i, and e+e- -+ ji$i, where dashed, solid, and 
dotted lines correspond to electron beam polarizations of -1, 0, and +l, respectively. 
The cross sections were evaluated at the lowest order, without including initial state 
radiation nor beam effects. Taken from Ref. [75]. 
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Fig. 2. Acoplanarity angle distributions for final- tate leptons from right-handed slepton- 
pair productions (solid) at fi = 350 GeV with a 4. mtegrated luminosity of 20 fb-’ after 
including the initial state radiation and the beainstrahlung effects: (a) e+e- -+ 2& 
with P = 0, (b) e+e- -+ ,?&G; with P = 0, and (c) ji$p, with P = +0.95. The dashed 
lines indicate the W+W- background, while the dotted line represents that from the 
e*‘LlW* process. Taken from Ref. 1751. 

* Discovery of t,he Ti is somewhat more involved and will be neglected in the following 
discussion. 
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masses by comparing the values of Me:, and Mb;. Finally, adding in the cross secl 
tion measurements and angular distributions allows one to check the assignment 
of slepton quantu 

% 
numbers and provides some constraints on the parameters of 

the neutralino mas matrix. 

Proceeding in the scenario under consideration, in the second stage of the su- 
persymmetric particle search the next particle to be discovered is X:. Experimental 
observables include: Mx;, u,(if), uR( ;if), and the chargino angular distribution. 
The chargino mass search is very similar to the search for a 11ew heavy charged 
lepton. Assuming that squarks and the charged Higgs boson are much heavier than 
mW, the dominant decay of the chargino is F: + xyW*, where the final state W 
is either real or virtual. According to the analysis of Ref. [75], the chargino and 
neutralino masses can be measured to an accuracy of about 5%. Moreover, by con- 

paring the relative chargino production rates using left-handed and right-handed 
electron beams, one can distinguish between the higgsino and gaugino components 
of g:, and separate out the sneutrino-exchange contribution. For example, gaugi- 
nos and the sneutrino couple only to left-handed electrons, while higgsinos couple 
to both ei and e& Thus, one can perform a global fit using the measured masses 
of 2: and 2:. uR(eR) [f rom stage 1 of the search], and the chargino pair cross sec- 
tions uL(Xf) and ~~(2:) to reconstruct the sneutrino mass and the four unknown 
parameters, Ml, bfz, p and tan /? of the neutralino mass matrix. One can now 
begin to tes$ models of the supersymmetry breaking parameters. For example, 
having deduced Ml and Mz, one can directly test the unification of gaugino mass 
parameters [Eq. (2.9)]. 

Finally, in the third stage of the supersymmetric particle search, cz is discov- 
ered in associated production of eLeR. +-** Note that for the associated production, 
there is no s-channel gauge boson exchange contribution, since the y and Z cou- 
ple diagonally to slepton pairs at tree-level. Thus, only the t-channel neutralino 
exchange contributes in this case. If the electron beam is polarized, then there are 
four possible cross sections to consider: 

u~(g:C+,) = u(e+el + ClC+R), 

uR(i2Rf$) E u(e+ei -+ i$t), 

uL(E&$) E u(e+e; 4 i!j&) , 
(2.14) 

uR(kGi5+R) = u(e+ei --t iLE+R). 

In fact, u,(L?,$) = u R “L$j) = 0, since chirahty is conserved at the @g” vertex. ( 
That is, in the e6? interaction, eL [ei] couples exclusively to EL [e;]. The fact that 

ot,,..‘.,,.‘.,,.‘,,,.‘,,‘,“,..’ 
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Fig. 3. The scatter plot of et energies at fi = 400 GeV with an integrated luminosity 
of 20 W’ and an electron beam polarization of P = +0.95 for e+e- - “:“X and 
e+e- - c?&, including the initial state radiation and the beamstrahlung effects. Taken 
from Ref. [75]. 

011e can speak of a chirality for the scalar sleptons is a deep consequence of super- 
symmetry which associates scalar particles with each left and right-handed fermion 
component. As a result, the experimental observables in the stage 3 analysis are: 
M;;, uL(ett?i), uR(e&) and the angular distribution of the final state sleptons. 

However, one can test experimentally the absence of uL(2R$) and uR(i.i6i) di- 
rectly with polarized beams. In Fig. 3, the results of a Monte Carlo simulation 
of Ref. [75] are displayed. This figure illustrates a case in which the initial elec- 
tron beam is almost purely right-hande 

j 
electron beam. The final state sleptons 

are assumed to decay via f! --) [xl, -’ so the experimentally observed process is 
e+ei + e-e++ missing energy. Since h4k; > MS;, one expects that in the associ- 
ated slepton production, the fiual state positron energy should be larger than the 

corresponding electron energy! This is indeed the case, as shown in Fig. 3. The few 
events seen with Ee- > E,+ correspond’to uL(ci$) since the plot assumes that 
the initial electron beam is not 100% polarized. Such a plot if observed in a real 
experiment would constitute strong evidence for the absence of uR(ZF6i) and sup- 
port the notion of the association of chirality for sleptons. With the measurement 

* One may also be able to discover the sneutrino in e+e- - %, which is mediated b) 
s-channel Z-decay and t-channel chargino exchange. See e.g., Ref. [76]. 

t In addition, one also expects events arising from e+e- - “i&i which should be symmetric 
abont E:,- = E,+. 
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of M6f and the associated slepton pair cross sections, one can make ,additional 
checks of parameters already obtained in stages 1 and 2 above and test additional 
model predictions. Fo example, in models based on minimal supergravity, one 
obtains relations amon 99 slepton masses of the same generation. These relations 
can be checked and provide additional probes of the structure of the theory at the 
grand unification scale. 

If the energy of the ILC is sufficiently high, one may be able to reach the 
squark threshold. The phenomenology of squark pair production at a future e+e- 
linear collider has been recently treated in detail in Ref. [77]. As in the case of 
jI+ji- production, only s-channel y and Z-exchange diagrams contribute. Again, 
polarizing the electron beam can play a critical role in separating out the Q”LFL and 
QIRTR final states. The cross sections are very sensitive to the electron helicity, as 
shown in Fig. 4. In particular, there is a strong tendency for left-frightkhanded 
electrons to produce FLT, [qR?R] final states. Thus, by controlling the polarization 
of the electron beam, one can separately determine the masses of e and CR. A 
Monte-Carlo simulation of Ref. [77], shown in Fig. 5, suggests that a mass difference 
of 10 GeV between cL and & could be detected. 

Clearly, polarization is a valuable tool for dissecting the properties of super- 
symmetric particles. One still must check that the observed sleptons and squarks 
have spin-zero, while the charginos and neutralinos have spin-l/2. Threshold be- 
havior of cross sections provides some indication, although this requires that one 
study the production rates as a function of the CM-energy of the collider. The 
spin of the final state particles can also be determined by careful measurement of 
the distribution of final state decay products. These methods are well-known and 
have been used often in the past to determine the quantum numbers of hadronic 
resonances. To describe these methods in detail would take us beyond the scope 
of these lectures. Instead, I will refer you to some of the old textbooks of the field 
(see e.g., Refs. [9,10]), which perhaps should be better known to the current young 
generation of particle physicists! 
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Fig. 4. The number of squark pairs of the first two generations produced at a 500 
GeV e+e- collider with polarized e- beams, unpolarized e+ beams, and an integrated 
luminosity of 20 fb-’ for each e- beam polarization. The four h&city combinations 
plotted are e&e+ -+ cL,R r. Taken from Ref. [77]. 
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Fig. 5. The distribution of mi mi” the minimum allowed squark mass for a given event, , 
in region 1 at the point (P, Mz) = (-SOOGeV,300GeV). The distribution for ei (e;) 
polarized beams is given by the solid (dashed) histogram and is sharply peaked at the 
actual 9;, (c,J mass of 220 (210) GeV. The integrated luminosity assumed is 10 fb-’ 
per polarization, and the bin size is 5 GeV. Taken from Ref. [77]. 



LECTURE 3: 
Applications to Higgs and New Gauge Boson Searches 

In this lecturei will discuss a few more examples of utilizing polarization and 
spin analysis in new physics searches at future colliders. This lecture is not meant 
to be comprehensive. Instead, I have selected just a few examples from the search 
for Higgs bosons at a future e+e- linear collider (ILC) and new gauge bosons 
beyond the W* and 2 at a future hadron supercollider (such as the LHC). Some 
other areas of investigation will be mentioned briefly at the end of these lectures. 

3.1 Higgs bosom beyond the minima1 Standard Model 

In the Standard Model, the electroweak gauge symmetry is broken when the 
neutral component of a complex Higgs doublet (with hypercharge Y = 1) acquires 
a vacuum expectation value. The scalar spectrum of the theory then contains one 
neutral CP-even Higgs field; the other scalar degrees of freedom are Goldstone 
bosons which are absorbed by the W* and 2 (thereby generating the gauge boson 
masses). In this Lecture, the Standard Model Higgs boson will be denoted by 
4’ in order to distinguish it from other CP-even neutral Higgs scalars that may 
appear in non-minimal extensions of the Standard Model. Although the Standard 
Model is very well tested at LEP, th ere is no direct experimental information on the 
underlying dynamics that is responsible for electroweak symmetry breaking. As 
remarked in the introduction to these lectures, the study of electroweak symmetry 
breaking is the main goal of the next generation of colliders. 

If new physics exists beyond the Standard Model, then the minimal Higgs 
structure described above will almost certainly be supplanted by a more compli- 
cated electroweak symmetry breaking sector. What new features is this sector 
likely to possess? If Higgs bosons are elementary scalars (on the scale of TeV 
physics), then one should consider the possibility of an extended Higgs sector. 
Here, I shall consider the simplest of the extended Higgs sectors-the two-Higgs 
doublet model [78]. 

Consider a model with two complex Higgs doublets with hypercharges Y = -1 
and Y = +l, respectively. For simplicity, I shall assume that the Higgs sector 
conserves CP. Moreover, I will arrange the Higgs-fermion couplings such that the 
Higgs doublet with Y = -1 [Y = +l] couples exclusively to down-type [up-type] 
fermions. (This insures that there are no Higgs-mediated tree;level flavor changing 
neutral currents.) Of the eight scalar degrees of freedom, three Goldstone bosons 
are absorbed by the gauge bosons, leaving five physical Higgs states: two CP-even 
neutral states ho and Ho, a CP-odd neutral state A’, and a charged Higgs pair 
H*. In addition, the model has two additional parameters: the ratio of Higgs 
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vacuum expectation values tan/j = v2/vi and the ‘CP-even Higgs mixing angle o 
(the latter arises after diagonalizing’the CP-even neutral Higgs mass matrix in the 
basis of Y = fl states). The reader has surely noticed that this is precisely the 
Higgs spectrum of the MSSM. However, the MSSM is a highly constrained two- 
Higgs doublet model. Whereas the non-supersymmetric two-H& doublet model 
described above depends on six parameters (a, tan p, and four Higgs masses), the 
Higgs sector of the MSSM (at tree-level) is fixed by two parameters (usually taken 
to be tan,0 and mAo). Both versions of the two-H& doublet model have been 
studied extensively in the literature ‘[78]. 

In discussing the prospects for Higgs discovery at future colliders, one must 
consider two separate aspects: (i) the discovery of a light CP-even scalar (ho) 
and (ii) the discovery of evidence for a non-minimal Higgs sector. It may appear 
that the discovery of ho would immediately address point (ii) as well, since if ho 
derives from a non-minimal Higgs sector, then it seems reasonable to assume that 
its properties will differ from 4’ of the Standard Model. However, under a few 
very mild assumptions, one can show that in a two-H&+ doublet model where 
m,,o, mZ < mAo, mHo, mH+, the properties of ho approach those of the Standard 
Model* [79]. Thus, the discovery of ho is likely to shed no light on the possible 
existence of a non-minimal Higgs sector. 

Present LEP bounds based on the search for the lightest CP-even Higgs boson 
imply that mho 2 60 GeV (assuming ho’ = 4’). At LEP-II with fi 21 190 GeV 
running at design luminosity, it should be possible to discover the ho or set a bound 
of mho 2 mZ [3]. As remarked in Lecture 2, in the MSSM the tree-level bound of 
m,,o 5 mZ is significantly modified by radiative corrections. For mt = 180 GeV, 
the bound reads m,,o 5 130 GeV, which implies that if the MSSM were correct, 
then there is a significant possibility that LEP will not discover the Higgs boson. 
In this circumstance, we will be forced to wait until the 21st century to get our 
first glimpse of the Higgs sector. The LHC will be able to probe a considerable 
Higgs mass range [80-861. If 140 6 rn,,ois 600 GeV, then the LHC will discover 
the ho via the gold-plated signature: 

1 

gg + ho -+ zz -+ e+e-e+e- , 

I 
(3.1) 

under the assumption that the h”ZZ coupling is equal to that of the minimal Higgs 
coupling in the Standard Model. [Note that for m,,o < 2mZ, at least one of the 
Z-bosons in Eq. (3.1) is off-shell.] For Higgs mass values in the “intermediate mass 
regime” of mZ 6 rn,,o d 140 GeV, the Higgs search at a hadron collider is much 

* This limit is called the decouphg limit. One can show that in most cases, the heavier Higgs 
states are nearly degenerate, with the mass degeneracy broken by terms of O(mZ). 



more difficult. The dominant signal, 99 -+ ho -t bb, is completely swamped by the 
QCD background (qq, 99 -+ bb). Other signatures have been proposed, such as 

99 + 4” -+ 777 
gq + tt/tO, (ho -+ bb or ho -+ 77), (3.2) 
9!$ + W’ -+ Who , (ho 4 7-f). 

LHC detectors are being designed with some of these Higgs search channels in 
mind [86]. One would hope to be able to detect a signal in at least two channels 
in order to have confidence that a Higgs signal was being observed. 

What about the prospects for detection of the other states of the non-minimal 
Higgs sector? At LEP-II, H l can be detected via e+e- + H+H- and A0 can 
be detected via e+e- ---t h”Ao. Of course, if A’, Hf and Ho are ‘substantially 
heavier than ho then no evidence of the extended Higgs search will emerge prior 
to the era of the supercolliders. Moreover, LHC will be hard-pressed to find such 
states. Both H* and A0 do not couple to gauge boson pairs, so that the signatures 
of these states at a hadron supercollider are notoriously difficult to separate from 
Standard Model backgrounds. 

We therefore turn to the prospects of Higgs detection at the ILC. An e+e- 
linear collider with fi 2 300 GeV will be able to fully explore the intermediate 
mass Higgs regime. The two primary mechanisms for Higgs production at the ILC 
are: (i) e+e- -+ Zh” via s-channel Z-exchange (the same mechanism responsible 
for Higgs production at LEP-II energies); and (ii) e+e- -+ vfih’ via W+W- fusion 
(this latter mechanism becomes increasingly important as fi becomes larger). An 
ILC with CM-energy 300 6 fi 6 500 GeV and an integrated luminosity of 10 to 
20 fb-’ would have a discovery reach of m iho 2 0.74, enough to cover completely 
the intermediate mass regime (871. The LEP-II search for non-minimal Higgs states 
mentioned above also applies at higher energies. The various signatures appear to 
be detectable at the ILC if the processes are kinematically allowed (and not too 
close to threshold) (88-901. 

3.2 Higgs boson production at a 77 collider 

All e+e- colliders are also 77 colliders. However, the 77 luminosity resulting 
from the Weizdcker-Williams spectrum of photons falls rapidly as a function of 
the 77 invariant mass. The ILC p rovides a more promising alternative for di- 
rectly studying 77 collisions. By Compton backscattering of laser photons off the 
ILC electron and positron beams, one can produce high luminosity 77 collisions 
with a wide spectrum of 77 CM-energy (E-,,) [91-941. In comparison with the 
Weizsicker-Williams spectrum and luminosity, the 77 collider mode produces a 

significantly harder 77 spectrum with a,substantially higher luminosity at large 
E,,. In addition, a high degree of circular polarization for each of the colliding 
photons can be achieved by polarizing the incoming electron and positron beams 
and the laser beams [92]. Both the 77 1 uminosity spectrum and subprocess cross 
sections are strongly influenced by the polarizations of the colliding photons. 

Higgs bosons can be produced in 77 collisions via a one-loop diagram, in which 
all charged particles of the theory whose masses derive from the Higgs mechanism 
can appear inside the loop [95]. (Th e relevant formulae are conveniently summa- 
rized in section 2.1 of Ref. [32].) Th us, the detection of Higgs bosons in the 77 
collider mode at the ILC can provide fundamental information about the particle 
spectrum and mass generation mechanism of the theory. 

To illustrate the sensitivity of the 77-H& coupling to new particles that can 
appear in the loop, Gunion and I computed F(Higgs --* 77) in a variety of model 
scenarios [96]. Our results are shown in Fig. 6. First, we compared the Standard 
Model to a model with one extra heavy generation of quarks and leptons. In Fig. 6, 
the results are exhibited in the case of a mass-degenerate heavy fourth generation 
quark doublet of mass 500 GeV and a heavy charged lepton of mass 300 GeV. 
These mass values were chosen so that none of the fourth generation fermions 
could be pair produced at an e+e- linear collider with fi = 500 GeV (ILC-500). 
Note that even a crude measurement of the 77-Higgs coupling would be sufficient 
to distinguish between the three and four generation Standard Model (except in a 
small Higgs mass region where the ratio of 77 couplings is accidentally near 1). 

Next, consider the case of the MSSM. Suppose the lightest CP-even Higgs 
boson has been discovered, but no experimental evidence for either the heavier 
Higgs bosom or any supersymmetric particles has been found at the ILC. Could 
a measurement of the ho77 coupling provide indirect evidence for physics beyond 
the Standard Model? Unfortunately, the answer is no. If the MSSM parameters 
are chosen such that all new particles beyond the Standard Model are too heavy 
to be produced at the ILC-500, then the deviation of I’(h” + 77) from the cor- 
responding Standard Model value is less than IS%. Because of decoupling, as the 
supersymmetry breaking scale and the scale of the heavier Higgs bosohs become 
large, all couplings of the ho approach their Sttndard Model values. This is illus- 
trated in Fig. 6 where we plot the ratio I(h” L 77)/IY(4’ + 77), as a function 
of the Higgs mass, for chargino mass parameters Mz = -p = 300 GeV and a 
common soft-supersymmetry-breaking diagonal mass of 300 GeV for all squarks 
and sleptons, with all off-diagonal squark and slepton masses set to zero. Even 
with the MSSM parameters chosen such that the supersymmetric partners lie just 
beyond the reach of ILC-500, the ratio of 77 decay widths is still close to 1 (in 
Fig. 6, the plotted ratio lies between 0.89 and 0.94). 
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Fig. 6 The ratio of r(Higgs - 77) computed in two different models, for a number of 
model choices. For the Standard Model (SM) 4’: the ratioof r(@ - yy) as computed in 
the 4-generation vs. the 3-generation SM, ss a function of m+e (solid curve). The extra 
generation (EG) of fermions includes a 300 GeV charged lepton and a mass-degenerate 
500 GeV quark doublet. For the MSSM ho: the ratio r(h” - yy)/I’(& - yy) as a 
function of m,,o = m+o (dotted curve), with m,~ = 400 GeV. Squarks and charginos 
have been taken to be ss light as possible without being observable at ILC-500 (see 
text). For the MSSM Ho, two curves are shown. The dot-dashed curve is r(H’ + yy) 
in a model with light charginos (& = -p = 150 GeV) divided by the corresponding 
width with heavy charginos (Mz = -c = 1 TeV), keeping the squarks and sleptons 
heavy (with masses of order 1 TeV); the dashed curve is r(H” + yy) in a model with 
light squawks and sleptons (see text) divided by the corresponding width computed with 
heavy squawks and sleptons, keeping the chargincm heavy ss before. For the latter two 
curves, the ratio of widths is plotted as a function of Mao, for tanp = 2. Taken from 
Fief. [96]. 

On the other hand, suppose that some of the other Higgs bosons of the MSSM 
(H*, Ho and/or A’) are light enough to be produced and studied at the ILC. In 
this case, a measurement of the 77 couplings of Ho and A0 can provide useful infor- 
mation on the spectrum of charged supersymmetric particles (even if the latter are 
too heavy to be directly produced at the ILC). l Figure 6 provides two examples of 
the sensitivity of the Ho77 couplings to supersymmetric particle masses. Suppose 
that the masses of all supersymmetric particles appearing in the loop (charginos, 
squarks, and sleptons) are 1 TeV in mass. Consider then two different scenar- 
ios: (i) light charginos and heavy squarks and sleptons (with chargino parameters 

* The widths of Ho and A0 into yy will almost always differ from the width of the Standard 
Model Higgs bawn and vary as a function of the MSSM parameters. 

Mx = -p = 150 GeV), and (ii) light squarks and sleptons and heavy charginos 
(with a common soft-supersymmetry breaking diagonal mass of 150 GeV for all 
squarks and sleptons, and with all off-diagonal squark and slepton masses set to 
zero)! The ratio of Ho + 77 widths (relative to the case of 1 TeV supersymmetric 
particle masses) in these two scenarios is depicted in Fig. 6 and demonstrates the 
sensitivity of the Ho77 coupling to the details of the supersymmetric spectrum. 

The connection between the H;7 coupling and the Higgs production rate in 
77 collisions is most conveniently expressed in terms of the H + 77 decay width.* 
For a given value of the 77 CM-energy ET7 we have: 

~(77 + H + X) = 8;;iH-+$;r;Hr;) ;)(I + AA’), (3.3) 
77 HmH 

where I’H i r(H -+ all) is the total decay width of H, and X and A’ (= fl) are 
the helicities of the two colliding photons. 

The final states X of greatest interest are W+W-, 22 and Q Q  (with Q  = b or 
t). In this section, I shall focus on X = Qa see Refs. [94] and [96] for the analysis 
of other possible final state signals (and their corresponding backgrounds). In order 
to compute the expected number of Higgs bosons, Eq. (3.3) must be folded together 
with the appropriate 77 luminosity. The number of Higgs bosons produced and 
detected is given by: 

N(77 + H d Qg) = 
I+ dL 

/ 
dy 77 

dy 
~,,,H,~~(E~-, = YE,+,-), (3.4) 

Y- 

where d&,/dy is the differential 77 luminosity as a function of y  z  EY-,/E,+,- 
and y+ = (mH f I’,,/2)/E,+,-. Here, fi re8 is a resolution factor which is chosen 
to maximize the significance of the 77 f-+ H -+ Q Q  signal over the 77 + Q Q  
continuum background. In Ref. [96], G  union and I adopted a strategy of integrating 
over a region of E,, of size rres = max{I’,xn, I?,}, where rexp is the experimental 

I 

t In the light squark and slepton scenario (with tan0 = 2), all sleptons and squarks, with 
the exception of the top-squawk are roughly degenerate in msss, ranging between 141 and 
157 GeV, while the two topsquark masses are 208 and 210 GeV, respectively. Thus, there 
are two distinct thresholds for squark (and slepton) pair production, which account for the 
two dips on the corresponding curve in Fig. 6. 

* Henceforth, the symbol H will be used to denote any neutral CP-even or CP-odd Higgs 
boson. 
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Qa mass resolution and IH is the total Higgs width. If one defines 

dC 
I 

-22 3 F(y)C,+,- ) ' 
4 

(3.5) 

then F(y) and the average value of XA’ at y [denoted by (U’)r] are obtained after 
convoluting over the possible energies and polarizations of the colliding photons 
that yield a fixed value of y. Both quantities will depend upon the experimen- 
tal arrangement for creating the back-scattered laser beams, the polarization of 
the incoming electron and positron, and the polarizations of the two initial laser 
beams (91-941. In the present discussion, it is a good approximation to assume 
that both F(y) and (AX’), are constant over the region of integration in Eq. (3.4) 
where the Higgs cross section is dominant. 

It is a simple exercise to compute the number of detected Higgs events directly 
from Eq. (3.4). If F(y) and (XX’), are slowly varying, 

N(77 + H -+ Qg, = 
8nBR(H -+ X) 

E tan-’ 
e+e 

_ 
4f (3.6) 

where yH 5 mHjEe+e-. Note that in the limit where Texp >> I’H the inverse 
tangent approaches x/2, and N is independent of Ires. 

As already noted, F(y) and (AA’), can be adjusted by appropriately choosing 
the experimental arrangement and polarizations of the electron, positron and two 
initial laser beams. The basic formalism for computing these quantities appears 
in Ref. [92] and a large number of specific cases were examined in Ref. [94]. For 
the reader’s convenience, the most important points are reviewed here. Define X, 
(XL) and I’, (P,‘) to be the helicity and circular polarization of the electron and 
corresponding laser beam responsible for producing photon 1 (photon 2). It is 
useful to consider the extreme cases of 2,\,Pc = fl, i.e., maximal helicity for the 
incoming electron and full circular polarization for the initial laser photon. For 
2&P, = -1 the energy spectrum of photon 1 is peaked just below the highest 
allowed photon energy, whereas for 2&P, = +l one finds a rather flat spectrum 
over a broad range of photon energy falling sharply to zero as one approaches the 
maximum possible energy. Meanwhile, the helicity of the back-scattered photon, 
X, approaches +P,, -PC for photon energy equal to zero or the maximum allowed, 
respectively. In the case of 2&P, = 1, A = +P, over almost the entire photon 
energy range; only very near to the maximum allowed energy does X change sign 
and approach -PC. In contrast, in the case of 2&P, = -1, associated with a 

peaked energy spectrum, X slowly switches sign in the middle of the allowed energy 
range. Note that it is unlikely that the (a priori unknown) Higgs boson mass will 
be approximately equal to the full e+e-energy. Thus, the flat energy spectrum 
obtained for 2&l’, = +l will generally be preferred for Higgs boson searches. In 
addition, one sees that this choice will imply a relatively constant (and large) value 
for ]X( over most of the energy range of interest. 

The functions F(y) and (AX’), are obtained by convoluting together the spectra 
and polarizations for the individual photons 1 and 2. In order to maximize the 
Higgs cross section, one sees from Eq. (3.6) that it is desirable to have as large a 
value for F(yH) as possible and to have (XX’),, N +l. Moreover, we shall see 
below that QQ backgrounds are proportional to 1 - (U’)zH for mH > 2mQ, and 
will be suppressed if (AA’),,, N +l. Typical behaviors for F(y) and (/\A’)s are 
illustrated in Ref. [94] and can be summarized as follows. First, at e+e- energies 
of the order of 500 GeV, the kinematic limit for E,, is roughly 0.8E,t,-; i.e., 

Y 
max N 0.8 for the typical machine design. Second, one finds that large F(y) 

and (U’)r - $1 can be simu~raneously achieved for all y between N 0.1 and 

Y msx. For Higgs searches below about 0.7E,t,-, it is most useful to employ the 
broad spectrum for F(y) that results from choosing 2&P, and ZX:P,’ both as close 
to +l as possible. For these choices and typical machine design parameters at 
E,t,- = 500 GeV, F(y) X 1 for 50 GeV X ET7 2 350 GeV, i.e., for y values 
between 0.1 and 0.7. If, in addition to choosing 2A,Pc = +l, ZAdP,’ = +l, we also 
have PcPc’ N +l then (/\A’)1 is near +l for this entire range, y ,$ 0.7. For Higgs 
searches between y N 0.7 and y N ymax, F(y) X 1 and (AA’), N +l can again 
be simultaneously achieved by the alternative choices of 2&P, = 2A:PJ = -1, 
PcPc’ = +l. Thus, there is a fortunate conspiracy in which polarization choices 
can be made that yield large 77 luminosity (for 0.1 s y X ymax) and also maximize 
the Higgs cross section while tending to suppress backgrounds. 

In order to establish the significance of the Higgs signal, one must consider the 
background from -yy -+ QQ [94,96,97]. The differential cross section for 7(A) + 
7(A)) + QS is 1 

dg 
-= 
dz 

47r(u2e4QN,P [l - @” + $1’ - 1)(1 t p2z2)(1 - 2b2 + ,@z2)] , 

s( 1 - /P22)2 

(3.7) 

where z z cos 0 is the cosine of the angle of the outgoing heavy quark, Q, relative 
to the beam direction in the 77 CM-frame, eQ is the quark charge (in units of e), 
rnq is the quark mass, p 3 (1 - 4m$/s)‘f2, and s e Ef7. For mQ = 0, one can 
easily check that Eq. (3.7) reproduces the results of my Lecture 1 computation 
[see Eq. (1.91)). If E,, >> 2mQ (i.e., /YJ -+ 1) then the cross section for this 
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background subprocess is strongly suppressed for AX’ = +l, the choice which 
maximizes the Higgs boson cross section as discussed above. Furthermore, for 
/I + 1, the cross section is strongly forward-backward peaked as a function of z, 
whereas the H -IQ0 d eta y. IS isotropic. Thus, to maximize the significance of the 
Higgs boson signal in the bb channel it is desirable to arrange for a value of (XX’),, 
as near to $1 as possible, and to integrate signal and background over a region 
lz( < zo away from lzl = 1. Even in the tj channel this same procedure provides 
some improvement in the statistical significance of the Higgs signal, despite the 
fact that 2mt is only somewhat smaller than mH. 

Integrating Eq. (3.7) over the region lz( 5 zs < 1 yields 

4ra2e4 N 
uQ&,zO) = s Q c 

(3.8) 
The effectiveness of using polarization and angular cuts in reducing the 77 + Qa 
background is clear. For example, if both p and XA’ are near 1, then Eq. (3.8) 
yields 

dQ&, zo) = 4”“~Nc{(1-/32)[~+ln(~)] 

+(1A’--l)[zs-In(e)]}. 

(3.9) 

That is, for XX’ = 1, the cross-section is suppressed by a factor of 1 - /I’, as 
expected from our previous analysis. The effectiveness of the cut on the decay 
angle in reducing the Q& background can be seen in the following example. For 
Q = b and fi = ET7 = 300 GeV, choosing zs = 0.5 reduces the QQ cross section 
by a factor of 14, while retaining 50% of the Higgs events. This yields a net gain 
by a factor of 7 in Higgs signal over background. We can compute the net number 
of background events by multiplying the cross section of Eq. (3.8) by the integral 
of dt,,/dy [Eq. (3.5)] over the interval Ay = I’,,/E,t,-, with Ires defined below 
Eq. (3.4) 

N(77 + QB, = &F(yH)Ce’e-uQ~(m~i zo). 
e+e 

(3.10) 

For numerical estimates, Gunion and I took F(y&,t,- = 2 x 1O33 cm-* set-’ 
i.e., an integrated luminosity of 20 fb-r for a standard collider year, and we chose 

(XX’),, = 0.8. As discussed previously, these choices for F(yH) and (AA’),, are 
both well within the range of possibility for yH & 0.8 (e.g., E,, d 400 GeV at 
EC+,- = 500 GeV). Detector resolution was assumed to be such that lYexp = 5 GeV 

- 
- 

is possible for the observation of H -+ QQ. When considering QQ final states, we 
employed the background cross section given in Eq. (3.8). Since the Higgs decays 
to QQ are uniform in z = COSL~, the effect of the angular cut on the number of 
Higgs events in a QQ final state is simply to multiply the total event rate by a 
factor of zs. In our numerical w_ork, we found that the value zs = 0.85 was the 
most effective in reducing the QQ background. 

In Fig. 7 we present results for the Standard Model Higgs boson, 4’. Results 
for two choices of top quark mass: rnt = 150 GeV and rnt = 200 GeV are shown. It 
is apparent that where 4’ + bb decays are dominant, 4’ masses down to roughly 
40 GeV can be probed. In contrast, the tt mode never has a sufficiently large 
branching ratio (due to the dominance of the vector boson pair decay modes of the 
4° above the W+W- threshold) to be useful, given the large size of the 77 -+ ti 
background. The importance of polarization for enhancing the statistical signifi- 
cance of the Higgs signal in the bi channel is illustrated in Fig. 8, which depicts 
the maximum and minimum masses for which the number of Higgs signal events 
(S) and background events (B) are such that S > 19 and the number of standard 
deviations [Nso = S/a] is greater than 5. From Fig. 8, it is clear that being 
able to achieve large (XX’) greatly expands the mass range over which the 4’ can 
be detected in the bb channel. Unfortunately, detection of the 4’ in the tf channel 
is not possible even with perfect polarization. 

In the case of the Higgs bosons of the MSSM, results will be presented for 
one moderate value of tanp = 2 and one large value of tanb = 20, and two 
choices of top quark msss as in the previous analysis. The masses of all the 
supersymmetric partners, in particular, the charginos, neutralinos, squarks, and 
sleptons are assumed to be large. This means not only that they will not enter 
into the Higgs decay modes, but also, ih the case of the charged supersymmetric 
particles, their contributions to the 77 couplings at one-loop will be small. Results 
for the heavier CP-even state Ho and f& the CP-odd A0 are given inFigs. and 
10, respectively. Sensitivity of the mr = 150 GeV, tan/? = 2 results for the Ho, 
A0 and ho to the degree of polarizatiqn that can be achieved is illustrated in 
Figs.8 and 11, for the d and tf channels, respectively. Figure 8 shows the minimal 
and maximal observable masses, m$~~m’“, m$“, and m$“, as defined using the 
criteria stated earlier for 4’. Not explicitly plotted are: rnrJO?x, which is always very 
close to 2mr = 300 GeV; and rnFO” which is equal to the theoretical upper limit 

for m,,o within the MSSM [see Eq. (2.3)]. That is, the ho -+ bb channel satisfies 
the criteria for observability for all rnao masses above m$“. Note how close m$” 
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L,=2Ofb-‘, z,=O.85. <hA’>=0.8. r,,,=5 G~V 

100 III 
0 100 200 300 400 5x 0 100 200 300 400 500 

Higgs Mass (GeV) 

Fig. 7. Number of events per year for the Standard Model Higgs boson (@’ - b6, 
4’ + tf, 6’ + 22) and for the Qg backgrounds (yy - bi and ~7 - tt). In computing 
event rates for the Qg (Q = 6. t) final states, an angular cut of 1 cos81 5 z0 = 0.85 is 
imposed and a Qa rnaa~ resolution of 5 GeV has been assumed. Taken from Ref. [96]. 

L,=ZOfb“. z,=O.85. m,=150 CeV. r,,p=5 GE+ 

,1I-i:a 

P 
2 3oO3 1 

AA’ 

Fig. 8. Minimum and maximum Higgs mssses for which the number of standard devi- 
ations of the Higgs signal in the b6 channel NSD > 5 and the number of signal Higgs 
events S 2 10, as a function of (AA’). Both Standard Model and MSSM Higgs bo- 
son signals are exhibited, with mr = 150 GeV and tan0 = 2. Not shown explicitly is 
m’$Y which is always very close to 2ml = 300 GeV. The ho 4 b6 signal is statistically 
significant for all rnhO masses from myi” up to its theoret,ical limit. Taken from Ref. [96]. 
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L,,=20fb-‘, z,=O.85. <Xh’>=O& Fe,=5 GeV 
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Fig. 9. As in Fig. 7, but for the heavy CP-even Higgs boson of the MSSM, Ho. The 
exotic Ho -+ hoho decay mode event rate is also shown. (It should be noted that in 
the region 165 S rn~o 2 220 GeV, the decay Ho + hoho is kinematically forbidden for 
the MSSM parameters chmn.) Supersymmetric partners are assumed to be sufficiently 
heavy that they do not influence the H”y-y coupling or Ho decays. Radiative corrections 
to the MSSM Higgs sector are incorporated with Msusy = 1 TeV and squark mixing 
neglected. Results for rnt = 150 GeV and mr = 200 GeV are displayed for both tan 4 = 2 
and tan 4 = 20. 

L,,,=20fb-‘. z,=O.85. <AA’>=0.8, i-,=,=5 CeV 

Higgs Mass (GeV) 

Fig. 10. As in Fig. 9, but for the CP-odd Higgs boson of the MSSM, A’. The exotic 
A0 - Zh’ decay mode event rate is shown. The A0 has no tree-level couplings to vector 
boson pairs, so that the ZZ final state is not present. 
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c 

is to the corresponding Standard Model Higgs result [see Fig. 71; this is simply a 
reflection of how similar the ho is to the 4’ of the same mass once rnAo is large 
enough. Clearly, the range of masses for which the A0 and ho are detectable is 
greatly diminished 1 f a high degree of polarization cannot be achieved. For the t‘i 
channel, detection of the Ho and A0 for Higgs masses above 2ml should generally 
be possible for (XX’) = 0.8. Figure 11 shows the value of Nso achieved in the 
tt channel at mAorm~o = 500 GeV as a function of (AX’). These results clearly 
indicate that in spite of the large t-quark mass, polarization can still play a critical 
role in the observability of the A0 and Ho in the tt channel. 
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0 ~~~~‘~~,,‘~~,~‘,~~~‘~,~~ 
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Ah 

Fig. 11. Statistical significance (:.e., number of standard deviations NED) of the A0 + 
ti and Ho 4 ti Higgs signals at mAo,rn~o = 500 GeV as a function of (XX’), for 
m, = 150 GeV and tan0 = 2. rrr, and zs sre chosen as in Fig. 7. 

In summary, detection of the Standard Model 4’ should be possible for all Higgs 
masses between the present day LEP lower limit up to the yy collider kinematic 
limit (roughly Ey!= N 0.8E,+,-). That is, the kinematic reach of the ILC for 4’ 
detection is somewhat increased (relative to the limit of rn4o d 0.7E,+,- achievable 
in conventional e+e- collisions) using the 7~ collider mode option, while at the 
same time the 77 coupling of the 4’ is determined. In the case of the MSSM Higgs 
bosons, the 77 collider mode at the ILC proves to be an enormously powerful tool. 
For moderate tan /?, detection of the Ho and A0 will be possible for all masses up to 
roughly the 7~ collider kinematical limit, often in more than one final state decay 
mode. This represents a significant increase in Higgs mass reach as compared to 
a Higgs mass limit of roughly 0.4E,+,- obtained by using the ILC in its search 
for e+e- + hoA’, HOA’. For large tan p, a four-fold increase in 7~ luminosity 

beyond that assumed in this section would allow Ho detection for all masses up 
to the E,, kinematic limit. In reaching these optimistic conclusions, the ability to 
achieve substantial polarization for the colliding photon beams has been assumed. 
We have illustrated the fact that the mass ranges for which the Standard Model 
and MSSM Higgs bosons can be detected deteriorate significantly as the degree of 
polarization decreases, especially in the bi; and tt channels. Every effort should be 
made to achieve the highest possible,polarization for the colliding photons. 

3.3 Search for CP-violating effects in the Higgs sector 

In the Standard Model with one Higgs weak doublet, the physical Higgs boson 
is a CP-even scalar with CP-conserving tree-level interactions. In the MSSM, the 
Higgs sector consists of two scalar weak doublets. But, due to the supersymmetric 
constraints which restrict the form of the scalar potential, the physical scalar mass 
eigenstates are states of definite CP, with tree-level CP-conserving interactions.* 
However, in non-supersymmetric models with a non-minimal Higgs sector, and in 
non-minimal supersymmetric models, the scalar sector typically contains sources of 
CP-violation. It is possible that H&s-sector CP-violation effects could be detected 
in low-energy processes (such as in the interactions of K and B-mesons, or the 
neutron electric dipole moment). However, the absence of such low-energy effects 
does not necessarily imply that CP-violating Higgs effects must be absent. It could 
turn out that Higgs induced CP-violating effects can only be seen directly in high- 
energy processes in which the Higgs bosons are produced. One consequence of 
CP-violation in the Higgs self-interactions is that the neutral scalar Higgs mass 
eigenstates are no longer eigenstates of CP. In other words, the neutral Higgs mass 
eigenstates are mixtures of CP= fl scalar states. 

In this section, I shall discuss a technique suggested by Gunion and collab- 
orators 198,991 for detecting the existence of CP-violating Higgs interactions by 
searching for scalar states with mixed CP quantum numbers. One might think that 
if the Higgs boson were discovered, its CP-quantum numbers could be determined 
from its production characteristics and/or the energy and angular distribution of 
its decay products. Such methods will fail if the Higgs boson is detected through 
its interactions with massive gauge bosons. For example, at e*e- colliders, the 
Higgs boson is typically produced either Py bremsstrahlung off the Z-boson or via 
W+W- fusion. In addition, in many cases, W+W- and Z”Zo are the dominant 
decay modes of the heavy Higgs boson. However, at tree-level, the ZZ or W+W- 
couples only to the CP-even part of a CP-mixed scalar state! 

* Soft-supersymmetry breaking terms do not affect this conclusion [see Eq. (2.1)]. 
t The coupling of a CP-odd scalar to two gauge bosons takes the form c*“~@F~~F$ which 

can only arise in one-loop (or higher-loop) radiative corrections. 

-262- 



The yy collider provides an efficient environment for the detection of mixed 
CP properties (if present) of the neutral Higgs bosons since yy does not possess 
tree-level couplings to the neutral Higgs states. At one-loop, y-y couples to both 
the CP= fl pieces of (the scalar state. The corresponding matrix elements are 
proportional to 

M(yyk’) - i.i’, 

M(yyA’) - i x i’ 
(3.11) 

where 0 is the space components of the spin-l polarization vector [Eq. (1.54)]. The 
availability of polarized bosons is particularly useful, and provides a number of 
CP-violating asymmetries: 

A1 = 
IM++12 - IM--1’ 
IM++12 + [M--l2 ’ 

2 Im (M++M’_-) 
IM++12 + IM--12 ’ 

2Re(M++MY-) 
IM++12 + IM--12 ’ 

(3.12) 

where M~xt is the amplitude for y(A) + $A’) + H. Each asymmetry can lip 
between -1 and 1. A1 # 0, A2 # 0, and/or Idal < 1 would all constitute signals 
of CP-violation. 

Grzadkowski and Gunion [98] have computed the three asymmetries above for 
a scalar Higgs field arising from the most general CP-nonconserving two-Higgs 
doublet model. They repeat the asymmetry calculation many times, searching 
over the model parameter space for the maximum CP-violating signal. This is 
accomplished by choosing a particular value of mt, tanp and Higgs mass, and 
varying at random the Higgs mixing angles, i.e., the parameters that specify the 
Higgs mass eigenstates (relative to the interaction eigenstate basis). In Fig. 12. the 
asymmetries defined in Eq. (3.12) are plotted as a function of the Higgs mass for 
mt = 150 GeV and tan 0 = 2. Each asymmetry plotted is the maximum asymmetry 
achievable as the Higgs mixing angles are varied, for the specified Higgs mass. The 
maximal CP-violating asymmetries can be large, and the statistical significance of 
the signal scales with the square root of the number of events. Under plausible 
operating conditions for a y7 collider operating at a CM energy of 500 GrV, with an 
integrated luminosity of 20 fb-‘, the authors of Ref. (981 show thai t,he asymmet,ry 
A1 is the most promising for the detection of a CP-violating signal. 

At hadron supercolliders, the dominant mechanism for Higgs production is 
gluon-gluon fusion to the Higgs boson through a heavy quark loop. Since the same 

m* (G4 

Fig. 12. The values for IAll (---) and Idz( (- - - -) and (1- IdsI) (. ‘) 
which yield the largest standard scenario statistical signilicances, as a function of m+o, 
for t,an fi = 2 and ml = 150 GeV. Extrema are obtained for 150,000 random choices of 
Higgs mixing angles subject to the requirement that there he at least 80 events in the b6 
decay channel of the c$‘, or 20 events in the 22 (one Z -+ !+P-) channel, or 80 events 
in the tl channel when the colliding photon polarizations are averaged over. Taken from 
Ref. [98]. 

diagram gives rise to the Higgs coupling to yy (where the gluons are replaced by 
photons), one can also search for a CP-violating asymmetry at hadron supercol- 
liders with polarized beams. Of course, in this case, the theoretical prediction for 
the asymmetry and its experimental detection are not as clean (compared to the 
case of the -yy collider discussed above). For example, one does not polarize the 
gluons directly; rather one must polarize the initial proton beams, and attempt 
to determine the resulting gluon polarization, based on a model (making the best 
possible use of polarized deep inelastic scattehing data to determine the polarized 
gluon distribution function). In order to detect. a CP-violating signal, it is sufficient 
to polarize one of the proton beams. The CP-violating asymmetry of interest is 

where ox is the Higgs production cross-section for the case of one proton beam 
with helicity X. To evaluate A, one must compute the asymmetry at the p&tonic 
level, and then fold in the helicity-dependent gluon distribution function. Let 
Ag(z) = g+(z) -g-(r), where g+(z) [g-(l)] is the probability of finding a gluon 

-263- 



m, (GeV) 

Fig. 13. Maximal statistical significance achieved for an asymmetry signal as a function 
of rn)o at the SSC with L = 10 fb-‘. The branching ratio for #’ - ZZ + @e-X is 
included. A model for the polarized gluon distribution function is used where Ag(z) = 
g(z) for z > 0.2 and Ag(z) = Szg(z) for z < 0.2 IlOO]. This yields Ag E Jg(z)dz E 3 
over the Higgs mass range depicted above (where g(z) zz g(z,Q) is evaluated at Q = 
mp). Taken from Ref. [99]. 

with positive [negative] helicity inside a proton of positiwe helicity.* The unpolarized 
gluon distribution is given by g(z) z g+(z)+g-(2). If MAA, denotes the amplitude 

for g(X) + g(x’) -+ H, then’ 

A= 
s ,$,,s dzg (&l=) Adz) [IM++12 - W--I21 
&,s dzg (+I=) 4x1 W++12 + W--l21 . 

(3.14) 

Note that A vanishes if H is an eigenstate of CP. This can be understood from 
Eq. (1.29) which implies that IM++( = ]M--] if P is conserved. However, for 
neutral scalars, eigenstates of P are necessarily eigenstates of CP, since there are 
no scalar interactions with fermion pairs or vector boson pairs that conserve P 
without conserving CP. Thus, the detection of a nonzero value for A would be an 
indication of CP-violation. The distribution function difference Ag(z) is not very 
well constrained by data, and thus introduces model dependence into the calcula- 
tion. As a result, the evaluation of the statistical significance of the signal is more 
uncertain than in the previous case of 7~ + H. Figure 13, taken from Ref. [99], 

* Note that g+(z) [g-(z)] is also the probability of finding a gluon with negative [positive] 
h&city inside a proton of negalwe helicity. 

t Recall that for -y-r - H (and gg - H), M,US vanishes unless X = A’ [W Eq. (3.3)]. 

depicts a typical result. Although the detection of a CP-violating signal of this 
kind presents a real challenge for experimentalists working at a hadron supercol- 
lider, Fig. 13 does suggest that a polarized proton beam at hadron supercolliders 
can play a useful role in probing the details of new’physics. 

3.4 New gauge bosons beyond the W* and Z 

In this section, I present the final example of these lectures. One of the key 
questions that one hopes to answer with the next generation of supercolliders is: 
what is the correct electroweak gauge group of the low-energy effective TeV-scale 
theory? Is it SU(2)~xu(l) or is the gauge group larger, implying the existence 
of new gauge bosons beyond the IV* and Z whose masses are of 0 (1 TeV). To 
answer this question with full confidence requires a collider that can probe deep 
into the TeV energy region. Clearly (unless we are very lucky), the ILC will not be 
sufficient for this task. If new W ’ and/or Z’ gauge bosons are discovered, it will be 
essential to measure their couplings to fermions. At a hadron supercollider, there 
are a variety of techniques that can be employed for this purpose [loll. Here, I 
shall briefly mention two techniques. 

If one of the proton beams is polarized, then one can consider the single helicity 
asymmetry 

AL = 
do- - da+ 
duei + da+ ’ 

(3.15) 

where dax is the differential cross-section (integrated either partially or completely 
over the available phase space) for p(X) + p + heavy gauge boson. This is a 
similar asymmetry to the one defined in the previous section in the case of Higgs 
production. However, in this case, AL # 0 implies only parity nonconservation, 
since vector boson interactions can violate P without violating CP. The production 
mechanism for new gauge bosons at a hadron collider is qtj fusion. For very heavy 
gauge bosons, the momentum fractions 9’ the initial partons are not particularly 
small.* Hence, one would expect that the polarization of a valence parton would 
reflect the polarization of the corresponding proton. Thus, it seems plausible that in 
new gauge boson production, large single helicity asymmetries should be observed. 
This is illustrated by a calculation of Ref. [73], which demonstrates that values for 
AL as large as 25% are possible in the production of a neutral heavy gauge boson of 
a few TeV in mass. Moreover, the obtained value of AL is a sensitive function of the 
vector boson mass and its quantum numbers. By changing the assumptions of the 

* Recall that in the parton model computation, 21~2s = mc, where s is the CM energy 
squared of the supercollider and 11 and +2 are the momentum fractions of the quark and 
antiquark, respectively [102]. 
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Z’ quantum numbers, one can find dramatic shifts in AL by an order of magnitude. 
Finally, if both proton beams are polarized, then additional observables can be used 
to probe the new gauge boson couplings to fermion pairs. For example, Ref. [73] 
shows that in the prod+ c ion of left-handed and/or right-handed charged gauge t’ 
bosons, u--/u++ may deviate substantially from 1. 

If no polarized beams are available, there are other tools for determining the 
nature of the new gauge boson interactions. I will conclude these lectures by 
discussing one powerful technique, in which one studies the decay of the heavy 
gauge boson to TN (where N is a neutral heavy lepton which may or may not be 
the v,). This is a particularly useful decay mode, because the r-lepton decays are 
self-analyzing. By studying the energy distribution of the r decay products, one 
deduces information about the r polarization, and hence learns about the coupling 
of the gauge boson to TN [103,104]. 

To illustrate the method, consider the decay of a new charged gauge boson, 
Wi, where the subscript L indicates that Wi has the same couplings to fermions 
as the IV* of electroweak interactions. The following decay chain is assumed. 

Wi + TN 

Lf /WV [or ev.G] 

TV 
(3.16) 

I PV 
In what follows, I shall provide details of the computation of the differential cross 
section for r”j;. production followed by the decay chain 

Wk+rN+ev~N, (3.17) 

and quote the results for the other two decay chains shown above. In this calcu- 
lation, I will make the (very good) approximation that all final state masses are 
negligible compared to WL. 

The basic formula for the cross-section for the scattering process a + h + c + d 
followed by the decay d -+ 1+2+. . +n was described in section 1.7 as a trace over 
the product of the production and decay density matrix elements [see Eq. (1.107)). 
Bere, I shall write out the relevant formula in complete detail [lo] 

1 

u = 4pcM xx, CJ M(ab-t cdA)M’(ab-, cd~~)~dLips(s;p,,pd) 

X 
M(d,, 4 1 + 2 + . . . + n)M*(dxl + 1 + 2 + . . + n) 

(m2 - sd)2 + m2r2 dLiPs(sd ; PI,. , pn) , 

(3.18) 
where s = (pa + pb)’ is the CM energy squared for the process, m and I are the 

mass and width of particle d, pCM is the CM-momentum of particle a (or b) [if 
initial state masses are neglected, pCM A G/2], sd = pi is the invariant mass 
squared of the decaying particle d, and , 

A d%, 4 
dLips(s ; PI,. ,pn) = (2~)~~~” l’J - 6 (pa + pb - C pi) 

,=1 2Ei i ! 

(3.19) 

is Lorentz invariant phase space for an nrbody final state with total CM-energy 
squared equal to s. Using the above formula, the computation proceeds in the 
seven steps sketched out below (1051. 

Step 1: Since m, < rnw;, the emitted r’s are completely left-handed. Thus, 
only the X = X’ = -1 term in the sum over A, A’ in Eq. (3.18) survives. This 
observation simplifies this calculation immensely, and is special to this particular 
problem. 

Step 2: Use the narrow width approximation 

1 
(d - Sd)2 + m2r2 

---i --$5(m2 - Sd) 

to integrate over sd in Eq. (3.18). In this calculation, 

B,T = 
C$rnz 
iis- 

(3.20) 

(3.21) 

where B, z T(r -+ evfi)/r is the tau-lepton branching ratio into electrons. 

Step 3: The squared matrix elements for a + b + c + d and d + 1 + 2 + 3 are 
well-known and are given below. 

(i) iid -+ WL- -+ T-N i 

The squared amplitude for this process, averaged over initial and summed over 
final spins and colors, is easily computed. The result is 

IM(ud --+ W;- -+ 7-N)12 = 
' 

(3.22) 

where pi is the four-momentum of particle i, and the l/12 inside the parentheses 
consists of a factor of l/4 for the spin-average and a color factor of l/3. As remarked 
above, the produced T- is purely left-handed (to a very good approximation), since 
rn, << mwl. 
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(ii) r- -+ e-vfi 

In order to apply Eq. (3.18), we need the squared matrix element for the decay 
of a left-handed T-. This computation is most easily done using the spin projec- 
tion operator metyd described in section 1.4. We introduce the spin four-vector 
[Eq. (1.48)] for a negative helicity 7- of four-momentum p, = (&,&)* 

s=-(y?$). (3.23) 

The calculation of the squared decay amplitude is straightforward. Here, I simply 
quote the well known formula for the decay rate of a polarized muon found in 
Ref. [21], which can also be used here 

EEdr= G% ’ “d3 Pe ~[Q2Pe.(Pr-m,S)+2q.(p,-m,S)q.p,], 

where pe = (Ee;&) is the electron four-momentum, q E p,. - p, and S is the spin 
four-vector of the negative-helicity r-. 

Step 4: Using Eq. (3.18) and the results given above, we integrate over sd and 
obtain 

Beg4 
u = 192+6, s [(mZ, - “)2 + r&m&] / 

d3pe 
d%~4pcrp,w~r e 

x [U2P4Pr - mJ) + 2q. (Pr - m3) q . Pe] 1 
(3.24) 

where dR, is the differential solid angle of the T-. 

Step 5: It is convenient to choose the rest frame of the L$‘L- to evaluate the 
integral above. Explicitly, 

q2p,.(pr--m,S)+2q.(p,-m,S)q.p, = E, [m2,~+1.&+2E,z)(1 -fir+)] , 
(3.25) 

where 

ZG 3 + mf - (.s - nf)& . ge 
h ’ 

(3.26) 

and 

‘@d ‘PvPri.P, = ;S2(1 +k’jh)2 + o(m2,).. 

Since m, < rnWl, we can drop the O(mz) term in Eq. (3.27). 

(3.27) 

* A capilal S is used here since s is already being used for the CM-energy squared 

Step 6: Insert the above expressions into the integral [Eq. (3.24)]. Choosing 
the direction of the d-quark to lie alqng the z-axis, and the direction of the electron 
to lie in the z-z plane, we write id = f and SC = (sin8,,0,cos 6,). Our plan is 
to integrate over all possible 7 dire&ions, &, holding the electron direction fixed. 
For this purpose, it is somewhat easier to rotate the z-axis to lie along the electron 
direction. That is, we take & = (O,O, 1) and fid = (- sin o,, 0, cos 8,). Relative to 
this choice, we integrate over fir = (sin 0 cos 4, sin 0 sin 4, cos 0). Then, 

! 

(3.28) 

In the integration over il at fixed electron energy, the limits of integration depend 
on E,. This is most easily obtained by noting that (p, - pe)? 2 0 implies that 
z I mf/E,. From the definitions of z [Eq. (3.26)] and cos0 [Eq. (3.28)], one sees 
that y 5 cos 0 5 1, where 

y ~ E4s + m3) - m% 
Ee(s -mf) . 

It follows that 

do 
-= g4sE,2B, 
dR,dE, 768r3m6,[(mk - s)~ + m2 r2 w WI 

(3.29) 

2n 1 

x dd dcosfI(1 +cosBcosB, -sin0sin0,cos#)2 JJ (3.30) 

0 Y 

x [m2,* + &(l - cosB)(mg - 2E,z)] . 

Step 7: The above integration can be performed analytically. Recall that we are 
working in the limit of small m,. Although the factor of rn! in the denominator 
of Eq. (3.30) may be a cause for conce n, 

T, 
it is easy to see that the leading m, 

behavior of the integral is O(m6,). Since y -+ 1 as m, --) 0, one can expand the 
integrand in Eq. (3.30) around cos 6 = 1. ,Furthermore, for cos 0 N 1, one sees from 
Eq. (3.26) that z = O(mT). Thus, it is sufficient to keep terms in, Eq. (3.30) up to 
(1 - ~0~0)~ and drop all higher terms. One therefore ends up with a finite value 
for the differential cross-section in the limit of m, -+ 0: 

da *a’,,&(1 +cosB,)~B, 
dE, d cos 8, = 36sin4 0w[(m& - s)2 + I’?,m&] 

[l - ($,“I , (3.31) 

where (Y s g2/4asin2 0~. Note that the allowed range of electron energies is 
OlE,<i&. 
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Two features of this result are immediately apparent. First, the (1 + cos 0,)2 
angular distribution matches precisely the (1 + COSO)~ angular distribution of the 
T- obtained in Eq. (3.$2), in the m, = 0 limit [see Eq. (3.27)]. This angular 
distribution can be understood using simple helicity arguments as shown in the 
figure below. 

T- 

ii 

The arrows above the fermion lines denote helicity. The WL- couples to a left- 
handed d-quark and T-, and a right-handed u-quark and anti-neutrino. Angular 
momentum conservation favors 0 near 0’ and disfavors 0 near 180’. It is interesting 
to note that precisely the same angular factor would arise in Wk production, 
assuming that the WL couples to right-handed fermions and left.-handed anti- 
fermions. In the figure above, the configurations shown are both favored by angular 
momentum conservation, and one concludes that the electron angular distribution 
will be the same for both Wi and Wk production! 

Second, let us define I E 2EJ&. From Eq. (3.31), one sees that the po- 
larization of the T- is reflected in the 1 - x3 energy distribution of the electron. 
Furthermore, by repeating the above calculation for W[ production, one finds 
that although the final state electron angular distribution is the same, the electron 
energy distribution is proportional to (1 + 22)(1 - z)~. Thus, the electron energy 
distribution is softer for Wk production as compared with Wt production. Thus, 
by measuring the energy distribution of the observed electron, one gains informa- 
tion about the r polarization and thereby obtains a probe of the W’ coupling to 
TN. 

Other T decay modes can be used in a similar fashion. The relevant calculations 
are similar to the one presented above, so I shall simply summarize the results 
below [ 1031. 

(i) iid + WLwR -+ r-N, T- + e-v.G 

da 
= BeC(Oe) x 

$(l - “3) 3 WA 
dE, d cos Oe (1$2X)(1 -X)2 ) w; 

(3.32) 

(ii) fid --) WLeR -+ r-N, T- -+ p-u 

du = BdC(QJ ’ 
dE, dcosOp (rn! - mz)2(mF + 2mi) 

X 
2m:(mf - rnz) * mf(m3 - 2mi)(l- Z) , WA 

(3.33) 

rnf [rni + (m: ; 2f$)z] 1 w; 

da l-s , w; 

dE, d cos Ox 
= B&(0,) x 

5 7 Wk 
(3.34) 

where m, has been set to zero in the last computation. In all the above expressions, 
B is the relevant T branching ratio, 

C(0) SE 
d&(1 + cosO)2 

24 sin* Ow[(m& - s)~ + r2 W44 ’ 
(3.35) 

and x z 2E/&, where E is the energy of the final state negatively charged particle. 

There is a simple way to rederive the form of Eq. (3.34) for tid -+ WLTR --) r-N, 
r- + X-V. Choose the quantization axis of the T-spin to lie along the z-axis. Let 
k be the four-momentum of the T in the rest frame of the 7. Then, setting m, = 0, 
k = irn, (1; sinO,O,cosO). Now, boost to a frame where the T is moving along i 
with velocity V. In this frame, 

where y G (1 - v2)‘f2 and 

Ex = +P,(l + Vcos~), 
ET= ym,, 

i 

as o + 1. But, using Eq. (1.25), we know that-the decay rate for T-(X) -+ A-V is 

(3.36) 

w(w --) xv) 0: ld:(,2j2(Q)12 = 
cos2;, A = +3 
sin2 e 2’ x=-i 

(3.38) 

which corresponds to pion energy distributions of z and 1 - x, respectively, in 
agreement with the previously quoted result. 
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This result also has a simple physical interpretation. The T-‘is either left or 
right-handed depending on whether it came from Wi or Wk. But the neutrino 
emitted in T- dec 

f 
y is always left-handed. Thus, because the ?r is spinless, conser- 

vation of angular momentum implies that the * is emitted preferentially forward 
in the case of Wk decay and backward in the case of WL decay. This is illustrated 
in the figure below. 

“7 
WL 

/ 

n 
TJ WR 

N <----.-z-‘ N <-___--A-, 

/ /* 

The arrows above the T and v denote helicity. Angular momentum conservation 
implies that the configurations shown above are the ones favored. Therefore, in 
the tid CM-frame, the energy spectrum of the T is harder in WR decay and softer 
in WL decay. 

Finally, one must convolute the partonic cross-sections given above with parton 
distribution functions to obtain predictions for the energy distributions of r-lepton 
decay products in the laboratory frame. The computations of Ref. [106] show that 
it may be possible to distinguish between Wi and Wh on the basis of their T-decay 
spectra. 

CODA 
In these lectures, I presented an introduction to spin formalism and illustrated 

its use in a number of examples of searches for new physics beyond the Standard 
Model at future colliders. I have only touched the surface; many important topics 
have been omitted. Some of the important applications not included in these 
lectures involve the search for evidence of physics beyond the Standard Model in 
precision measurements of top-quarks and gauge bosons. For example, a crucial 
test of the Standard Model consists of checking the details of the W+W-2 and 
W+W-y vertices [107]. Similarly, it may be possible to see hints of non-Standard 
Model effects in 2t couplings to 7 and/or 2 [lOS]. In both cases, one can search 
for anomalous moments, CP-violating form-factors, evidence for form-factors, etc. 
Using spin information to separate out definite helicity final states could enhance 
a particular signal as well as help control backgrounds. 

There are many other precision tests of electroweak th&ory and QCD which 
become available with polarized beams and/or spin analysis of final state particles. 
Some of these have been addressed in other lectures presented at this summer 
school. Another method for searching for evidence of new physics is to detect 
the presence of four-fermion operators, which would be remnants of new physics 
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at a higher energy scale [log]. Tb ere are many such operators possible. These 
could be detected at a future hadron supercollider if deviations are seen from 
Standard Model predictions in two-jet and/or Drell-Yan cross-sections (to give 
just two examples). The ability to separate out the definite helicity properties of 
such operators (if they exist) would play a crucial role in trying to interpret their 
origin. 

The discovery of new physics blyond the Standard Model hopefully lies ahead 
in the not too distant future. In the first decade of the third millennium, powerful 
supercolliders will be ready to fully explore the TeV-energy scale and reveal its 
secrets. Once deviations from the Standard Model are found, the challenge to 
theorists and experimentalists will be to interpret the results and build a new 
Standard Model of particle physics. Spin techniques will surely play an important 
role in unraveling the true nature of TeV-scale physics. We have only just begun 
to explore its power. 
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ABSTRACT 

Copious event statistics, a precise understanding of the LEP energy 

scale, and a favorable experimental situation at the Z” resonance 

have allowed the LEP experiments to provide both dramatic confir- 

mation of the Standard Model of strong and electroweak interactions 

and to place substantially improved constraints on the parameters of 

the model. Here we concentrate on those measurements relevant to 

the electroweak sector. It will be seen that the precision of these mea- 

surements probes sensitively the structure of the Standard Model at 

the one-loop level, where the calculation of the observables measured 

at LEP is affected by the value chosen for the top quark mass. We 

find that the LEP measurements are consistent with the Standard 

Model, but only if the mass of the top quark is measured to be within 

a restricted range of about 20 GeV. 
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1 Introduction 
1 

LEP I, operating at center-of-mass energies close to the Z” mass, Mz, provides a 

unique laboratory for high precision, high statistics measurements of the Z” mass 

and its couplings to both leptons and hadrons. It therefore offers a beautiful means 

of probing the detailed structure of electroweak interactions. 

In this paper we review results, both published and preliminary, based on the 

data collected up to and including 1992. This amounts to a total of about 5 million 

events from Z” decays, evenly distributed amongst the four LEP experiments. In 

preparation for this summer’s conferences, measurements from the individual LEP 

experiments have been combined by a working group representing the four exper- 

iments,’ taking care to adequately account for the various sources of systematic 

error which are correlated amongst the experiments. These are dominated by un- 

certainties in the understanding of critical LEP machine parameters, the energy 

scale in particular, but also include the effect of using common calculations for 

QED radiative corrections to the variables observables measured and common 

Monte Carlo models in particular for the simulation of hadronic decays and 

fragmentation, etc. For details of the individual measurements and of the pro- 
cedures applied to produce the LEP average results presented here, the reader 

can refer directly to Ref. 1 and references therein. 

With respect to the results available in the summer of 1991, the “classic” 

line-shape and lepton forward-backward asymmetry measurements have benefit- 

ted from a significant increase in the available event statistics, matched by reduced 

systematic uncertainties. Similarly, improved measurements of r polarization are 

now available. Perhaps the biggest improvements, however, have been made in 

the heavy quark sector thanks largely to the recently installed silicon microver- 

tex detectors. We shall see that the b-quark forward-backward asymmetry is 

now established as a sensitive measure of the effective weak mixing angle, and 

the b-quark partial width is on its way to becoming a sensitive measure of top 

quark induced vertex corrections, unique to the b-quark sector. The improved ex- 

clusive b-quark forward-backward asymmetry measurements are also being used 

to bett.er the measurements of inclusive quark forward-backward asymmetry de- 

terminations. These latter measurements are potentially sensitive to anomalous 

couplings in the quark sector. 

The rest of this paper isorganizedas follows. In the next Section we review the 

commonly adopted procediire for a model independent interpretation of the data, 

by defining effective couplings in the context of an improved Born approximation 

and then briefly recall the structure of radiative corrections in the Standard Model 

‘Y and their sensitivit,y t.o the unknown masses of the top quark and of the Higgs.’ 

’ In Section 3 we discuss the line-shape and lepton forward-backward asymmetry 

measurements. In Section 4 we treat the topic of r polarization and show how, in 

combination with the line-shape and lepton forward-backward asymmetry mea- 

surements, this can be used to extract the axial vextor and vector couplings of each 

of the three lepton species independently as a detailed test of lepton universality. 

In Section 5 we report the measurements of quark asymmetries, both exclusive 

and inclusive, as well as the b quark partial width and briefly discuss its sensi- 

tivity to triangle diagrams. In Section 6 we summarize the implications of the 

measurements discussed so far in the context of a model independent determina- 

tion of the effective electroweak mixing angle, s’t)e,!‘. In Section 7 we then see 

how all this canbe accommodatedwithin t,he Standard Model and discuss the con- 

straints imposed on the unknown parameters of the model, in particular the 

mass of the top quark. In Section 8 we briefly discuss the prospects for improved 

measurements using the 1993 data set and conclude. 

2 Model Independent Analysis St rat egy 

At tree level, or in the so-catted Born approximation, ohservables such as partial 

widths, charge forward-backward asymmetries,and polarization asymmetries are 

all related to the axial vector and vector coupling constants through simpleexpres- 

sions. Here we follow the procedure generally adopted by t,he LEP experiments 

and define “effective” coupling constants gh, and gtif by demanding that they 

be related to physical ohservables by the same tree level expressions mentioned 

above.’ Thus we absorb all effects of higher order corrections, including any pos- 

sible contributions due to new physics, in the definition of the effective coupling 

constants. The effects of vacuum polarization on the running of rlectromagnetic 

coupling constant a are taken into account by using the value a( Al;), calculated 

at s = hli. 
A priori, it is not necessarily the case that all the observabtes measured at 

LEP can in fact be accommodated by the simple tree level expressions in terms of 

just the parameters g&f and gill. Indeed, more general analyses of the data have 
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beeri performed,which allow for additional parameters, or form factors, to modify 

the,tree level refations. In all cases,it has been found that, at the present level of 

accuracy, the measurements are in fact well-accommodated by the effective coupling 

constants defined in this scheme. 

Below we recall the tree level expressions for the relevant observables, which 

are taken t,o define the effective coupling constants. These fall into two classes: 

cross sections (or partial widths) and asymmetries. 

l Part,ial widths: 

112 
r, = . rz = cc.!% (gq,,;; 

6iTJz )( 

l Charge forward-backward asymmetry: 

l Tau polarization and tau polarization forwartl-backward asymmetry 

P, = -A'1 

where 

The coupling constants so defined satisfy the relationships: 

gilI - = 1 - ~Q,s*@$~ 
@I 

where f refers to the fermion species under consideration and &I to its charge. 

Expressed in terms of helicity amplit,udes,giL! + gtjJ “’ is proportional to the sum 

of the squares of the left-and right- handed helicity amplit.udes, and the parit,y 

violating trrm g6JghJ is proportional to the differenceof the squares. Thus partial 

widths and asymmetries allow us to completely determine the hclicity struct,urc of 

the nrut,ral current sector of the Standard Model. 

In a first. instance,paramcters are derived from t,he data with only these min- 

imal assumpt.ions about the underlying physics. Note, in part,irular, that the 

cffectivr axial and vector coupling constant,s are treated as independent, one from the 

other. Also, lepton universality is invoked only once it has been explicitly verified. 

Comparison of the results obtained with the Standard Model expectations is then 

,an unbiased test of the model. 

’ The full Standard Model structure can subsequently be imposed on the data 

to ext,ract, an optimum value for Q, and an allowed range for the value Mt. 

2.1 Standard Model Radiative Corrections 

Within the Standard Model, the el&roweak sector is determined by three pa- 

rameters: two coupling constants and the mass scale of electroweak symmetry 

breaking. The LEP determination of Mz completes the set of precisely measured 

parameters currently used to define thr electroweak int,eractions: 

Fermion masses, as well as t,he mass of the Higgs boson, nl~, are also all 

free parameters of the St,andard Model to be determined experimentally. In 

particular, the mass of the top quark, I!{,, as well as ,%f~ are as yet unknown. The 

Standard Model predictions for other qllantities, and in particu1a.r the coupling 

ronst,ant,s of the different fermion species, depend on the values of Mt and nf~ 

t,hrough loop corrections to the IV*. Z”, and phot,on propagators as follows. 

In the Standa.rd Model, at trre level, the ra.tio of Charged Current and Neutral 

Current, coupling constants, p, is equal to one. Vacuum polarization affects this 

ratio so that: 

p+I+Ap. 

As ment,ioned above,the left.-handed helicity struct,ure of weak interactions in 

the neutral current sector is modified by t,he electrowcak mixing angle. In the 

Standard Model,thr weak mixing angle is related to t,he ratio of the gauge boson 

masses by the famous equation: 

bfkl, 

( > 
2 

aqO - - . ,v=l- 
Mz 

Additional cont,ributions to ~27’ mixing at the one-loop Irvrl change the effective 

weak mixing angle, as defined in the previous subsection. with respect to the tree 

level vallic as follows: 
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1 

,zg/f - w -s2f++$Ap). ’ 

These effects, since they affect the gauge boson propagators themselves, are uni- 

versal. They apply to all fermion species. 

At the one-loop level, there is also a set of diagrams which affect the 2’ --t 

j7 vertices. The effect of such diagrams will, in general, depend on the fermion 

species considered. These so-called triangle diagrams involve the exchange of 

virtual fermions and W* bosons. In practice, since the size of these corrections 

depends quadratically on the mass  of the virtual fermion involved, the effect is 

only significant for the 2’ -+ b& vertex, due to the large CKM matrix element 

relating bottom and top quarks. This effect is significant since, for any given 

value of A4i, it is about twice the magnitude Ap, the effect of vacuum polarization 

diagrams on the 2’ propagator. In fact, since the triangle diagram contributes 

with opposite sign to the vacuum polarization diagrams, the overall correction to 

the b  partial width is of opposite sign to that of the other fermions. 

Explicitly, as a result of vertex corrections,the effective couplings of the 2” to 

the b-quark are modified as follows: 

and 

To good approximation then, one-loop corrections to both the axial vector 

and vector coupling constants of all fermion species, including the b-quark which 

has additional nonuniversal corrections, can be expressed in terms of the one 

parameter hp. This is zero at tree level, is dominated by an Al: term for large 

Mr,and has a logarithmic dependence on MI,. It is given approsimately by the 

relation: 

W e  shall see in later sections that LEP data allow us to determine the effective cou- 

pling constants of leptons to an accuracy much better than the range of values 

allowed by the Standard Model due to loop corrections,so that a stringent con- 

straint on M, can be obtained. I:urthermore, measurements iu the b-quark sector 

are approaching the precision required to probe the top-quark induced vertex 

corrections. 

Observables in the hadronic sector typically also exhibit a large or dependance 

due to the effects of gluon radiation. While this latter class of effects complicates 

the use of the data for the analysis of electroweak interactions, it provides impor- 

tant constraints on the QCD sector. Indeed,it will be seen that l ine-shape data 

allow for an accurate and reliable determination of oS( Mi). 

3 Line-Shape Parameters and Lepton Forward- 

Backward Asymmetr ies 

In this section we discuss the results of cross-section and lepton forward-backward 

asymmetry measurements carried out by the four LEP experiments at various center- 

of-mass energies spanning about 3 GeV on either side of the peak of the 2’ 

resonance. 

In Table 1 we show the statistics of the data sets used for the results presented 

here, and in Table 2 we show the corresponding experimental systematic uncer- 

tainties. Note that the systematic uncertainties on the luminosit,y determination 

are an important source of error even for the leptonic cross-section measurements 

and completely dominate the error in the hadronic cross-section measurements. 

As a result of this,all four LEP experiments have invested considerable effort in 

upgrading their luminometry for the 1993-1994 LEP runs. The impact of the new 

Aleph luminometcr, installed part way through the 1992 run, is clearly evident in 

Table 2. 

A number of differentparametrizations may  be used to represent the results 

of these measurements. All complete set parameters, together with their corre- 

sponding correlation matrices, have the same information content, and are there- 

fore strictly equivalent. Different parametrizations , however, may  be more or less 

convenient according to the context in which the data are being considered. 

The four LEP experiments choose the following set of parameters as a starting 

point for combining the results of the line-shape and lepton forward-backward 
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asymmrt,ry measurements *: 

- 

1 11 ALEPH 

‘90-‘9 1 

‘92 

total 

‘90.‘91 

‘92 

total 

ALEPH 

451 

686 

1137 

DELPHI LB OPAL LEP 

365 423 4.54 1693 

695 677 733 2791 

1060 1100 1 lS7 44S4 

37 40 5s 190 

76 5s SS 304 

113 98 146 494 

‘u 
1 and 

AFB(4. 

This choice is motivated by the fact that this parameter set most transpar- 

ently relates to obscrvahlrs measured and minimizes the correlations amongst the 

parameters. 

In Table 3 wt show the results of each of the four experiments so parameterized, 

and in Table 4 we show the results of t.hr four experiments combined. 

Table 1. The LEP statistics in units of lo” events used for the analysis of the Z” 

line-shape and lepton forward-backward asymmetries. 

I ALEPH T DELPIII ALEPII DELPHI 

91.187f0.009 9l.lS7f0.009 

2.501f0.011 2.482f0.012 

41.61f0.16 41.02f0.27 

20.5Sf0.15 20.70fO. 1s 

20.S2f0.15 20.4Sf0.15 

20.62hO.17 20.ssf0.20 

0.0185*0.00.59 0.0237f0.0092 

0.0147f0.0047 0.0143f0.0090 

0.0152j10.0053 0.021 Rf0.006S 

L3 OPAL 

-91.19.5f0.009 91.1s2f0.009 

2.49Rf0.010 2.483f0.012 

41.331t0.26 41.71f0.23 

20.!)0f0.16 20.83f0.16 

21.02f0.16 20.7Sf0.11 

20.78*0.20 21.01f0.15 

0.0135*0.007S 0.0062*0.0080 

0.0167f0.0064 0.0099f0.0042 

0.025if0.00S9 0.0205f0.0052 

‘91 ‘92 

prel. 
- 
0.6 % 

‘92 

prel. 

0.35%(b) 

o.ls%(c’ 

0.17% 

0.4 % 

0.5 % 

0.5% 
(4 

(4 

(4 

‘91 

0.5 % 

0.2 % 

0.5 % 

0.5 % 

0.75% 

0.002 

0.003 

0.002 

‘91 

0.60% 

‘92 

- 
0.41% 

0.20% 

0.22% 

0.19% 

0.44% 

0.002 

0.001 

0.002 

Mz (GeV) 
“& (CCL’) 
4”d (111,) 

R, 
RP 
R, 

A’&,(e) 
AoF&) 
&B(T) 

0.45% 

0.2 7% 

0.4 % 

0.J % 

0.6% 
(4 

Id’ 

(4 
Table 3. Line-shape and asymmetry parameters from nine parameter fits to the 

dat,a of the four LEP experiments. 
Table 2. The experimental systematic errors for the analysis of the Z” line-shape 
and Iepton forward-backward asymmetries. The errors quoted do not, include the 
common nnc&ainty due t,o the LEP energy ca.libration. 

The results are also shown graphically in Figures 1, 2,and 3, along with the 

Standard hlodel prediction for a range of Mt and M,~J values and using o, = 

0.123 f 0.006, the value obtained by applying resummed O(N~) calculations to 

various hadronic event. shape variablrs measured at LEP.4 The results are in good 

agreement wit,h the Standard hfodcl. 

*It was shown in Ref. 3 that combining the results. taking cw starting point the “raw” cross section and 

forward-backward asymmetry measurements of the four experiments at the various energy points gives 

equivalent results to those obtained by directly combining the parameters obtained by each experiment. 

(“‘Only the experimental error is quoted. III addition, there is a throrrtiral error for t,hc 
calculation of the small angle Bhahha cross section. The experimrnts ha.ve a different 
acceptanrr for small angle Dhahha scattering and quote a different valtle for this error: 
0.25% for AI,EPH and L.7: 0.3%: for DELPHI and OPAI,. 
(“)Withollt the ALEPII silicon calorimetrr. “)With t.1~~ ALEPll silicon calorimeter. 
cd)This error has not hren cst.imatcd accllratrlv I)v thr Al,t?PIl rollaboration since it is 
known to he small with respect to the statistical error. 
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Parameter Average Value 

91.187f0.007 

2.489fO.007 

41.56f0.14 

20.743f0.080 

20.764f0.069 

20.832f0.088 

0.0153kO.0038 

0.0132f0.0026 

0.0204f0.0032 

Table 4. Average line-shape and asymmetry parameters from the data of the four 

LEP experiments given in Table 3, without the assumption of lepton universality. 

The main ingredient and the principle source of systematic error in the mea- 

surements of AIz and FZ is the understanding of the LEP energy scale, the corner- 

stone of which is the successful use of the resonant depolarization technique.5 As 

the electron and positron beams circulate around the machine they can, under 

appropriate circumstances, build up a significant transverse polarization, due to 

the emission of synchrotron radiation in the arcs. The frequency at which a per- 

turbing magnetic field resonantly depolarizes the beams is a direct measurement 

of the spin precession frequency of the beams and thus of the integral bending 

magnetic field around the machine, which directly gives the energy scale. The 

energy scale of the machine was closely studied and monitored during the 1991 

run and it is the data from that year which contribute most to the measurements 

of hfz and Fz. 

As a result of all this, the systematic error due to uncertainty in the LEP 

energy scale is of 6.3 MeV for nfz and 4.5 MeV on Pz. These errors are common 

for the four LEP experiments and apply directly to the final averaged results as 

well as the individual measurements. 

Lepton universality was not assumed at this stage of the analysis and it is clear 

from inspection that the results for the three lepton species are consistent with 

universality. In Table 5 we show the results obtained imposing lepton universality, 

and in Table 6 we give the corresponding correlation matrix. The results for 

- ‘- 7) inde 
P 

errors 

ALEPH 
0” Y 

2.501 f 0.010 
DELPHI 

2.482f 0.010 
L3 

2.493f 0.009 
OPAL 

2.482f 0.01 1 

Avera e total error 
2.&* 0.007 

5. 
al 300 

c3 

5 
E 200 

2.45 2.5 2.55 
L (GeV) 

Figure 1. Comparison of LEP measurements of f’z with the Standard Model pre- 

diction as a function of h4r. The cross-hatched area shows the variation of the 

Standard Model prediction with h4~ spanning the interval 60 < MH < 1000 GeV 

and the singly-hatched area corresponds to a variation of a,( Mg) within the in- 

terval o,( A{:) = 0.123 f 0.006. 
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AsB(l) and RI are shown graphically in Figures 4 and 5. 

Average Value 

91.187f0.007 

2.489f0.007 

41.56fO. 4 

20.763f0.049 

0.0158f0.0018 

J - 

Table 5. Average line-shape and asymmetry parameters from the results of the 

four LEP experiments given in Table 3, assuming lepton universality. 

rZ 
- 
-0.157 

1.000 

-0.070 

0.003 

0.006 

4d 
0.007 

-0.070 

1.000 

0.137 

0.003 

Table 6. The correlation matrix for the set of parameters given in Table 5. 

Note that, since during the 1992 run data were taken exclusively at the peak, 

less emphasis was put on monitoring the LEP energy scale which was therefore 

only known to 20 MeV. That results in an additional uncertainty of about 0.1% to 

the determination of A$,(!) which contributes appreciably to the total uncertainty 

on that measurement. This again underlines just how important and pervasive 

a detailed understanding of the LEP energy scale is in order to fully realize the 

potential precision of the measurements being performed. 

3.1 Derived Parameters 

QCD corrections affect significantly the hadronic decay width, f’hod, of the Z”. 

Quantitatively, the ratio RI = Fhad/fr is modified by approximately the factor: 

inde 
P 

errors 

ALEPH 
on Y 

1.68* 0.30 
DELPHI 

1.79* 0.37 
L3 

1.781t 0.43 
OPAL 

1.28f 0.28 

Avera 
1.5 % 

e, indep. errars 
* 0.15 

x’/DOF = 1.52/3 

Common error 
0.10 

Aver-a e, total error 
1.5 8 4~ 0.18 

T 300 
c3 

2 
E 200 

I- 

100 

A’,, leptons (%) 

1 2 
A’,, le;tonr 

Figure 4. Comparison of LEP measurements of A&(1) with the Standard Model 

prediction as a function of Mt. The cross-hatched area shows the variation of the 

Standard Model prediction with MH spanning the interval 60 < nf~ < 1000 GeV 

and the singly-hatched area corresponds to a variation of a,(Ma) within the in- 

terval a,( Mj) = 0.123 f 0.006. 
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indeD. errors R lept 

ALEPH 
only 

20.68f 0.10 
DELPHI 

20.65f 0.11 
L3 

20.92f 0.1 1 
OPAL 

20.85f 0.09 

Avera e total error 
20.?7’* 0.05 

Figure 5. Comparison of LEP measurements of RI with the Standard Model pre- 

diction as a function of M1. The cross-hatched area shows the variation of the 

Standard Model prediction with MH spanning the interval 60 < MH < 1000 GeV 

and the singly-hatched area corresponds to a variation of a,( Mi) within the in- 

terval a,( @.) = 0.123 f 0.006. 

‘u 

which amounts to a correction of about 4% to R,. This effect is large compared 

to the uncert,ainty in the Standard Model prediction of RI due to the unknown 

value of M,, and, at least in the context of the Standard Model, allows for a 

precise determination of a,. Indeed, with the large statistics now available, and 

because calculations of the QCD corrections to RI are thought to be particularly 

robust against the effect of missing higher order terms, this has now become both 

a precise and reliable determination of a, at Mz. 
Based on the measured value of RI = 20.764 f 0.049 and assuming Mt = 

150 GeV and hf~ = 300 GeV, we obtain: 

a,( M;) = 0.123 f 0.007. 

A more precise value of a, will be given in the context of a global fit to all the 

electroweak measurements presented here, which makes no assumptions on the 

value of Aft other than the constraints derived from the fit itself. 

On the other hand, this very sensitivit,y of the hadronic width to 01~ implies that, 

the hadronic width, and therefore the total decay width rz, cannot be directly 

brought to bea.r on the underlying physics of the electroweak sector. 

In this context, to illustra.te explicitly the sensitivity of the line-shape data 

to IW*, it is useful to consider the leptonic partial width, r,, which can be easily 

derived from rz, u:,,, and RI: 

.rz = 83.79 f 0.28. 

As opposed to Tz, the leptonic partia.1 width has no significant. Q, dependence, 

while the Sta.ndard Model prediction for TI retains a large dependence on Mt. 
In fact, r, grows faster with Al, tha.n either the hadronic or the invisible width. 

Therefore, for equal relative accuracy, Tr has a somewhat better sensitivity to Mt 
than does Tz, even ignoring the uncertainties due to the QCD corrections to the 

total widt.h. The measured value of rl and the Standard Model prediction a~ a 

function of Al, are shown graphically in Figure 6. 
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Average 

83.79 f 0.28 

6 WV) 

84 
r, (M%) 

Figure 6. Comparison of the average LEP measurement of rl with the Standard 

Model prediction as a function of Mt. The cross-hatched area shows the variation 

of the Standard Model prediction with MH spanning the interval 60 < MH < 
1000 GeV and the singly-hatched area corresponds to a variation of o.( Mi) within 

the interval a.( Mi) = 0.123 f 0.006. 

Note that, since r( is directly proportional to I’z, the fractional error on I‘z 

directly carries over into the fractional error on r,. In fact, the fractional error on T.z 

‘u of 2.8/1000 dominates the fractional error on rr of 3.2/1000. Thus the uncertainty 
I on rz is currently a limiting factor in the precision electroweak measurements at 

LEP, and reducing it is an essential goal of the 1993 run. 

Another parameter of interest which can be derived from the line-shape mea- 

surements is the ratio of the invisible to the leptonic partial widths: 

r t?L” rz rhad - = ---- 
rl rl rr 

112 
-R-3 = 5.936f0.054. 

The Srandard Model prediction of rlnv/r, = 3 x 1.992 f 0.003 = 5.976 f 0.01 

is relatively insensitive to the values assumed for Mt and ill” (this is reflected in 

the small range of uncertainty quoted ahove). Therefore a precise determination 

of rlnv/I’l is an interesting and essentially unambiguous test of the structure of the 

Standard Model. The results are shown graphically in Figure 7. 

It turns out that, due to a “conspiracy of errors,” an optimal measurement 

of rlnv/r, requires a systematic uncertainty on U:,~ commc*nsurate to the statis- 

tics available for the hadronic rather than the leptonic event samples. As mentioned 

above, the systematic error on the luminosity determination hy far dominates the 

overall uncertainty on aEad so that it has so far constituted the limiting factor 

in the precision on the rtnv/rl d e ermination. t With this in mind,all four LEP 

experiment,s have undertaken ambitious upgrade programs to their luminometers 

in an effort to approach the level of l/1000 (experimental) systematic uncertainty 

in the agod measurement. 

4 Measurements of 7 Polarization and Tests of 

Lepton Universality 

The helirity structure of the Z” couplings is evidenced not only in the forward- 

backward charge asymmetry of Z” decays to fermions, as discussed above, but 

also in a measurable left-right polarization asymmetry in both the production 

and decay of the Z” to fermions. A particularly attractive measurement in this 

context is the A,,11 experiment currently underway at the SLC machine.6 At LEP, 

in the absence of longitudinally polarized bearns, this particular measurement 
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rinv / rl 

Average, total error 

5.94k 0.054 

5.9 6 
Fin, / r, 

Figure 7. Comparison of the average LEP measurement of r,,,“/rl with the 

Standard Model prediction as a function of Mt. The cross-hatched area shows 

the variation of the Standard Model prediction with MH spanning the interval 

60 < 41~ < 1000 GeV and the singly-hatched area corresponds to a variation of 

a,(@) within the interval a,( MS) = 0.123 iz 0.006. 

is not possible. It is, however, possible to perform analogous measurements by 

making use of t,he polarization of T leptons in Z” -+ T+T- decays. 

;yExplicitly we define t,he T polarization, P,, and T polarization forward-back- 

watd asymmetry, P,F”, a.s: 

and 

P,FB =< P, >F - < P, >B, 

where I and C(Q) refer to the product,ion cross sections for a right-handed 

and left-handed T- respectively, and < P, >F and < P, >B are the average values 

of Pr in the forward and backward hemispheres. 

As mentioned in Section 2, t,he int,egrat.ed T polarization and forward-backward 

polarization asymmetry depend exclusively on the T and e couplings respectively, 

so that, this measurement allows an especially elega.nt test of Iepton universality. 

The measurement, relies on thr accurate reconstruction of the kinematics of the 

T decay products. Thp charged current, for leptons is purely left-handed so that the 

kinematics of the lept,on decay products reflect the original Iepton helicity. The 

channels with highest intrinsic sensitivity are the two-body ‘T + Xv decays since, 

with only one neutrino in the final state and given that the parent T is essentially 

constrained to the beam energy, no informa.tion is lost. Of the two-body decays, 

the simplest, is the T -+ KV since the x  is a scalar. This, however, represents only 

about 11% of t,he T decays. Other two-body decays, such as T + pry and T -+ alu, 

are more copious but suffer from the additional complicat,ion that the hadron 

involved has spin one and must be spin analyzed in order to retain good sensitivity 

to the parent T helicity. Finally, the three-body Ieptonic decays T + IuV also 

have large branching ratios, but suffer from an irreducible loss in sensitivity due 

to the presence of two neutrinos in the final state. Clearly then, it, is important to 

make USC of all the decay modes mentioned above and the actual weight carried 

by a given chirnnel in the T polarization measurement is a complicated balance 

of intrinsic sensitivity, branching ratio, and spin analysis resolving power. 

In Tables 7 and 8 we show the results of the T polarization and polarization 

forward-backward asymmetry measurements using all the T decay chamlels men- 

tioned above, expressed directly in terms of A! and A9 respectively. 
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’ Combining these results with those of the lept.on partial witlt.hs and forward- 

backward asymmetry measurements, WC can extract explicitly the coupling COW 

stants for each of the three Iepton species, with no assumption of Iepton univer- 

sality. The results of this are shown in Table 9. They are consistent with the 

hypothesis of lepton universality. Also shown in Table 9 are the values of the 

coupling constants extracted assuming lrpton universality. These results are dis- 

played graphically in Figure 8, along with the Standard Model prediction as a 

function of hf* and MH. Note that here gcil and gti, were treated as fully indepcn- 

dent, one from the other, and the fact that both can be accommodated by the 

Standard Model within a common value of &ft is a nontrivial test of the theory. 

‘r I Gf 

-0.5 

LEP Average 

0.143 f 0.023 

0.151 f 0.029 

0.133 f 0.0’4 

0.117 f 0.046 

0.139 f 0.014 

1 

Table 7. LEP results for A! derived from the measured vallies of P,. 

ALEPH (‘90 t ‘91) 0.120 f 0.026 

OPAL (‘90 + ‘Yl), prel. 0.131 f O.OS3 

J,EP Average 0.130 f- 0.02.5 

Table 8. LEP results for ‘4: derived from the measured values of f’f“. 

5 Measurements of Quark Forward-Backward 

Asymmetries and Partial Widths 

As mentioned in the introduction, the precision of electroweak measurements in 

the heavy quark sector is rapidly improving,thanks largely to the installation of 

silicon microvertex detectors capable of efficiently tagging the displaced secondary 

vertices of the b quark in particular. 

-0.5025 

-0.505 

M,=50 GeV 

; ,..---.. i . . . . ..-----....** 
!:’ a. ‘. *\,..’ --.. 
. : ‘r : *a.* 

+ -* ;. . a. . ‘. e e :: i ’ 

0 

*. 
-9: : ‘. 
‘.‘. ‘. : 
9.‘. . : 
*:. .’ . , 
‘4, *. : *a..* *. : *. 

%. 
l ’ 

**.. .*’ 
. . .’ 

--..........- ikp- 

M,=250 GeV 

‘MK 

Figure S. One standard deviation contours (39% probability) in the g&-g& plane. 

The solid contour results from a fit assuming lepton universality. The shaded 

band represents the Standard Model prediction. 

‘i 
-286- 



i 

; 
-0.0288 f 0.0064 

-0.0372 f 0.0032 

-0.50096 f 0.00093 

-0.5013 f 0.0012 

Table 9. Result,s for the leptonic vector and axial vector couplings without and 

with the assumption of lepton universality. 

Combinations of varia.bles relating t,o displa.ced vertices, high-P, leptons, and 

event shapes make it possible t,o isolat,e sa.mples enriched in 2” -+ bi; decays and 

to efficiently t,ag the charge of t,he primary b, and thus to mrasurc t,he 6 quark 

partial wit1t.h. or equivalently, t.he ratio Rb E rb/rhod, and the b quark forward- 

backward asymmetry, AFB(b). Similarly, a.nd with the a.dtlit.ional tool of t,agged 

D’s, one can measure R, and AFB( c). 

Furthermore, leading partirlcs in a jet, reflect the charge of t,hr primary parton 

in that jet. So-called “Jet charge” methods based on t,his information are now also 

being applied t,o t,he measurement, of A b-B(b), in conjuct,ion with displacrd vertex 

tags. For a more extensive discussion of these measurements, refer to Ref. 7. 

Here we simply quote the results and discuss their implications below 

R,, E I-&‘,,nd = 0.2200 f 0.0027 

R, s r</r,,od = 0.171 f 0.014 

AFB(b) = (9.4 f 0.5 f 0.2 f O..l)%:l 

AFT = (6.6 f 1.2 LIZ 0.7 f 0.7)%. 

The three errors quoted for the asymmetry mea.suremrnts are the statistical, 

that are due to uncorrelated systematic errors and that are due to common systematic 

uncerta.inties respectively. Note that, whereas the measurement of R, has a rel- 

ative uncertainty of ahout S%, the measurement of Rb has a relat,ive uncertainty 

approaching 1% and is therefore truly hecoming a precision measurement. 

‘: Jet charge m&hods also make it possible to measure the inclusive quark charge 

a.symmrt,ry, A,cB(Q). These measurements have so far been syst,ematics limited, 

due to their sensitivit,y to the details of the Monte Carlo fragmentation models 

used. It appears possible, however, to ohtain a significant, reduction in this un- 

certainty, in part,icular hy applying const,raints derived from the measurements 

of AFR(b) to the parameters of the fragmentat.ion mode1s.s The results presented 

here reflect, t,his improvement. To interpret the AFB(~) measrtrements,we assume 

that a universal weak mixing angle governs the couplings of t,he up and down type 

quark as well as leptons, and WC quote the results in terms of the value obtained 

for t,hat, mixing angle: 

“*0$‘(g) = 0.2320 * 0.0011 + 0.0011. 

5.1 From Bottom to Top? 

The ratio Rb is essentially independent, of hoth hf” and R,. As already mentioned 

in Sect,ion 2.1 on the other hand, the 2’ + b$ vertex is uniquely affected by 

large contributions due to triangle diagrams involving the exchange of virtual W* 
gauge hosons and t quarks. It follows from that discussion t,hat the ratio Rb has 

a significant M, dependence (whereas,it is essentially unaffected hy the unknown 

value of A[,,). This is shown graphically in Figure 9, along with the current 

measurement. 

It can he seen that the precision of the measurement is currently about the 

size of thr expected variation over the full range of 50 GeV < M, < 300 GeV so 

the sensit,ivity is still only marginal. It. is expected however, that the precision 

on the drt,erminat.ion of Rb will continue to improve significantly over the next 

couple of years of LEP operation so that more interesting constraints may indeed 

eventually he possihle. 

6 The Effective Electroweak Mixing Angle 

The measurements of lepton forward-harkward asymmetries and P, and f?,FB can 

all he romhined int.o a single value for t.he effective weak mixing angle ~*6’$~ with 
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Lepton togs 
0.221 f 0.006 

Shape to s 
0.2263 0.005 

Lifetime togs 
0.2169f 0.0036 r-- 

Avera e total error 
OdOb* 0.0026 
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Figure 9. Comparison of the average LEP measurement of & with the Standard 

Model prediction as a function of Ml. The cross-hatched area shows the variation 

of the Standard Model prediction with MH spanning the interval 60 < MH < 

1000 GeV and the singly-hatched area corresponds to a variation of a,( M$) within 

the interval a,( Mi) = 0.123 f 0.006. 

only the assumption of lepton universality. In practice,no further assumption is 

required in order to include the measurements of APB(b) and AFB(C) into the 

determination of .s’6’$‘. This is due to the relative insensitivity of the quark 

forward-hackward asymmetries to anomalies in the hadronic vertex itself. Indeed, 

if parameterized in terms of nonuniversal corrections to the value of s*O$’ at the 

production and decay vertices, the quark asymmetries are at least ten times more 

sensitive to an anomaly in the lepton couplings than to an anomaly in the hadronic 

couplings. This is simply a consequence of the fact that a given correction to s’t$’ 

results in a much larger relative change in the vector coupling of leptons (which 

is almost zero) than in that of quarks, and the forward-backward asymmetry 

depends on the product of the vector couplings of the initial state leptons and 

final state quarks. The results of each of these measurements expressed in terms 

of szOc$,J, and the resulting combined value, are shown in Table 10. Note that 

the precision obtained from the AFB(I) and AFB(b) measurements are by now 

practically identical. 

s28;;J 
A’&(l) 0.2318 f 0.0010 

/ Average 11 0.2321 f 0.0007 1 

Table 10. Comparison of several direct determinations of s20$’ from asymmetries. 

The average is ohtained as a weighted average assuming no correlations. The 

$/(d.o.f.) of the average is 0.5/4. 

The determination of s t$,, 2 “’ from the inclusive quark forward-backward asym- 

metry measurements is much more delicate. The reason for this is that, although 

the quark asymmetries themselves are insensitive to anomalies in the hadronic 

vertex, the relative admixture of up and tlown type quarks in the 2’ + qtj sample 

is not. Up ant1 down type quarks have forward-backward asymmetries of similar 

magnitudes hut, hecause they are oppositely charged, they contribute with oppe 

. 
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sitesigns t.o the inclusive quark asymmetry so that the latt,er is sensitive to the 

relative up and down type admixture and thus to anomalies in the quark vertex. 

By this very token, however, the value of s BW ’ eJJ derived from the inclusive 

quark forward-backward asymmetry is complementary with that, given in Table 10. 

It is clear hy inspection that these values for ~‘$4~ are in fact consistent with each 

other. 

7 Standard Model Constraints 

Each of the measurements discussed so far is consistent with the Standard Model 

expect.at,ion, within the uncertaint,y due to the unknown top quark mass. These 

data can therefore be combined within t,he framework of the Standard Model to 

extract a constraint on the allowed range of M,. The result,s of a fit to these 

data, leaving Mt and a, as free paramct.ers,are shown in Table 11 and displayed 

graphically in Figure 10. The value obtained for c~~(bf$) is consistent with that 

from event shape analyses and of similar precision. 

Varying the value assumed for ASH in the range from 100 to 1000 GeV con- 

tributes an additional uncertainty of about 20 GeV in the Al, determination, 

which by now is comparable to intrinsic sensitivity of the data. It can he seen 

from Figure 10 that whereas t,his weakens significantly the constraint on M,, it 

does not presently allow for any useful statement regarding hl~. 

These results can also be expressed in terms of a constraint on the mass of 

the W* hoson, hlw. The value required for the Standard Model to fit our data 

is consistent wit,h the direct measurements of CDF and UA2. This is shown 

graphically in Figure 11. Not.e that the allowed range of bf~, is small compared 

to the variation in the Standard Model prediction if Al, is allowed to vary from 

50 to 300 GeV. This thereforr is a nontrivial test of the model. 

Also shown in Table 11 are the results obtained by combining the LEP data 

with the collider measurements of hfw and with the value of 1 - ~Wi/n/r& deter- 

mined from neutrino scattering experiments. It can be seen that this does not 

significantly reduce the allowed range of Aft wit,h respect t,o tha.t derived from the 

fit to the LEP data alone. 

LEP LEP 

+ Collider and u data 

Aft (GeV) 166:;; ‘:; 164:;; ‘;; 

a,(@) 0.120 f 0.006 f 0.002 0.120 f 0.006 f 0.002 

Y2/(d.0.f.) 3.518 4.4/11 

s2S$J(l) 0.2324 f 0.0005 ‘;I$$ 0.2325 f 0.0005 ‘;:g; 

s2eo N 0.225.5 f 0.0019 !;:g; 0.2257 f 0.0017 ‘::g; 

Afrv (GeV) 80.25 f 0.10 +O.O2 0.03 SO.24 f 0.09 ‘;:;; 

Table 11. Results of fits to LEP and other data for hft and od(nfi). No external 

constraint on a,(Mi) has been imposed. In the third column the data from 

theppexperiments UA2:g Mw/Afz = 0.8813f0.0041, and CDF:” Mw = 79.91f 

0.39 GeV and from the neutrino experiments, CDHS,” CHARM,12 and CCFR:13 

s’f& = 0.2256 f 0.0047 are included. The central values and the first errors 

quoted refer to nf,, = 300 GeV. The second errors correspond to the variation of 

the central value when varying Al” in the interval 60 GeV < MH < 1000 GeV. 
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Figure 10. The x2 curves for the Standard Model fit in Table 11, column 3 to the 

electroweak precision measurements is listed in the text as a function of 1%4~ for three 

different Higgs mass values spanning the interval 60 < h4~ < 1000 GeV. 

Figure 11. Comparison of the value of A& obtained from the Standard Model 

fit in Table 11, column 3 to the electroweak precision measurements is listed in the 

text as a function of Mt for three different Higgs mass values spanning the interval 

60 < MH < 1000 GeV. 
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8 ’ Sumnfary and Outlook 

The four LEP experiments have so far recorded in excess of 5 10s Z” decays 

and continue to produce increasingly precise measurement,s of the structure of the 

electroweak sector. The LEP electrowrak measurements are well-accommodated by 

the Standard Modekprovided that: 

Mt = 167 f 19 (exp) f20 (hfn) GeV 

and 

a, = 0.121 f 0.006 (exp) f0.002 ( MH) . 

This value of o, is in good agreement with the most recent results from 

hadronic event shapes: a, = 0.123 f 0.006. 

Within the Standard Model, the LEP measurements lead to a prediction of 

Mw = 80.26f0.16 GeV, in good agreement with the CDF and DA2 average value 

of Mw = SO.14 f 0.27 GeV. 

The dat,a have become so precise that the unknown mass scale of the Higgs is 

by now an important source of uncertainty on the M, constraints. On the other 

hand, the data do not yet allow for a useful limit to be placed on MH within the 

range 60 <ilfrr< 1000 GeV. 

During the 1993 run of LEP, which was just completed, the total event statis- 

tics have been almost doubled and significant improvements wit.h respect to the 

present measurements can be expected all around! In particula.r, the understand- 

ing of the LEP machine has been further improved since 1991. so that we expect 

to half the uncertainty on I’z, from 7 MeV to x3 MeV. This will result in a 

corresponding factor of two improvement in Fr. New luminometer upgrades were 

installed in the latter part of the 1992 run and during the 1993 shutdown which 

will considerably improve the measurement of flnv/rl. Finally. further improved 

microvertex detectors will allow optimum use of the increased event, statistics for a 

continued reduction of the unrertaint,irs in the measnrement,sof the partial widths 

and asymmetries of heavy quarks. 

Comparison of the LEP electroweak results with a direct measurement of the 

top quark mass will be the next major milestone in testing the Standard Model. A 

sufficiently accurate measurement of Al, rnay also event~rmlly allow for interesting 

constraints on t,he Higgs mass srale to be inferred from the LEP data. 

!, 

References 

‘+ [l] The LEP C II b o a orations, ALEPH, DELPHI, L3, OPAL,and the LEP Elec- 
I troweak Working Group, Updated Parameters of Ihe 2’ Resonance from 

Combined Preliminary Data of the LEP Ezperiments, Conference contri- 

bution prepared for the Europhysics Conference on High Energy Physics, 

Marseilles, July 22-28 1993 and the 1993 International Symposium on 

Lemon-Photon Interactions at High Energies, Cornell, August 10-15, 

CERN-PPE-93-157, August 1993. 

[2] See for example: 

M. Consoli, W. Hollik,and F. Jegerlehner: EIectrowenli Radiative Correc- 

tions for Z ~/r’hysics, Proceedings of the Workshop on Z physics at LEP I, 

CERN Report S9-OS Vol.1, 7. 

and, for a more recent discussion: 

The Standard Electrnweak Theory and its Experimental Tests, CERN- 

TH.6867/93. 

[3] The LEP Collaborations, Electroweak Parameters of the Z” and The Stun- 

dnrd Model, Phys. Lett. B276 247 (1992). 

[4] S. Bethke, Proceedings of the Linear Collider Workshop in 

Wa.ikoloa/Hawaii, April 1993; 

S. Catani, presented at the International Europhysics Conference, Mar- 

seilles, France, 22nd - 28th July 1993; 

S. Hanerjee, a, Measurements from Event Shape Variables (Ising Z* Data, 

presented at the EPS Conference on High Energy Physics, Marseilles, July 

22-28, 1993, L3 Note 1460. 

[5] L. Arnaudon et al.,The Energy Calibration of LEJ’ in 1991, CERN- 

PPE/92-125 (1992) and CERN-SL/92-37(DI); 

LEP Energy Group, ALEPH, DELPHI, L3, and OPAL Collaborations, 

I,. Arnaudon et al., Phys. Lett. B307 187 (1993); 

L. Arnaudon et al., The Energy Calibration of LEP in 1992, CERN SL/93- 

21 (DI), April 1993. 

[6] R. Frey, these proceedings. 

(71 (1. Gasparini, these proceedings. 

i -291- 



‘. ;  .  .  

-  

‘(81  A L E P H X  II h  o  a  orat ion,  A L E P II-Note 9 3 - O - 4 1  f’f lYS1C 9 % 0 3 2  (1993) ;  

A L E P II‘Col lahorat ion,  A L E P II-Note 9 3 - 0 4 2  P f lYS lC 9 3 - 0 3 4  (1993) ;  

A L E P H  Col laborat ion,  A L E P K N o t e  9 3 - 0 4 4  P H Y S IC 9 3 - 0 3 6  (1993) .  

[9] U A 2  Col laborat ion,  J. Alitt i  et al., Phys .  Lett. B 2 7 6  3 5 4  (1992) .  

[lo] C D F  Col laborat ion,  F. A b e  et al., Phys .  Rev.  D 4 3  2 0 7 0  (1991) .  

[ll] C D H S  Col laborat ion,  H. A b r a m o w i c z  et al., Phys .  Rev.  Lett. 5 7  2 9 8  

(1986) ;  

C D H S  Col laborat ion,  A . B l o n d e 1  et al., Z.Phys.  C 4 5  3 6 1  (1990) .  

[12] C H A R M  Col laborat ion,  J. V . A l laby  et al., Phys .  Lett. B177 :  4 4 6  (1986) ;  

C H A R M  Col laborat ion,  J. V . A l laby  et al., Z. Phys .  C 3 6  6 1 1  (1987) .  

[13] C C F R  Col laborat ion,  M . Shaevi tz ,  P roceed ings  of the LaThu i le’9 3  Confer -  

ence.  

- 292 -  



Recent Results on Heavy Flavor 

Physics from LEP Experiments 

Using 1990-92 Data 

U. Gasparini, DELPHI Collaboration 
Istituto di Fisica Sperimentale, I.U.N., Naples and INFN Sezione di 

Padova, Italy 

Abstract 

After three years of data taking, the four LEP experiments collected a total of 
about four million Z” hadronic decays, in which a heavy quark pair (either b6 or 
CC) is produced with 40% probability. Results are presented both in the sector of 
the electroweak precision measurements, with particular emphasis on the beauty 
quark, and in the determination of the beauty decay properties, where lifetimes and 
branching ratio measurements take advantage of the large statistics now available 
and of the recent improvements in the analysis based on microvertex detectors and 
particle identification devices. 
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1 Introduction 

Heavy flavor physics at LEP is very rich. The two main fields of interest are: 

a The b and c quarks electroweak sector, with precision measurements of their , 
partial widths from Z” decays and forward-backward asymmetries. They are 
important for the determination of the quark coupling constants and, within 
the Standard Model, for measuring sin*B.,, and for putting constraints on 
the mass of the top quark. With the high statistics and improvements in the 
knowledge of the systematic uncertainties achieved in the last year of data 
analysis, these measurements are now competitive with the determinations 
based on lepton final states. 

. The study of the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix and 
tests of Heavy Quark Effective Theory (HQET).’ Experimentally, this concerns 
the measurements of B-hadron lifetimes and semileptonic branching fraction, 
the study of the B - B mixing phenomenon, the rare B decays, and the 
spectroscopy of new b-flavored mesons and baryons. 

The study of heavy quark fragmentation inside jets is also important for jet mod- 
elling; knowledge of it is an essential tool for the Monte Carlo simulations which 
are needed to extract from the data the physical quantities mentioned above. The 
subject will not be covered by this report. 

2 Precision Measurements in the Electroweak 

Sector 

2.1 rblrtot 

Electroweak radiative corrections introduce a different dependence of Fb and Fp, the 
2’ partial widths in the b, and lighter quarks, respectively, on input parameters of 
the theory. In particular, extra W-top vertex corrections cancel most of the MrOp 
dependence in FI,.2 Consequently, the ratio & = Fb/F,,, where Fh is the total 
2’ hadronic width, does depend on h4rOp (see Fig. 1). The effect is small, and 

Figure 1: Z” partial widths for down and beauty quarks. 

&, gives an additional constramt on MLOp with respect to other line-shape variables 
provided that a high precision measurement (b&l&, < 1%) is achieved. 

Experimentally, several methods have been developed to reach this accuracy. 
Historically, the first and more i‘standard” one is based on the tagging of leptons 
with high transverse momentum with respect to the jet axis; this method is mainly 
limited by the knowledge of the b-quark semileptonic branching ratio. This quantity 
can be measured counting dilepton events; however, in this case the statistical error 
is dominating and it is still at the 5% level, due to the low overall efficiency. A 
pioneer work to get rid of the branching ratio problem was based on the boosted 
sphericity method,3 which however is limited by the uncertainty of the shape of b- 
event. More recently, multi-dimensional analyses (MDA), using sophisticated tools 
based on neural-networks, have been introduced to optimize the b-tagging procedure 
using different (correlated) kinematical variables. Quantities like impact parameters 
of charged tracks aud length of flight of secondary vertices, related to B hadron decay 
lifetime and precisely measured by microvertex detectors, are another essential tool 
in b-tagging. The latest improvement was to include lifetime and MDA methods in 
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Figure 2: Energy loss for electron candidate tracks in the OPAL detector. The 
shaded area is the hadronic background estimated by Monte Carlo. 

“double” tagging. The independent tag in the two hemispheres of the event allows 
us to determine the efficiency from data and strongly reduces the model dependence 
of the measurement. 

For the leptonic tag method, muon ident,ification is based on track extrapolation 
to muon chambers placed after the return yokes of the detector magnet and on 
hadronic calorimeter criteria. Electrons are identified by matching charged tracks 
and electromagnetic showers, fitting lateral and/or longitudinal shower development, 
in the calorimeter and using particle identification criteria (energy loss in tracking 
devices, RICH information). As an example, Fig. 2 shows the distributions of energy 
loss in the OPAL jet chamber for a sample of tracks (mainly electrons) selected with 
e.m. calorimeter criteria. Identification efficiencies of the order of 70% for 80% 
purities can be obtained. Typical numbers are summarized in Table 1 for the four 
LEP detectors. 

’ Table 1. Lepton identification efficiencies and purities (numbers are in %). 

Q, fake prob. purity eE fake prob. purity 
i4 f 2 0.2 a2 74 f 2 0.2 90 
76 f 3 0.7 66 68 f 2 0.5 60 
42f 1 0.5 77 23f 1 0.2 84 
76 f 3 0.5 ) 66 1 58 f 2 < 0.5 87 

The signal for the determination of & comes from the semileptonic b decay to 
charm quark “prompt leptons” and semileptonic decay of charm and r lepton coming 
from b quark “cascade lepton.” Background comes from semileptonic decay of charm 
dirert,ly prodrued in Z” decay, fake leptons, y  conversions for electrons, and rr,K 
decays to muons. DetectSor effects in lepton misidentification are directly measured 
on “control samples” (as T -+ three prongs and K, -+ rrrr decays, y  conversions 
reconstructed in tracking devices) and cross-checked by Monte Carlo simulation; 
they are known to within a few percent. Figures 3(a) and 3(b) show the sample 
composition and purity predicted by the Monte Carlo for the Delphi Experiment as 
a function of the muon transverse momentum. Other sources of systematic errors 
are t,he uncertaint.ies on the charm partial width (which can be fitted on data or 
taken by other measurements, as the D’ yield in hadronic Z” decays [see below]), the 
charm semileptonic branching ratio, and the b-fragmentation function which affects 
the efficiency to tag leptons from the b quark. Table 2 summarizes the most recent 
results based on single and dileptons t,ags, where both & and the b semileptonic 
branching ratio are fitted at the same time.4 

Table 2. Results from fits to single and dilepton data. 

0.222 f ,009 f ,004 
0.218 f ,002 f ,011 
0.222 f ,011 f .007 

0.097 f .004 f ,005 
0.117 f .005 f ,004 . 
0.105 f ,006 f .005 

-295 



nFI PHI 

0.0 

0.0 

0.7 

0.6 

0.5 

0.1 

0.3 

0.2 

0.1 

0 

Mu&l p, (&V/c) O  h&n ;, (dv/c: 

DELPHI 

_ 
Figure 3: (a) Sample composition, and (b) b-purity in p-tagged events as a function 
of the muon transverse momentum in the DELPHI experiment. 

Figure 4: Probability function for the Boosted Sphericity Product in Z” hadronic 

The method based on the boosted sphericity product (BSP: product of hemi- 
sphere sphericities computed giving to particles in the jets a Lorentz boost optimized 
into separate b-events from background) was a first attempt to determine & without 
using leptonic samples. However,  it is affected by the limited knowledge of the b, c  

quark fragmentation functions and the Z” partial width into charm. Figure 4 shows 
an old DELPHI result for the BSP distribution, giving Rb = 0.219 f .014 f .019 
based on 1990 data only3; a more recent OPAL result with the same methods gives 
R6 = 0.226 f .013’:$;.5 

The information from the high mt, mass is diluted in several (correlated) kinemat- 
ical variables: the higher average pi of particles in a b-initiated jet affects sphericity- 
like variables; the softer gluon radiation in the final state, because of the high m+, 
value, results in harder spectrum of the jets and of the leading particles inside them. 
Multidimensional analyses try to extract the maximum possible information from 
all these variables: discriminant analyses have a linear approach, finding out a linear 
combination (classifier) of chosen input variables maximizing the “distance” between 
b and lighter quark samples; neural networks use nonlinear transition function acting 
on weighted sum of input variables. Figure 5, taken from Ref. 6, shows how MDAs, 

events. 

even when using only event shape variables (i.e., no variables related to B lifetime), 
improve the b-purity of a selected sample with respect to the BSP method. 

The information related to the B-ha&on lifetime is used by tagging methods 
based on track impact parameters with respect to primary vertex (see Section 3.1 
for definition) and secondary vertex reconstruction. Whatever the tagging variable 
is, three unknown parameters are involved: l?b, the b-tagging efficiency eb, and the b 

purity, which is a function of the lighter quark efficiencies and related partial widths, 

.% = f(&, rc, cuds, I&). Two complementary approaches are possible: 

l To measure Ib, eb in high b-purity samples, taking charm and uds efficiencies 
(which are small numbers) from Monte Carlo; this reduces the systematic 
error from the Monte Carlo modelling and theory. 

l To measure It,, eb and pb using mixed-tag samples, based on lifetime or MDA 
tags and lepton tag. In this case all of the above variables can be determined 
by couuting the number of events with single and double tag from the first 
method and the number of events tagged by a lepton on one side and by the 
lifetime/MDA selection on the other side “mixed tag.” 
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Figure 5: b-purity vs. efficiency for different tagging methods. All the symbols but 
the last one (BSP) refer to MDAs methods. 

Figure 6 shows the ALEPH result using the first approach, where the b-purity and 
the efficiencies are plotted vs. the tagging variable, which is a function of the 
impact parameters of all the tracks in the event; for the chosen value of the cut (=4) 
a very high purity (96%) is obtained for a still rather good efficiency (26%). The 
Monte Carlo prediction is used in the Rb determination only for the charm and uds 

efficiencies. 

In Table 3 the results from the double tagging techniques are reported’; as can 
be seen, the systematic errors are comparable or smaller than those in the dilepton 
tag method, while the statistical errors are significantly reduced. Moreover, these 
determinations are (almost) completely independent from the ones obtained by the 
previous methods. 

, 

i 

- b efficieicy (MC) 

Figure 6: Tagging efficiencies and bpurity in ALEPH experiment. 

Table 3. Rb results from double tagging methods. 

ALEPH (90 + 91) 0.228 f .005 f .005 
DELPHI (91 + 92) 0.206 f .0066 f .006 

A summary of all of the most recent results on Rb from LEP, with the combined 
results from the different methods computed by each experiment, is shown in Fig. 7. 
The LEP overall average is also shown. The final error, including correlations in the 
systematic errors, is 6Rb/Rb = 1.2%. In the future, a common procedure for global 
fitting and double tagging should probably be defined to go beyond the currrent 
level of accuracy, which nevertheless can be considered a great success of this year 
of analysis. 
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Figure 7: I’JI’H measurements at LEP. 

2.2 Forward-Backward Asymmetry 

In lowest order, at Z” pole, the forward-backward asymmetry for a  fermion f in 
e+e-  interactions is: 

APB = 3/42~2vp,/[(v~ + az)(vT + a:)], (f = l,q) 

where in the Standard Model  

v/ =  2/3(Z3/ +  Q,sin*Ow). 

Due to the different fermion charges, the b asymmetry is about  five times more 
sensitive to sin*&~ (and hence to M,,) than leptonic asymmetries; moreover,  given 
the bigger partial width, the available statistics are five times larger than single 
leptonic channels.  However,  tagging efficiencies for b quark are smaller than for 
leptonic channels,  and  background is not negligible (for instance, the b + c -+ 1 

decay chain changes the sign of the final lepton and  tends to destroy the asymme- 
try). This makes it difficult to keep systematic errors at the same level of accuracy. 
Nevertheless, after the 1992  data taking, the beauty asymmetry is one  of the more 
interesting observables measured at LEP. 

;, The  experimental methods used rely on: 

l High jpr lepton tag (as for Fb): the sign of the b  quark is inferred by the lepton 
charge in semileptonic b + I- decays.  

l Lifetime tag + jet charge: the direction of the negat ive b quark (Qb = -l/3) 
is def ined by the jet having the smallest “momentum weighted hemisphere 
charge.” This quantity is def ined by Q,,=,,,, =  C,qipt/C,pi, where the sum ex- 
tends over all the charged particles in the hemisphere,  q, and  pi are the particle 
charge, and  momentum. The hemisphere charge distribution is predicted by 
Monte Carlo to be  significantly different for b and  6  initiated jets. In 70% of 
the cases, the jet with the lowest charge is the one  coming from the negat ive 
b quark. 

Figure 8  shows the distribution for the quantity -QcosB for prompt muons de-  
tected in OPAL and  the observed asymmetry in the DELPHI detector. This asym- 
metry must be  corrected for the B” - fi” mixing phenomenon:  

A;, = A%/(:! - 24, 

where x is the mixing parameter measured at LEP (see below). Table 4  summarizes 
the preliminary results (corrected for mixing) updated for the 1992  data from all 
LEP experimentss 

Table 4. Forwar 

DELPHI (muons) 

DELPHI (jet ch.) 

-backward b asymmetry. 
A&l 
0.079 f ,009 f ,003 
0.105 f ,016 f ,011 ;t .003 
0.092 f .Oll f ,005 
0.092 f ,018 f .007 f .003 
0.110 f ,012 f ,005 
0.116 f ,019 f .021 

Using D’+- mesons, OPAL measures also the charm asymmetry:’ AgB = (5.2 f 

2.8 f 1.2)%; in this method, the sign of the original charm quark is deduced by 
the D’ charge. Several thousands of D’ have been  reconstructed (see Fig. 9). 

, 
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Figure 8: (a) Polar angle distribution and (b) observed asymmetry for prompt muons 
detected in OPAL and DELPHI. 

This measurement, based on a sample independent from the leptonic one, allows a 
reduction of the systematic error on AgB, which is affected by the uncertainty on 
the charm asymmetry. 

From a global fit to single and dilepton data, L3 and OPAL give another deter- 
mination of the charm asymmetry:1° 

AFB = (1.4 f 3.0 f 2.0) (OPAL), 

AeFB = (6.0 f 2.2 f 2.7) (L3). 

2.3 B” - B” Mixing 

Flavor eigeinstates of the Bj,, mesons are not eigenstates of the weak interaction: 

where B,,:, are states with well-defined masses rr~i,~ and lifetimes l/F1 = l/F, = 
l/l?. The phenomenon of oscillation is then expected, driven by the mass difference 
Am = m, - ml: 

‘Y  

Figure 9: D-mesons signals in the OPAL detector: (a) Inclusive (Km) invariant mass; 
the broad structure around 1.6 GeV/c* is due to D + Km? decays. (b) D’ - D” 

mass difference. 

PB+~(t) = e/‘[l - cos(Amt)], 

where Pn+6 (t) is the probability of finding at time t a B state starting from an 
initial B state. 

The time integrated probability, called “mixing parameter”: * 

x = 
J 

P(t)dt = 0.5(Am/F)*/[l + (Am/F)*] 

is shown in Fig. 10 as a function of Am/F, together with the functions Ps+~(t) and 
Pn+h(f) for two different values of this ratio. The mixing parameter is measured 
at LEP looking at the charge correlation of high pr leptons in dilepton events (see 
below). From low energy measurements at ARGUS and CLEO, it is known to be 
small (< 0.2) for the Bi system. In the case of “maximum mixing” (Am/F > 3) x 
is insensitive to Am/F, and the experimental measurement of the time evolution of 
the oscillation is needed to determine this ratio. 
*This formula holds for BB meson production at LEP, where the mesons are produced in an 

incoherent CP state; this is not the cast for BB production at Y(4S), where k = Am/r. For a 
genwal disrnssion, S W  Ref. 11. 
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Figure 10: (a) and  (b) B” - B” mixing probability vs. time for different values of 
Am/P ratio; (c) mixing parameter vs. Am/P. 
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Figure 11: Feynman diagram for B mixing. 

The theoretical interest for this quantity relies on  the QEWD calculation, based 
on  the diagram depicted in Fig. 11, which gives Am in term of the CKM matrix 
elements 1<b, V,, (q = d, s)l: 

where the factors ~QCD = 0.85; jeBB - * ’ - 120  - 200  MeV are known from theory. 
Moreover,  the ratio Am,/Am. gives direct information on  the V,&, ratio since 
many theoretical uncertainties cancel out. 

On  the other hand,  from the unitarity of the CKM matrix and  the value Vu&d = 

0.085 f .015,12 one  expects V,d/V,, < 0.335, which from the above relation implies 
Amd/Am, > 9; this means that the Bz system oscillates rapidly, and  the study of 
the time evolution is needed  in this case to measure Am.. 

Experimentally, the signature that an  oscillation occurred is given by the pres- 
ence of l ike-sign high pr di leptons in hadronic Z” decays,  both coming from the 
semileptonic decay of the b quarks, one  of which oscillated before decaying. The ra- 
tio of l ike-sign vs. unlike-sign dileptons, shown as a  function of the pi of the lepton 
in Fig, 12(a), measures the mixing parameter.  This, however,  is not a  fundamental  
quantity, since at LEP it is due  to the contributions of both the Bz and  B,” systems: 

x = fdxd + f&s, 
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Figure 12: (a) Charge correlation in lepton pairs vs. lepton t,ransverse momentum; 
(b) constraints on xs from Xd and x measurements at CLEO and LEP, respectively. 

where jd,p are the probabilities for a b quark to fragment to a B$,, meson. Neverthe- 
less, knowledge of it is important in order to correct the observed b asymmetry (see 
Section 2.2) and to put a constraint on xa (and hence V,,) as shown in Fig. 12(h), 
assuming the ,&+ value measured at Y(4s) and some theoretical prejudice on f+. 

Another method by which to measure the mixing parameter is based on the 
single lept,on tag and the jet charge, similar to the AkD measurement. A summary 
of the most recent results is given in Table 5.13 

Am/T = 0.75!:$+::! (ALEPH, D’-lepton), 

Am/r = 0.76 f .I0 f .16 (ALEPH, dileptons), 

Am/r = 0.54+::: f .I6 (DELPHI, dileptons). 

3 CKM Matrix and HQET 

Table 5. B - B mixing parameter. 3.1 Average b-Hadron Lifetime 

Exp. X 
ALEPH (leptons) 0.114 f ,014 f ,008 
DELPHI (leptons) 0.131 f .014 f ,012 

‘v the first t,ime, by using the full statistics of the 1992 data taking, the time 
evolut,ion of the 0: system was observed at LEP. This system undergoes relatively 
“slow” oscillations (on the time scale of its decay), so that the measurement of the 
time dependence is accessible with relatively low statistics and limited resolution on 
the B-decay length. ALEPH measures the charge correlation of the D’-lepton pairs 
reconstructed in opposite jets as a function of the D’ decay length; this quantity is 
related t,o the lifetime of the B meson from which the D’ originat,es. The correlation 
with the charge of t,hr high pi lepton in the opposite jet, coming from the semilep- 
tonic decay of the other b quark in the event, changes whether the B meson had 
oscillated or not at the time of the deray. In a similar way, ALEPH and DELPHI 
also look at the charge correlation of high pT dileptons as a function of the lepton 
impact parameter to the primary vertex, which again is related to the decay time 
of the B meson. The relevant distributions are shown in Figs. 13(a) and 13(b), 
where the curve for the fitted value of the Am/r ratio and the expectation for no 
oscillation are also shown. The following results have been obtained:14 

The precise measurement of the average bhadron lifetime 78 is needed for the de- 
termination of the V,b element of the CKM matrix, which enters in the expression: 

The factors Kc,,, can be computed in the framework of HQET (either from the 
ACCMM improved spectator model” or by using form factors as in ISGW‘, WSB 
models’fi), and lV,,bl are extracted (again with some model dependence) from the 
measurcmcnt of the lept,on spectrum in inclusive semileptonic h decays near its end- 
point, (whrrr t,he b -+ c/u decay is kincmatically forbidden). 

‘& 
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Figure 13: Time dependent  B - B mixing: (a) D*-lepton charge correlation vs. D’ 
decay length. (b) Dilepton charge correlation vs. est imated B-decay time. 

Experimental methods used for the determination of the average b-hadron lifc- 
time are based on: 

l the “signed impact parameter” technique, 

l inclusive secondary vertices, and  

. J/O --t Pl- vertices in b + J/*X decays.  

The “signed impact parameter” 6  of a  track with respect to the beam spot (com- 
puted for each filling of the LEP machine) or to the primary vertex (computed 
event-by-event)  is def ined in the plane perpendicular to the beam axis, as  shown 
in Fig. 14. It is positive when the track intersects the jet direction downstream 
of the beam spot/primary vertex [Fig. 14(a)], and  negat ive otherwise [Fig. 14(b)]. 
Negat ive values can occur due  to the finite resolution of the detector; an  asymmetric 
b  distribution with a  tail in the positive direction is expected because of the heavy-  
flavor decays.  Typical beam spot sizes are 150  pm and  10  pm in the LEP bending 
plane and  in the plane perpendicular to it, respectively. Resolut ion in the primary 
vertex reconstruction is of the order of 30  pm. However,  some flavor dependences  
introduce an  additional systematic error which must be  studied in the Monte Carlo. 

Figure 14: Definition of s igned impact parameter.  Track/jet configuration 
ions are shown for the positive (a) and  negat ive (b) cases. 

The analysis is performed using either high pr lepton samples or, more inclu- 
sively, high momentum hadrons (p >  3  GeV/c), which give higher statistics but 
more difficult systematics. 111 both cases, a  crucial role is p layed by knowledge of 
the detector resolution function, the sample composit ion after selection cuts, and  
the “physical distributions” (resolution unfolded) of 6, depending 011 the decay life- 
t imes of the different components.  To  reduce the systematic error, the resolution 
function is fitted from data, using a  particular data sub-sample with “depleted life- 
time” information (i.e., events with the lepton near  the plane def ined by the beam 
and  the jet directions, in which 6, measured in the plane perpendicular to it, does  
not depend  on the decaying particles’ lifetimes). Figures 15(a) and  15(b) show the 
compar ison of the DELPHI resolution function between data and  Monte Carlo in 
the “depleted lifetime” event  sample, together with the residual contribution to the 
positive tail from the b decay predicted by the Monte Carlo. Figure 16  shows the 
impact parameter distribution used to determine 7s in the leptonic sample from 
ALEPH. 

DELPHI also uses another method based on  the inclusive reconstruction of sec- 
oudary vertices with high total invariant mass (to reduce background from charm 
decays).  The  procedure iteratively def ines the tracks belonging to the primary and  
secolldary vertices in the event, until the ,$ contributions of all tracks to the vertices 

. 

-302- 



_. 

1 

- 

Figure 15: Signed impact parameter distribution in the “depleted lifet,ime” sample 
for the study of the detector resolution: (a) data vs. Monte Carlo; (b) hlontc Carlo 
hadronic rvcnts (dots) and Monte Carlo W/SC events only (full line). 

ALEW (92,leol, p) 

DELPHI (91.hadr.i.o ) 

DELWI (9 1 .pnuo” D.) 

DELPHI (91-92,vekes: 

LEP ovenlge 1 
2.c 
s, 

Figure 17: Average bhadron lifetime measured at LEP. 

are below a given cut. On average, several secondary vertices are found in the event, 
and the nearest one to the primary vertex in each hemisphere is assumed to come 
from a b-decay. 

A summary of 7~ measurement,s is report,ed in Fig. 17.” The LEP average has 
a total rrror smaller than 3%. 

J/9 from D -+ J/@X decays provide a very clean method to determine B 
lifetimes. Figures 18(a)-18( ) h c s ow typical J/9 signals in the leptonic channels. 
The observed J/\k decay length distribution for the DELPHI experiment is shown 
in Fig. 18(d). The results of the maximum likelihood fits are:18 

To = 1.41::;:(stat) f .04(syst) ps (ALEPH), 

TO = 1.34+:;;(stnt) f .08(syst) ps (DELPHI), 

70 = 1.34 f .20(stat) f .04(syst) ps (L3). 

Figure 1G: Impart, parameter distrihut,ion for high transvcrsr momc~ntum l+ons in 
ALEPH. 
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Figure 18: (a)-(c) Like-sign dileptons invariant masses in L3 and DELPHI experi- 
ments; (d) apparent decay time for J/q candidates in DELPHI. 

Statistical errors are at the moment dominating; nevertheless, the agreement 
of the results from this very clean channel with the rn values obtained from the 
completely different methods described above is remarkable. 

3.2 Exclusive W, B+ Lifetimes 

In the heavy-quark decays, ‘Lnon-spectator” quark effects are expected to be much 
less important for beauty than for charmed hadrons. It is important to verify this 
prediction and measure as precisely as possible the remaining lifetime hierarchy 
in the b hadrons (B,j, B+, B,“, A&...), since theoretical uncertainties are considerably 
smaller than in the charm sector due to the higher scale involved for the momentum 
transferred in the decay. 

Neutral and charged B-meson lifetimes are measured either from the decay length 
distribution in exclusive and semi-exclusive channels (see below) or from inclusive 
charged and neutral vertices, reconstructed with the same method used in the av- 
erage 78 lifetime described above. In this last method, however, neutral vertices 

measure a mixture of &,BI, and Ab states, and the 0; lifetime can be extracted 
‘: from data only with assumptions on the relative production rates and on the &‘, hb 

lifetimes. 

Exclusive channels like J/\kiY(n?r) and D’x are almost background free and 
do not have any systematic error from the estimation of the B-meson momentum, 
given the full reconstruction of the final state; however, only a few events have been 
reconstructed at present. 

The most important channels used are the semi-exclusive decays in D’ lepton. 
The method is based on the fact that, following the decay chains: 

B- + D’“l-u, D”l-v (with D’” + Do-y, Don”), 

B” --t D’+I-v, D+I-Y (with D*+ + Don+). 

D”l* pairs (with the D” not coming from a D**) provide an enriched B* decay 
sample, while D’+/- and D+l- pairs give a sample enriched in B” decays. This 
scheme, however, is complicated by the presence of B meson decays in D”1 and 
D’al (with nonresonant D’T), so that the observable states are a mixture of charged 
and neutral B meson final states. For instance, DELPHI parametrizes this effect 
using the following time-distribution probabilities: 

Pi(t) = oP(t,r,) + (1 - a)P(t,r-) for D”Z sample, 

P?(1) = (1 - /%)P(t, rO) + p.f’(t, r-) for D’+l sample, 

P3(t) = (1 - P-)P(t, 7,) + &P(t, r-) for D-1 sample, 

where the “mixing parameters” a, ,&, and ,0- can be estimated from measured charm 
branching fractions and isospin rules. The uncertainties in them are the biggest 
source of systematic error on r0 and r- lifetimes. ALEPH and OPAL apply similar 
methods, also using the observed yield of the D./D” (which, given their selection 
cuts, is a function of the T,,/T- ratio) as an additional constraint in the lifetime fit. 
Figures 19(a)-19(d) show the signal in the different channels used by ALEPH and 
the final lifetime distribution for the D’ - 1 sample. Figure 20 gives a compilation 
of all the r+/rO ratio measurements done at LEP.lg 
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Figure 19: D-meson signals correlated to a high pi lepton in ALEPH: (a) M(Ka) 
with a D’ tag, (b) M(1<3~) with a D’ tag, (c) M(K?r) for D” candidates not coming 
from a D’. (d) final lifetime distribution for t.he D’-lepton sample. 

Figure 20: Summary of T(B+)/T(BO) measurements at LEP. 

Figure 21: (a) Feynman diagrams for B,” production; (b) and (c) most important 
background processes. 

3.3 B,” Meson 

The B,” meson has been extensively studied in the last year; evidence of its exis- 
tence, already observed one year ago, *’ is now well-established in semileptonic decay 
channels. As a result of the new analyses, a first mass measurement using exclusive 
channels and a 20% accurate determination of its lifetime were obtained. 

Key tools in the analysis are excellent resolution on track momentum and sec- 
ondary vertex reconstruction and particle identification with good K/r separation. 

The B,” signature in semileptonicdecays is given by opposite-sign D,l correlations 
from the decay [see Fig. 21(a)]: 

where the D, is reconstructed using its &r, and K’K decays. More inclusively, the 
rorrelation of ~+4 mesons with high pT leptons is also evidence of B, production. 

Physical backgrounds come from Bz, B* semileptonic decays to (D.K) 

[Fig. 21(b)], and hadronic decays to (DsD), where the D decays semileptonically 

[Fig. 21(c)]. The first process, which gives a lepton spectrum similar t,o the signal 
OIW, has a smaller cross-section (by a fact,or of 5-10) due to the high mass of the 
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Figure 22: (a) and (b) 4 + KK signals in DELPHI and ALEPH: (c) and (cl) 
D, + +a, li”K  signals. 

(D,h”) system; the second one has a comparable production rate but a softer lepton 
spectrum, so that it is substantially reduced by the selection cut on the lepton pr. 

Figures 22(a)-22(d) show inclusive $ and D, signals observed by ALEPH and 
DELPHI after particle identification cuts to select kaons and secondary vert,cx se- 
lection for the three-prong D, decay. In Figs. 23(a)-23(f), the D, - 1 correlation is 
shown with the reconstructed lifetime distribution in ALEPH for both Bi and D, 

vertices. It is worth remarking that the average decay length for the B,” at LEP is 
about 2.5 mm, while the resolution on the D, - 1 vertex [see Fig. 23(d)] is 300 pm. 

The results on B, lifetime are summarized in Fig. 24.21 

In exclusive channels, a total of seven events have been observed by DELPHI, 
ALEPH, and OPAL in D,?r and J/$Q, channels; they are background free, except 
for a possible reflection from l3: decays in two events, which are not used in the 
mass determination. Table 6 summarizes the results on the B,O msss2* 

Figure 23: (a) and (b) Iilin invariant mass distribution in D,-lepton correlations 
for “right sign” combinations in ALEPH and DELPHI; (c) M(KKn) in “wrong 
sign” combinations iu ALEPH; (d) B,” decay chain topology; (e) and (f) B,” and D, 

decay-time distributions measured by ALEPH. 
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Figure 24: I?: lifetime measurements. Figure 24: I?: lifetime measurements. 

Table 6. B,: mass determination 

3.4 b-Baryon Production and Lifetime 

The search for 6 baryons at LEP, expected to be produced with about 10% proba- 
bility in the fragmentation of a b quark, is mainly performed t,hrough semileptonic 
decay channels. A* are searched for in the A-1 correlations (where the A is relxtivcly 
energetic, typically p > 4 GeV, and the lepton has a high pr with respect, to the jet) 
and in A, - 1 correlations, where the A, -+ pli~ decay is romplctely reconstructrtl 
with thr help of particle identification and microvrrt,ex dcvirrs. The first channc12” 
is the easiest one, hut suffers from higher physical barkgrounds; the second me is 

Figure 25: Evidence for A& production at LEP: (a) and (b) “right-sign” and “wrong- 
sign” A-lepton correlations in DELPHI; (c) and (d) “right-sign” and “wrong-sign” 
A,-lepton correlations in ALEPH. 

much cleaner, but has a smaller branching ratio and efficiency of reconstruction, so 
that a small number of events have been reconstructed up to now. In the A - 1 

channel, the physical background coming from accidental combinations of a A from 
the b-quark fragmentation and a high pr lepton from the bsemileptonic decay is 
expected to be symmetric in the Al- and Al+ states. Nonsymmetric physical back- 
grounds from other sources are expected to be small; lepton misidentification is also 
predicted by simulation to give negligible contribution to the asymmetry (mainly 
due to coherent production of AK pairs for local strangeness conservation, with the 
kaon either decaying or misidentified as muon). The excess in Al- with respect to 
Al+ pairs, shown in Figs. 25( ) a and 25(b) for the DELPHI experiment, is then 
interpretrd as the evidence for Ah production. The same effect is observed in the 
A,/ cllannel,‘4 as shown in Figs. 25(c) and 25(d) (taken from ALEPH). 

Both cl~a~l~~els have been used for the determination of the Ar, lifetime, using 
either the lept,on impact parameter distribution (similar to the method usrd in the 
inclusive 713 mrasiucmtnt,) or fitting the decay lengt,h distribution of t,hc recon- 
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Figure 26: At, lifetime measurements at LEP. 

strutted A - 1  and  A, - 1  secondary vertices. The results on  the A* lifetime are 
reported in Fig. 26; *Zig ‘ its value is significantly lower than the average bhadron 
lifetime. This can be  seen in Fig. 27, where the values for all the measured exclusive 
lifetimes are shown. The x2 probability for a  common lifetime fit is smaller than I%, 
giving strong evidence for a  lifetime difference (however well within the theoretical 
expectat ions) between different beauty hadrons.  

Recently, limits on  the exclusive channel  J/$12 (the final state in which the Ah 
state have been  discovered by UAl Collaboration at pp  coll ider25) have been  set by  
the LEP experiments which seem to contradict the branching ratio measured by 
UAl. They are reported in Table 7. 

Table 7. Limits on  Ab product ion from exclusive channels.  

7 W ) 

dB”) 

7(B.) 

eb) 

inclusive leptons 

ii 
ii 
:i 1 .26+“-.,, 

ii 
:: 
; i 0.99+--,,, 

- :: 

0.5 1. 1.5 -2. 2.5 
b-hodrons lifetimes (Ps) 

Figure 27: Summary of exclusive b-ha&on lifetimes. 

Finally, a  preliminary result from DELPHI in El correlation supports evidence 
for 36  product ion and  subsequent  semileptonic decay.26 Although the S signal is 
very clean (DELPHI successful ly developed a  dedicated pattern recognit ion strategy 
for searching for not-associated hits in the vertex-detector, coming from a  charged 
Z + A,K decay),  as  shown in Fig. 28. The evidence of the excess in the Z-l- with 
respect to 3-P pairs is at two standard deviation levels and  needs  confirmation 
with higher statistics. 

4 Conclusions 

Using about  four million Z” hadronic decays collected at LEP, precision messure-  
ments in the b-quark electroweak sector have been  performed: 

lTblrH = 0.2200 f .0027 

AiB = 0.094 f 0 .006 

x =  0.123f ,011 

BR(b + 1) = 0.110 f ,006 
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p,(p)> 1.2 GeV/c n  

Figure 28: Search for 26  product ion in DELPHI: (a) Inclusive Z signal; (b) and  (c) 
Z  signal correlat,ed to a  like-sign (unlike-sign) high pr muon.  

The present accuracy, at the percentage level and  competit ive for the Standard 
Model  test with precise measurements of other Z” observables, was achieved t ,hanks 
to the larger statistics sample and  substantial reduct ion of systematic errors and  
model  dependence.  This was due  in particular to the introduction of multidimen- 
sional analysis and  double tag techniques for b6 event selection. 

The first observat ion of the time dependence  of the BOB” mixing phenomenon,  
which allows direct measurement  of the Am/I’ ratio for the Bj system, was reported. 
The precise measurement  of the average bhadrons lifetime, needed  for v=b CKM 
matrix element determination, and  the evidence for an  existing hierarchy in exclusive 
b-hadron lifetimes were presented, together with first mass measurement  of the B,” 

mass meson.  In the bbaryon sector, results on  product ion of At, and  zb and  on  
Ab lifetime using different semileptonic channels were reported. Limits on  exclusive 
channels were also given. 

In summary,  last year was a  very fruitful one  for the b-physics at LEP; this field 
is entering into the “mature” phase of high accuracy measurements.  Moreover,  new 
observat ions in the spectroscopy and  rare decays are becoming possible, given the 

ve’iy high statistics which experiments are going to collect in the near  future and  
cont inuous improvements in the performance and  knowledge of the microvertex and  
particle identification detectors. 
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ABSTRACT 

A precise measurement of the left-right cross section asymmetry (A& 
for Z boson production by e+e- collisions has been attained at the 
SLAC Linear Collider with the SLD detector. We describe this mea- 
surement for the 1993 data run, emphasizing the significant improve- 
ments in polarized beam operation which took place for this run, 
where the luminosity-weighted elect&n beam polarization averaged 
62.6 f 1.2%. Preliminary 1993 resultg for ALR are presented. When 
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the effective weak mixing angle is sin*r@$! = 0.2290 f 0.0010. 
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1 Introduction 

The first run with a longitudinally polarized electron beam at the SLAC Linear 
Collider (SLC) too k place during 1992. The average polarization for that run 
was measured to be 22.4 f 0.7%. During the best running, the SLD experiment 
recorded about 1000 Z events per week, and a total sample of 10,224 events were 
used to produce the first result’ for the left-right 2 boson cross section asymmetry 
(ALR) by e+e- collisions. The precision of that result was completely dominated 
by the statistical error of 44% in ALR. By a combination of improved luminosity 
and much greater polarization, the precision of the result for the 1993 run has 
improved by a factor of 10. Roughly speaking, the SLC luminosity improved by 
a factor of 2 in 1993 due to many factors, most notably the advent of flat beam 
running; the polarization improved by slightly less than a factor of 3, due to the 
use of strained lattice photocathodes. These improvements are discussed in some 
detail in Section 2. 

The left-right asymmetry is defined as 

ALR = (0~ -~R)/(~L+(JR), (1) 

where UL and 0s are the e+e- production cross sections for 2 bosons (at the Z 
pole) with left-handed and right-handed electrons, respectively. The properties 
of ALR are discussed in detail elsewhere. *x3 To leading order, the Standard Model 
predicts that this quantity depends upon the vector (v,) and axial-vector (a,) 
couplings of the 2 boson to the electron current, 

2v, ALR = - = 
2 [l - 4 sir? @] 

v,2 + aa 1+ [l -4sin2$12 
(‘4 

We retain the tree-level relations between the couplings and the electroweak mix- 
ing parameter to compare with the experimental measurement of ALR, effectively 
including higher-order corrections in sin2 V$ (as well as a, and v,). This effective 
electroweak mixing parameter is then defined by sin2B$ = (1 - ve/ae)/4. This 
convention is particularly useful for the measurement of the electroweak asymme- 
tries at the 2 resonance, and we follow the LEP Collaborations4 in doing so. 

ALR has a number of nice properties. First, it is a sensitive function of sin2 0$, 
with 6sin2t$ x dA~n/7.8. It is large (> 0.1). ft is relatively insensitive to energy. 
Finally, ALR does not depend upon the couplings of the 2 to its final states. 

Hence, all visible 2 decay modes can, ,in principle, be used in the measurement. In 
practice, the e+e- final state is discarded by SLD due to its large zero-asymmetry 
contribution from photon exchange.’ Also, for the calorimetric event selection 
used in the ALR analysis, SLD does not select p’+p- final states and is not very 
efficient in selecting T+T- events. However, this still leaves about 3/4 of the 
total 2 cross section which can be used for ALR. This represents a tremendous 
statistical advantage over 2 asymmetry measurements which rely on a single final 
state. 

The experimental aspects of the A LR measurement are also rather unique. The 
SLD detector is not required to identify specific final states, except to discard 
e+e- eveuts. The switching between left- and right-hand polarization states is 
done randomly at 120 Hz, which, in principle, makes the integrated luminosity 
for left- and right-handed running identical. In this case, the definition of Eq. 1 
becomes 

NL-NR 
Am= NL+NR’ (3) 

The experimental difhculty is dominated by the measurement of the electron beam 
polarization P,. For a partially polarized beam, the experimental determination 
of ALR is essentially ALR = Am/P,. Small corrections to this formulation are 
discussed in Section 5. In this approximation, the ALR measurement error is 

bA LR = [ & +ALR~(?)~]"~, 
e 

where Nz = NL + NK is the total number of events and 6P, is the error in the 
polarization measurement. We see immedptely from this that a large polarization 
is critical and that the relative error on the polarization measurement needs to be 
a few percent or less. 1 

2 The SLC and PolarizAd Beam 

A convenient expression for the luminosity of a linear e+e- collider is 

Here N+ and N- are the colliding e+ and e- bunch populations, and f is the 
frequency of collision (120 Hz for the SLC). p* . IS essentially the focal length at the 
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Figure 1: Simplified schematic of the SLC. 
Figure 2: Summary of photocathode R&D. 

e+e- interaction point (IP), and F is the beam emittance. HD is an enhancement 
factor due to tht additional contraction of one bunch as it passes through the 
intense collective electromagnetic field of the other bunch. This factor is one 
for small fields. It was estimated to be as large as 1.1-1.2 during the best 1993 
running but has yet to be directly measured. 

In describing the operation of the SLC with polarized beam, we emphasize 
below changes in SLC operation for 1993 which resulted in major improvements 
for the experimental program. There are a number of excellent descriptions3 of 
other aspects of polarized SLC operation which are largely unchanged. The most 
dramatic changes for the 1993 run included the use of strained-lattice cathodes at 
the SLC source, which gave a large increase in electron beam polarization (from 
22% to 63%), and the advent of flat beam operation, which gave higher luminosity 
(by a factor z 2). Figure 1 gives the overall SLC layout. 

2.1 The Polarized Electron Source 

During the initial run with polarized beam in 1992, the polarization was mostly 
limited by the “thick” GaAs phot,ocathode at the electron source, resulting in an 
average polarization at the e + - e IP of 22.4%. Meanwhile, an interesting program 

of R&D on strained-lattice photocathodes indicated’ that much higher polariza- 
tion was possible. These results are summarized in Fig. 2. In unstrained GaAs, 
the theoretical maximum polarization of the emitted electrons is 50%, owing to 
the degeneracy of two competing transitions. The 1993 strained lattice consists 
of a GaAsl-,P, (2 = 0.24) substrate of thickness 2.5pm with an epitaxial layer 
of GaAs of thickness O.l-0.3pm. This alters the lattice spacing over a significant 
depth in the photocathode, hence removing the transition degeneracy. As with 
previous photocathodes, approximately one atomic layer of cesium and fluorine 
applied to the cathode surface substantially increases the quantum eqciency (5- 
15% ), thereby making the devices practical for SLC operation. With the GaAs 
degeneracy removed, a Ti-saphire laser6 operiting at 865 nm excites the lower- 
energy transition. Figure 3 shows the measured polarization at the IP over the 
course of the 1993 run. Each point in the plot represents the measured polar- 
ization associated with a 2 event recorded by SLD. At about day 100, the laser 
wavelength was changed from 850 nm to 865 nm, thus maximizing the preferred 
GaAs transition. The variation of the measurements over time represents corre- 
lations with changes in SLC operation, generally either due to a re-coating of the 
source photocathode or to a re-tuning of the arc orbit, as described below. 
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Figure 3: Measured polarization vs. days from the start of the 1993 run for each 
recorded 2 event. 

2.2 Beam and Spin Transport 

Upon arriving at the electron damping ring, the 1.2 GeV longitudinally polarized 
beam must be spin-rotated to the vertical, thus avoiding depolarization during the 
damping process. In the presence of a uniform magnetic field transverse to the 
plane containing the electron spin and momentum vectors, high-energy electrons 
will undergo 90” of spin rotation in that plane for every 32.8” of momentum 
rotation in the plane. In redirecting the electrons from the Linac to the North 
Damping Ring (NDR), the beam is rotated by 5 x 32.8”. This is illustrated 
in Fig. 4. The transverse spins are then rotated to the vertical by a 6.3 T- 
m superconducting solenoid in the Linac-to-Ring (LTR) line. During the 1992 
polarized run, the beam exiting the NDR was made to pass through a pair of 
solenoids in the Ring-to-Linac (RTL) line, thus rotating the electron spin back to 
(near) longitudinal in order to ultimately achieve longitudinal polarization at the 
IP. However, for the 1993 run the RTL solenoids were not energized, as discussed 
below. 

In the absence of chromatic effects, the beam spot size at focus is, by Eq. 5, 
proportionai to the square root of the product of the beam emittances, er and 
ey. It had long been thought that the IP spot size could possibly be reduced 
by producing “flat” (i.e., elliptical) beam in the damping rings, something which 
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Figure 4: North (electron) Damping Ring beam transport. The numbers indicate 
the sequence of events and the arrows indicate the polarization direction. Note 
that for the 1993 run the RTL solenoids were off. 
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Figure 5: SLC luminosity performance for 1991-93. The last two months of the 
1993 run are not included. 

damping rings are naturally inclined to do well. Prior to 1992 it was thought 
that polarized beam transport was incompatible with flat beams. A solenoidal 
field will introduce s-y coupling of the beam phase space due to the beam be- 
tatron motion. Therefore, the RTL solenoid, necessary to produce longitudinal 
polarization, would ruin the flat beams. 

Flat-beam running with polarized beam was only made possible by “spin 
bumps,” a property of the SLC arcs discovered7 during the first run with po- 
larized beam in 1992. It was found that the polarization at the IP was strongly 
affected by the position of the electron beam launch into the arc. Longitudinally 
polarized electrons launched into the North Arc undergo g-2 precession in the arc 
bending fields. Normally, the resulting IP polarization would be very insensitive 
to the arc launch details. However, as it turns out, the spin precession frequency 
in the arc is almost exactly equal to the arc betatron oscillation frequency. (Each 
of the 23 arc achromats produces 1085” of spin precession and 1080” of betatron 
oscillation.) This means that spin precession in a non-bend plane can accumu- 
late during the focussing-defocussing process by an amount which depends on arc 
launch position. In practice, a vertically polarized beam at the end of the Linac 
can be made longitudinal at the IP by a pair of large betatron oscillations in the 
North Arc. This was standard practice for the 1993 run. 

0 

C Design \ : / Present 
6x4, ‘i. Gy*...:4 / l .;ur --4.* 
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Figure 6: Evolution of SLC interaction point beam spot size. 

SLD running with flat beams began near the start of the 1993 run and was 
largely responsible for the increase of z 2 in instantaneous luminosity over the 
best 1992 running. This can be seen in Fig. 5, which indicates how the SLC 
luminosity has evolved since 1991. I have two notes concerning this figure. It 
gives integrated luminosity in terms of number of 2 events delivered by the SLC 
(one 2 is defined as 30 nb-‘), whereas the actual number of events recorded by 
the SLD detector is reduced, both by data-taking efficiency (typically N 90%) and 
by the fact that (head-on) collisions are not produced on every SLC pulse. Also, 
the plot does not include the last two months of the run. By the end of the run, 
the number of 2 events recorded by SLD exyeeded 5 x 104. 

The maximum luminosity in 1993 was about 5 x lo*’ cm-*se’. The emittance 
ratio exiting the damping rings was el/ey = 10. The beam emittance was not 

! 
allowed to substantially grow to the IP, a formidable task due to the presence 
of potentially large wake field effects. The beams are focussed at the IP to spot 
sizes with the expected 3/l aspect ratio. Individual values during good conditions 
were (J, = 2.5pm and (I, = 0.8pm. This is illustrated in Fig. 6, which indicates 
the evolution of the IP spot sizes, including future prospects which are discussed 
further in Section 5. 

We turn now to a troublesome spin transport issue which arose in 1993 but 
is now fully understood and will not be an issue for the foreseeable future. The 
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typical energy spread of the SLC beam is AE/E M 0.2%. Since the net spin 
precession in the North Arc is proportional to energy, one expects each beam 
energy I component to have a slightly different degree of longitudinal polarization 
at the IP. For the gaussian core of the beam, the net reduction in polarization 
at the IP due to this “spin diffusion ” is small (< 1%) and is in itself of little 
consequence. 

Now, in principle, the focussing of the beams at the IP can map each beam- 
energy component to a different effective point of focus, resulting in a correlation 
between transverse position at the IP and energy, or equivalently between posi- 
tion and polarization. Even though the present SLC Final Focus optics includes 
chromatic correction, the extremely small vertical emittance in 1993 allowed this 
position-energy correlation to become more significant, a result of third-order 
chromatic aberrations in the optics. Models have indicated that the vertical spot 
size at the IP indeed may have been limited by these higher order aberrations 
in 1993. Still, this would not be an experimental issue except that the polariza- 
tion of those electrons which weigh 2 production at the IP can be different from 
the polarization of the entire electron beam, averaged over its full spatial extent. 
In the former case, the electron beam is sampled by its interaction probability to 
make Z’s via positrons; this is referred to as the luminosity-weighted polarization, 
P,. The latter case is relevant for the polarization measurement using Compton 
scattering, ‘P$, as the spatial extent of the Compton laser beam is much larger 
than the electron beam, hence sampling all electrons with equal weight. 

If the electron beam had only gaussian energy tails, the difference between P, 

and pf7 would be small (< 0.2%) and readily modelled. However, the beam was 
observed to have a long low-energy tail extending to AE/E of about -1%. The 
correction for this effect has been addressed in the following way. First, the beam 
tail and optics were modelled, and it was found that the measured Ps agreed well 
with the amount of beam tail allowed to propagate to the IP, as determined by the 
position of a collimator at a low-dispersion point of the North Arc. The model 
can be confidently used to estimate the minimum possible difference between 
P, and PF by the constraint that it not predict a luminosity in excess of that 
observed. The maximum effect is conservatively given by the difference between 
the measured polarization at the end of the Linac and that at the IF. Assigning 

no a priori preference within this allowed range, the correction becomes 

PC = (1’.017f0.012)P,C. (f-3 

The model alone, without further input, gives a similar correction of 1.019f0.005. 
For running beyond 1993 it is well understood how to remove the low-energy 

beam tail. The expected correction factor will be very small (< 0.5%), and the 
error on the correction will become negligible. 

3 Polarization Measurement 

The primary measurement of the electron beam polarization is accomplished by 
measuring Compton scattering of polarized light with the polarized electrons. 
This is done in concert with normal SLC/SLD operation. For special runs, the 
electron beam at the end of the Linac can be diverted from the SLC arc to the PEP 
extraction line, where a polarization measurement based on Moller scattering is 
performed. The Compton and Moller polarimetry, in addition to a number of tests 
and consistency checks of the measurements, are briefly described below. Careful 
analysis of all aspects of polarization transport and measurement for the 1993 run 
resulted in a fully consistent and well-understood polarization measurement. 

3.1 Compton Polarimetry 

The overall layout of the Compton scattering measurement of the electron beam 
polarization is shown in Fig. 7. The measurement technique is not substantially 
changed from the 1992 run.l,s Longitudinally polarized photons of energy 2.33 
eV, provided by 532 nm circularly polarizkd laser pulses from a frepuency-doubled 
Nd:YAG laser, are brought into collision with the outgoing electron beam 33 m 
past the IP. The back-scattered Comptoi electrons, ranging in energy from 17.4 
GeV to about 30 GeV, are detected by a multi-channel Cerenkov detector after 
being separated from the main electron beam by two dipole magnets which are the 
final bend magnets of the SLC Final Focus. At the face of the Cerenkov detector, 
the Compton electrons shower in a retractable 8 mm lead radiator. The Cerenkov 
gas is non-scintillating P-butylene at 1.0 atm. The Compton cross section can be 
written 

da 
*[I + P,P,cA(Es)], dE, = dE, 
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Figure 7: Schematic of the Compton scattering polarization measurement tech- 
nique. 

where Es is the Compton-scattered electron energy, P-, is the polarization of the 
laser photon beam, e is the electron beam polarization, and A(E*) is the Comp- 
ton polarization asymmetry function. A(&) tl IS le asymmetry in the theoretical 
Compton cross section for the J, = $ vs. & combinations of ey. It also includes 
corrections of about 2% to account for the response of the Cerenkov detector. The 
maximum asymmetry occurs at the kinematic endpoint, E, = 17.4 GeV, which 
corresponds to 180’ electron scattering in the ey center-of-momentum frame. The 
Compton measurement is illustrated in Fig. 8 for the 1992 run. Each point repre- 
sents the measured asymmetry in one of seven channels of the Cerenkov detector. 
Es is given on the top of the plot, and the corresponding distance d from the un- 
scattered electron beam is also shown. The Compton process itself gives fiducials 
which can be used to calibrate the Cerenkov detector. The kinematic endpoint, 
can be precisely determined in the detector. The detector can, in special runs, 
be translated across the endpoint to verify the single-channel response function. 
The distance between kinematic endpoint and zero-asymmetry point (25.2 GeV) 
is particularly well-measured, and serves as a length-scale check of the detector 
and bend magnets. The measured asymmetry in each detector channel is equal 
to t,he combination P,PsA(E,), where E, corresponds to the mean enrrgy for 
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Figure 8: Measured asymmetry from Compton scattering. 

that channel. The curve in Fig. 8 is a fit to thk theoretical asymmetry function, 
leaving the product P,Ps as a free parameter measured by this procedure. 

Finally, the polarization of the laser P-, must be known to extract Ps. The 
circular polarization of the laser is measured and routinely monitored at the laser 
bench and also at the analysis box just after the ey interaction point (UP). (See 
Fig. 7.) Due to optical phase shifts in the vacuum windows entering and exiting 
the electron beam line at the CIP, this procedure does not automatically achieve 
fully circularly polarized light at the CIP itself! This was addressed about 25% of 
the way into the 1993 run by the addition at the laser bench of a second Pockels 
cell, thus allowing the production of arbitrary elliptical polarization at: any point 
along the laser path. In particular, this guaraqteed a high degree of longitudinal 
polarization at the CIP. For the first 25% of the data, P7 was determined to be 
(97 f 2%), while the 75% of the data aft,er installing the second Pockels cell gave 

(99.2 f 0.6%). 

The Compton laser fires at a rate of 11 Hz. Data is acquired continuously 
during normal running, achieving a measurement of 0.8% statistical precision ap- 
proximately every three minutes. The overall systematic error of the Compton po- 
Iarizat,ion mcasurrmcnt, is hP,‘/P,” = 1.67, o with the breakdown into the various 
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contributions summarized in Table I. When this is combined with, the systematic 
uncertainty of 1.2% in determining P, from Ps, as discussed in Section 2.2, the 
total systematic $ror on the polarization measurement is 6P,/P, = 2.0%. 

3.2 Special Runs and Moller Polarimetry 

A number of specialized SLC configurations were employed during the course 
of the 1993 running period to fully understand and cross-check the SLC spin 
dynamics and the polarization measurement. These consisted of essentially three 
types of procedures: polarization measurement at the end of the Linac using 
Moller scattering, checks of polarization loss in the SLC North Arc, and checks 
of the integrity of the Compton polarization measurement. We briefly discuss the 
Moller and arc studies below. 

A Moller scattering apparatus resides near the end of the SLC Linac in the 
PEP extraction line. On several occasions during the 1993 run, normal data 
taking was interrupted and polarized electron beam was diverted to the Moller 
setup, where full-energy polarized SLC electrons are scattered from thin, polarized 
iron targets. The Moller-scattered electrons are momentum selected, resulting 
in a narrow electron stripe whose center is determined by the Moller scattering 
angle. A silicon strip detector following a 8.8 mm tungsten radiator measures the 
electron flux profile across this narrow stripe. Changing the sign of either the 
beam or target polarization allows one to form an asymmetry which is equal to 
the product of the (longitudinal) beam polarization, the target polarization, and 
the theoretical Moller cross-section asymmetry. 

Preliminary results from the Linac Moller measurements during the 1993 run 
indicated values of beam polarization significantly larger than what was expected 
from the Compton polarimeter. However, it turns out to be essential to take 
into account the finite momentum of the atomic electrons of the targets. The 
inner-shell electrons, having larger average momentum (= 85 KeV for the Fe K 
shell) contribute more to a broadening of the Moller stripe than those electrons 
in outer shells, such as the Fe M shell, which is where the polarized electrons 
reside. Hence, the measured asymmetry is affected by the finite atomic momenta. 
This effect, of purely kinematical origin, was noted by Levchuk,g and when it was 
incorporated” in our analysis, the Moller measurements agreed very well with the 
Compton results. The precision of the Mller measurements, limited primarily by 

the knowledge of the target polarization, is about 3%. 
In order to quantitatively compare the Linac and IP polarization measure- 

ments, the polarization loss in the SLC arc, discussed in Section 2.2, must be 
included. Several special tests were performed to check the effects. The spin dif- 
fusion in the arc was checked by changing the energy spread of the beam. Beams 
prepared with longitudinal and transverse polarization in the Linac were trans- 
ported and measured. The behavior of the spin bumps with energy was examined. 
The energy dependence of the measured IP polarization was well described by the 
models of the arc optics in all cases. The tests most directly relevant for the ALR 
measurement were those in which the energy spread of the electron beam was 
made very small. In these cases the spin diffusion and chromatic effects become 
negligibly small, and the polarization in the Linac and at the IP can be directly 
compared. They were found to agree well within errors. Averaged over all Moller 
runs, the beam polarization in the Linac was found to be (65.9 f 2.1%). The 
corresponding Compton measurements at the IP, coupled with the modelled spin 
losses in the beam transport, are entirely consistent with this result. 

4 Measurement of Z Events 

Unlike other precision electroweak measurements involving e+e- at the Z reso- 
nance, ALR does not rely on the detailed reconstruction of the final state. The 
primary requirements for SLD are a good efficiency for detection of hadronic final 
states, which is symmetric in scattering angle, and a good separation of these 
events from e+e- final states and accelqrator-related backgrounds. The measured 
“raw” asymmetry, A,,,, defined in Eq. 3, can then be formed. 

1 

4.1 The SLD Detector 
I 

The SLD detector is designed to fully-exploit the physics of the Z in the SLC 
environment. A schematic of a quadrant of the detector is shown in Fig. 9. It is 
described in more detail elsewhere. ” Of primary importance for the ALR analysis 
is the SLD liquid argon calorimetry (LAC). The LAC consists of projective towers, 
longitudinally segmented into two electromagnetic (EM) sections of 21 radiation 
lengths total depth, and two hadronic sections which combine with the EM sec- 
tions to give 2.8 interaction lengths. This is the case for both barrel and endcap 
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Figure 9: Quadrant  view of the SLD detector. 

sections. The LAC covers 98% of the total solid angle, with about  80% of this 
in the barrel section. The remainder is covered by sil icon-tungsten calorimetry 
at small scattering angles used to measure luminosity with Bhabha scattering. 
Fig. 10  shows the structure of a  barrel LAC module. The barrel consists are 48  
such modules in azimuth and  three along the barrel in z. There are a  total of 
32448 towers in the barrel and  8640 in the endcap,  providing a  high degree of 
t ransverse segmentat ion. 

4.2 Event Selection 

Triggers are provided on  the basis of calorimetric information only, or of a  com- 
bination of calorimetric and  charged-track information. The subsequent  event 
selection for the ALR analysis is entirely based on  LAC information. Towers with 
at least twice the expected minimum ionizing signal were summed.  ‘Events with at 
least 10  such towers adding to at least 22  GeV were retained. This reduced about,  
three million triggers to about  6.4 x lo4 events, which were then subjected to a  full 
cluster reconstruction analysis. Events were required to have at least eight clus- 
ters summing to at least 40% of the center-of-mass energy.  The requirement on  

Figure 10: One  module of the barrel LAC. 

! 
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cluster number was primarily responsible for removing e+e- final states. (The pre- 
dominantly t-channel e+e- events at small angle (6 N 50 mrad) were separately 
triggered and an 

“I: 
yzed to provide the luminosity measurement.) Accelerator- 

related backgroun s were largely removed by requiring that the selected events be 
reasonably well-balanced in energy between forward and backward hemispheres. 
Specifically, the energy imbalance is defined as I = ICEi+ij/CEi, where the 
sums are over clusters, each of energy Ei and unit displacement ii relative to the 
IP. Events are required to have I < 0.6. 

This procedure yielded 47,492 events. The efficiency for triggering and select- 
ing hadronic events is (91 f l%), while it is 30% for r+r- events. Muon-pair 
events are excluded by this procedure. The residual background fraction due to 
e+e- events and accelerator backgrounds is estimated to be 0.4 f 0.2%. Other 
backgrounds, due to cosmic rays or yy events, are negligible. 

5 Results and Prospects 

The measured asymmetry A, is related to A LR by the following expression, an 
extension of that given in the Introduction, which incorporates a number of small 
correction terms in square brackets, 

ALR=~+~ 
~‘PLJ 

PJ (PC) 
A,,,f~-Ar+A~Ap-&,,-AE-AE 

4Ecm 1 1 , (8) 

where (P.) is the mean luminosity-weighted polarization for the 1993 run; fb is the 
background fraction; o(E) is the unpolarized 2 cross section at energy E; a’(E) 

is the derivative of the cross section with respect to E; and AL, Ap, AE, and A, 

are the left-right asymmetries of the integrated luminosity, the beam polarization, 
the center-of-mass energy, and the product of detector acceptance and efficiency. 
The terms are discussed below for the 1993 run. 

5.1 1993 Results 

Of the 47,492 events recorded by SLD in the 1993 run, 26,195 were produced 
with left-hand polarized electron beam and 21,297 with right-handed beam. This 
gives, by Eq. 3, 

A, = (10.31 f 0.46) x lo-*. (9) 

The mean beam polarization for the run is calculated by averaging over the 
Compton polarimeter measurements associated with each Z event, i.e., the mean 
of the data points of Fig. 3 is formed, giving the mean P$ for the run. The 
correction factor for the beam chromaticity, Eq. 6, is applied to give a preliminary 
result for the mean luminosity-weighted IP polarization for the run: 

(PC) = k ‘$Pi = (62.6 f 1.2).% 
1-l 

The contributions to the error are given in Table 1. The dominant error is due to 
the polarization measurement. The error on the chromaticity correction, Eq. 6, 
also contributes to the error for this run. It should be negligible in future runs. 

Table I 

Systematic uncertainties that affect the ALR measurement 

Systematic Uncertainty ~~IPec (%I ~ALH/ALR (%) 

Laser Polarization 1.0 

Detector Linearity 1.0 

Interchannel Consistency 0.5 

Spectrometer Calibration 0.5 

Electronic Noise Correction 0.2 

Total Polarimeter Uncertainty 1.6 1.6 

Chromaticity Correction I 1.2 

Background Fraction (see text) ’ 0.2 

Total Systematic Uncertainty 2.0 
I 

We now discuss the contributions of the various correction factors given in 
Eq. 8. The largest contribution is due to the dilution of the asymmetry from 
background contamination, fb, as discussed in Section 4.2. A preliminary result 
for fb is (0.4 f 0.2%). The uncertainty on fb also contributes slightly to the total 
systematic error and is included in Table I. 
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The SLC polarized electron source can produce a small left-right asymmetry in 
electron beam current. This would be due to a small residual component of linear 
polarization in the circalarly polarized laser light which strikes the photocathode. 
The result of this could be a small left-right luminosity asymmetry, AL. This is 
measured in two ways. The beam current is measured by SLC toroids, and the 
current asymmetry is formed and associated with 2 events. The pulse-by-pulse 
luminosity is also measured directly with a radiative Bhabha detector (RBD). The 
RBD is located 40 m from the IP in the North Final Focus just on the other side of 
the last bending magnets. Final state positrons from the process e+e- 4 e+e-y 
at zero degree scattering angle will be deflected by the bend magnets into the RBD 
for positrons in the approximate momentum range 25-35 GeV. At peak luminosity, 
about 100 such positrons enter the RBD acceptance on every SLC beam crossing, 
thus providing a statistically precise measurement of relative luminosity or AL. 
Approximately midway through the run, the current of the LTR solenoid magnet 
was reversed, hence reversing the current asymmetry due to the polarized source 
and reducing the effect for the run. The residual asymmetry for the run, measured 
with toroids and RBD, is AC = (-1.0 f 0.2) x 10e4. 

As an additiohal check for a net luminosity asymmetry, the SLD small-angle 
Bhabha detector (LUM) directly measures luminosity, although for this applica- 
tion the statistical precision is limited. A total of 125,375 Bhabha events were 
detected in the LUM. Within the acceptance of the LUM system, the theoret- 
ically expected asymmetry is M  (-1.5 x 10e4)P,. The measured asymmetry is 
(-32 f 28) x 10-4. 

The polarization and energy asymmetry factors, A? and AE, are directly mea- 
sured and contribute negligibly small corrections. Finally, the detection ssym- 

metry, A,, can be shown to be identically zero for a detector whose efficiency 
for detecting a final-state fermion is equal to the efficiency of detecting the anti- 
fermion at the same scattering angle. This is the case for a solenoidal detector 
such as SLD even in the presence of non-uniform detector acceptance, although 
SLD does indeed have a very uniform acceptance. 

Finally, we obtain by Eq. 8 at 4 = 91.26 GeV the preliminary 1993 result 

ALR = 0.1656 f 0.0073 f 0.0032, (11) 

where the first error is statistical and the second systematic, as summarized in 
Table I. Figure 11 shows the ALR value in blocks of 1000 eve& over the course 
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Figure 11: Left-right asymmetry for 2 events’(A& and for small-angle Bhabha 
events in blocks of 1000 events during the 1993 run. 

of the 1993 run. Also shown is the left-right asymmetry for small-angle Bhabha 
scattering. The corresponding preliminary 1993 weak mixing parameter is 

sin* 0$ = 0.2288 f 0.0009 f 0.0004. (12) 

This result has been corrected for the off Z-pole average center-of-mass energy 
and for initial state radiation. Combining this with our previous result from the 
1992 run gives the preliminary value 

1 
sin* 8”” = 0.2290 f 0.0010. W  

I 
(13) 

This result is currently the most precise single measurement of this quantity. It 
is somewhat smaller than the currently report&d average LEP result.‘* 

5.2 SLC Prospects and the Mega-Z Run 

Figure 12 indicates how the error on sin*f?$ might evolve with future running. 
The behavior of the error can be understood from Eq. 4 and 6sin* I?$? x 6A~~/7.8. 
The different curves indicate different assumptions for the value of the beam po- 
larization and for the polarization measurement error. The solid line assumes 54% 
polarization and a I% measurement error; the dashed line is 54% polarization and 

t 
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Figure 12: Error on sin2@$ vs. number of events for different assumptions for 
beam polarization and polarization measurement error. See text. 

no measurement error; the dotted line is 58% for the first 50 K events, followed 
by 68% thereafter, with a 1% measurement error. The assumed polarizations are 
unrealistically small. Nonetheless, it is clear that the ALR measurement is statis- 
tics limited, assuming a polarization measurement error of N 1% can be achieved. 
The reference to the theory limit at 6sin * e’ - 0.00027 represents the present Bw - 
theoretical error due to uncertainty in the running of the fine structure constant, 
a, from low energy to Mz. In part because of the outstanding prospects for the 
AL& measurement, SLD has proposed a million Z (“mega-Z”) program of polar- 
ized beam physics for the SLC which would take about four years to complete. 
We briefly discuss here the capability of SLC/SLD to carry out this program for 
the ALR measurement, although many other exciting physics opportunities are 
apparent. 

Two major SLC upgrades are already in progress for the 1994 SLC run. The 
first is the replacement of the damping ring vacuum chambers. With the new 
chambers, the beams will see a much smaller impedance. Bunch lengthening will 
therefore be reduced, which is presently limiting beam current in the SLC. With 
the upgrade, beam pulses in excess of 4 x 10” particles at the IP are feasible. It 
will also reduce beam emittance and beam energy spread. The other upgrade for 
1994 is for the Final Focus optics. With ever decreasing beam emittance, the IP 
spot size will become completely limited by chromatic aberrations. This limita- 
tion is illustrated in Fig. 13, which is a model result13 for IP spot size (vertical 
and horizontal) as a function of angular divergence (i.e., focussing angle) at the 
IP. The curves labelled “Linear” indicate the behavior in the absence of chromatic 

aberrations, while the unlabelled curves indicate the present Final FOCUS optics 
with chromatic aberrations included through third order. This upgrade was also 
assumed for Fig. 6. When these upgrades are fully exploited, the instantaneous 
luminosity is expected to improve by a factor of 2 to 4. In addition, the disrup- 
tion enhancement factor, HD, in Eq. 5 is calculatedi to be x 1.5 under these 
conditions. , 

Strained-lattice photocathodes will be incrementally improved, and those per- 
forming best on the lab bench will be chosen for SLC running. Already photo- 
cathodes yielding 80% polarization with good quantum efficiency on the bench 
are in hand. Therefore, it is expected, given the expected polarization losses in 
beam transport, that the polarization at the IP will be about 75% for the 1994 
run. 

The challenge of achieving a 1% polarization measurement will be met incre- 
mentally over the next two years, if not longer. For the 1994 run, a new more 
powerful Compton laser will be used, thus providing better signal to noise and 
more stable Compton measurements. In addition, the laser transport line will 
be upgraded in order to reduce phase shifts. Compton measurements will also be 
made in the Final Focus Test Beam area at the end of the Linac as a cross-check of 
the polarimetry and the spin diffusion in the arc. After 1994, an additional detec- 
tor which measures the back-scattered Compton photons is expected to come into 
operation. A suitably instrumented detector would be capable of measuring the 
longitudinal polarization with an accuracy (- 1%) comparable to the Cerenkov 
Compton electron detector, and it would also measure any transverse components 
of the polarization. 

In summary, the prospects for acmeving a high-precision measurement of 
sin* f$ in a mega-Z SLC/SLD physics program are very good. It would represent 
the most precise Z asymmetry measurement which would, along with expected 
improvements in the measurement of complementary electroweak parameters over 
the next several years, provide a non-trivial test of the Standard Model. 
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Figure 13: Calculated spot size vs. angu1a.r divergence at the IP with no chromatic 
aberration (“Linear”) and for the present Final Focus optics (unlabelled). 
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ABSTRACT 

We report on preliminary heavy flavor physics results from the SLD 
detector at the SLAC Linear Collider. Efficient tagging of hh events 
is achieved with an impact parameter technique that takes advantage 
of the small and stable interaction point of the SLC and all charged 
tracks in Z” decays. This technique is applied to samples of Zo events 
collected during the 1992 and 1993 physics runs. Preliminary 
measurements of the ratio Rb = T(Z” + &)/r(Z’ -+ hadrons) and 
the average B hadron lifetime <&ate reported. In a sample of 27K 
Z” events, values of Rb= 0.235 f ?.006(stat.) & O.O18(syst.) and 
<rn> = I .53 & O.O06(stat.) f O.O18(syst.) are obtained. In 
addition, the first measurement of the left-right asymmetry Ah is 
reported. Using a sample of 38R Zo events with a luminosity 
weighted electron polarization of 62-o/0, we obtain a preliminary value 
of Ah = 0.94 + O.O06(stat.) & O.OlS(syst.). 

* Work wpporied hy the Deparlment of Energy. con~racf DE-AC03-76SFOOSl5. 
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1. Introduction 

Installatio 
1 

of the CCD vertex detector in December of 1991 marked the 
completion of construction on the SLD detector.’ In April of 1992, the SLAC Linear 
Collider (SLC) reached a major milestone in its career with the successful installation 
and commissioning of the polarized electron source. Within a month, SLD embarked 
upon its first physics data run ultimately collecting over 11 K Zo events with an 
average electron beam polarization of 22% .2 At the time of the 1993 SLAC Summer 
Institute, SLD was in the midst of its second physics data run and, with dramatic 
improvements to both the luminosity and polarization, had collected over 38K Z” 
events with an average beam polarization of 62%.3 Details of the performance of the 
SLC can be found in reference [3] and will not be discussed here. 

Built as an all-purpose Zudetector, SLD has among its strengths a high 
resolution CCD based pixel vertex detector which gives SLD unparalleled 3-D 
vertexing capability. The preliminary b-physics results presented here draw upon 
this strength in order to identify b-decays, thereby reducing the loss of statistics that 
would result from the use of a standard lepton tag on SLD’s modest sample of Z” 
events (relative to LEP). The large b-quark mass, long (-1.5~~) lifetime, and the 
large boost for b-quarks at the Z” lead to a high multiplicity of tracks with a large 
average 2D impact parameter (6) with respect to the e+e- interaction point (IP). The 
process Z” + bb can be efficiently identified by requiring a large number of 
charged tracks that each have large 6/a, with respect to the e+e‘ IP. 

Combining the unique features of the SLC environment, polarized electron 
beams, and small stable beam spot sizes with the SLD vertex detector to create this 
highly efficient b-quark tag method allows for a rich program of heavy flavor 
physics. In this report, we will present three preliminary measurements: the 
branching ratio Rb = T(Z” + b&)/r(Z’ + hadrons), the average B-hadron lifetime 

<‘rB>. and a first measurement of the left-right asymmetry Ab. 

2. The SLD Detector 

The results presented here rely upon a subset of the elements of the SLD 
detector (Figure I): the vertex detector (VXD)4 covering 76% of 41~ sr, the drift 
chamber (CDCd covering 85% of 47t sr, the liquid argon calorimeter (LAC$ 
covering 95% of 4rr sr, and the muon system (WIC)7 covering 95% of 4x sr. 

The VXD contains 480 CCD,chips of 20 pm thick EPI silicon, organized in 
four concentric -9.2 cm-long cylindpal layers, starting at 29 mm and extending to 
41 mm radially outward from the beam line. Each CCD contains 375x578 22 pm 
square pixels. To reduce dark current, the VXD operates at l95’K. Material before 
the first CCD layer represents 0.71% radiation lengths (rl); each CCD layer adds 1 
-1% rl. 

The 1.7 m long cylindrical CDC lies in a 0.6T axial B-field and extends 
radially from 0.2 m to 0.9 m. It contains 80 sense wire planes arranged in a jet-cell 
geometry of ten super-layers of eight wires each. Four of the super-layers (every 
third super-layer beginning with the innermost) are coaxial to the beam line; the 
remaining six have a small stereo angle (2.5’). A spatial resolution of -70 pm is 
obtained with a cool gas of C02-Ar-Isobutane operating at one atm. 

Charged tracks found in the CDC are linked with pixel clusters in the VXD. 
For regions where there exists a dead or inefficient CCD, tracks can be reliably 
linked with single clusters using the SLC beam position as a weak constraint in 
pattern recognition. Within the VXD solid angle, 96% of all CDC tracks have 21 
correctly linked pixel-clusters, and on average, each track has 2.3 links. A combined 
tit using the Billoir method’ is performed to properly account for multiple scattering 
as the track is extrapolated through the VXD material and the I mm thick, 25 mm 
radius Be beam pipe. Angular errors of the CDC combined with local errors < S@> 
and <6z> of the VXD clusters (6 pm and 7 pm, respectively) lead to XY (orthogonal 
to the e- beam) and RZ (plane containing the e- axis) impact resolutions of 
(a,P)xY~= (15 pm, 70 pm) and @$)Rk = (43 pm, 70 pm).9 

The LAC contains a barrel and tw’o endcap subsystems, each having similar 
absorber structures. The electromagnetic compartments of the LAC have a fine- 
grained transverse tower structure (331x 33 mr2). It is read-out in two-depth 
segments designated EM I (O-6 rl) and EM2 (6-2 1 rl). The LAC also contains two 
hadronic segments (HAD], HAD2) radially following the one interaction length (A) 
thick EM section. Each HAD section is lh thick and has transverse segmentation 
twice larger in both dimensions than that of EM1 or EM2. The 0.25h solenoidal coil 
lies radially outside the LAC and extends to the end of the LAC barrel section. 
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Figure 1: A cutaway quadrant view of the SLD detector showing the Vertex Detector 
(VXD), Central Drift Chamber (CDC), Liquid Argon Calorimeter (LAC), 
and Warm Iron Calorimeter (WIC) which are used in the analyses 
presented here. 

Muons are identified in the longitudinally fine-grained WIC barrel and 
endcap system which follows the LAC. The WIC contains 15 layers of the 
instrumented steel flux return. Each layer is composed of a plane of 1 cm resolution 
limited streamer mode Iarocci tubes oriented along the beam direction and 
sandwiched between two-inch thick steel plates. Midway through, two additional 
layers of crossed tubes are interposed, providing additional ambiguity resolution. 
The WIC represents 4)1 of absorber at normal incidence. 

3. Trigger and Event Selection 

The SLD trigger” IS based on loose calorimetric and tracking criteria and is 
fully efficient for hadronic ~0 decays in the solid angle of the VXD. Hadronic Z” 
events are reconstructed and selected for analysis by requiring a large visible energy 
in 1 7 charged tracks (Evis > 18 GeV). The thrust axis, reconstructed from charged 
tracks, is required to lie well within the VXD acceptance (Icosf$.I < 0.71). The track 
multiplicity requirement eliminates 2y, Bhabha, and 7-r events. We also require 
events to come from periods where the VXD was fully operational, and we require at 
least three tracks with two or more VXD links. From 13.5 K (13.4K) triggers in 
1992 (1993) data, 5641 (6147) Z” events are retained. The nonhadronic background 
(primarily ~7) is less than 0.2%; the flavor dependence for b-quarks relative to all 
hadronic Z” events is estimated from Monte Carlo to be less than 0.7%. 

4. b-event Tagging 
To tag b$ events with minimal bias, aknowledge of the IP position with 

precision comparable to the best track impact rqsolution (in the plane transverse to 
the beam) is required in each candidate event. The <rms> transverse profile of SLC 
beams was 2.2 @  2.2 pm2 in 1992 and has bfen reduced to 2.4 @  0.8 l.trn2 in 
1993, implying a negligible contribution from the extent of the luminous region. 
However, the spatial stability of the crossing point (otp) must be established. SLC 
utilizes beam-beam deflection scans and feedback on one beam to maintain e+e- 
collisions and stabilize the IP in space. The IP position is tracked using hadronic Z” 
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Figure 2(a): Average position of the IP in x determined using hadronic events. 
The breaks in the beam position are correlated with detector door 
openings, etc. 
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Figure 2(b): Average position of the IP in y determined using hadronic events. 
The run numbers span a three month period. 

events (Figure 2). To find the average IP x and y positions and errors (alp 
andcry), a fit to a common vertex is performed using tracks of small impact 
parameters from -20 consecutive Z” events (-240 tracks). Samples of events 
typically span no more than three hours. The 1992 (1993) data are divided into 323 
(313) sets of IP positions. The IP position can be tested in hadronic Z” decays by 
comparing the primary vertex position found in each event to the IP position. By 
projecting this displacement along’the direction transverse to the thrust axis and 
unfolding the expected resolution from tracking itself, a value U: = 10 pm is 
obtained (Figure 3). An independent test of the IP position determination can be 
made with muon pairs which are not used in the IP determination itself. The impact 
parameter of each track from a p’p- event relative to the other track in the event, and 
relative to the previously determined average IP positions, gives crif = c$’ = 8 pm 
(Figure 4). Finally, the variation of the currents in the corrector magnets used to 

keep the SLC beams in collision confirms that the motion of the IP within an 
averaging period is 5 10 pm independent of the tracking. 

The b-tagging algorithm proceeds as follows. CDC tracks are selected which 
start at r < 0.4 m, have > 40 hits, extrapolate to the IP within 1.0 cm in xy and 
within 1.5 cm in z, and have good tit quality (Z2/df < 5). At least one good VXD 
link is required, and the combined CDCNXD fit must satisfy X2/df < 10. The xy 
impact parameter (6) of the track relative to the 1P and its error (as) are calculated. 
Poorly measured tracks (those with ag > 250 pm), or tracks with l&l> 0.003 m, are 
removed. The latter result largely from long-lived strange particles, y conversions, 
and long nuclear interactions as well asmislinked tracks. Track impact parameters 
are signed using the following technique. The JADE jet finding algorithmt t with ycut 
= 0.02 is used to determine the jet axes #n the event from the set of all good tracks. 
We find an average of 2.5 jets per Zu event. For each track, 161 is signed +(-) if it 
crosses its jet axis in front (back) of Ihe IP. A signed and normalized impact 
parameter (8norm) is formed from fl61 divided by og added in quadrature with oIp. 
Secondary decay tracks preferentially populate +l&norml, while -16norml tracks 
largely reflect errors in the jet assignment and direction, tracking resolution, and IP 
position. Figure 5 shows Snorm for the data and for Monte Carlo (MC) events with 
simulation of the detector. 
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Figure 5: The normalized impact paramete~~“am) for data, corrected and 
uncorrected Monte Carlo. 

The MC detector simulation is based on GEANT and produces raw data that 
models the detector’s average response to charged and neutral particles. Simulated 
data is overlaid with random background events taken in close time-proximity to 
tracking codes. This technique closely reproduced the time dependent backgrounds 
and detailed changes in detector performance. The MC does not exactly reproduce 
the Gnorm distribution observed in the data. Some MC tracks are adjusted after 
reconstruction to make the impact parameter distribution in the MC agree more 
closely with the data over a range of 6 nom from - 15.0 to 0.0. A fit is perf~m~~I to 
make the corrections. While no degradation of resolution is required to get,the cores 
(l&norm1 < 2) of the distributions to match, we find about 4% of all linked tracks 
require position smearing as large as 500 p!n. This reflects a non-Gaussian 
component of the resolution which is primarily due to mislinked tracks. A difference 
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Figure 3: Projection of the difference between the primary vertex position found 
for each event and the IP position, projected along the direction transverse 
to the event thrust axis. 
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Figure 4: The impact parameter distance to the IP for p’p- events. 
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Figure 6: The purity of the event tag vs. its efficiency as the 6,,, significance 
is varied for several contours of the track multiplicity cut. 

in track finding efficiency between the data and the MC is also observed and 
corrected for. This correction is performed as a function of momentum, co& (polar 
angle in the detector), ‘p (azimuthal angle in the detector), and 5 (angle to jet 
direction), by randomly removing MC tracks. About 10% of the MC tracks passing 
CDC and VXD cuts are removed. After these corrections, good agreement between 
the MC and the data in both shape and normalization is seen in Figure 5 over the 
entire distribution. 

An event is b-tagged by requiring a minimum number of tracks (Ntmck) with 
large normalized impact parameters (&norm > Nsig), where Nsig is the number of 
standard deviations. Figure 6 shows the b-tagging purity (Db) vs. efficiency (Eb) as 
the Nsig cut is varied.t* Contours for a number of multiplicity cuts are also shown 
in Figure 6. For this analysis we choose Nsig = 3 and require at least three tracks 
passing the &norm cut. 

5. The Rb Measurement 

The branching ratio& = I$Z” + b&)/r(Z’ + hadrons) measures the 

coupling of the b-quark to the Z” gauge boson. In the Standard Model, the direct 
coupling of the b- to t- quark results in unique r-quark mass dependent corrections 
to the Zb& vertex. The advantage of Rb over r(Z” + bb) is that it isolates these 
vertex corrections since the oblique corrections common to all decay modes largely 
cancel in the ratio.13 Additionally, & contains only a weak dependence on QCD 
corrections. These properties make Rb an excellent variable to search for new 
physics once the mass of the r-quark is determined and if a precision of 6Rb = 1% 
can be achieved.‘3 We present here a preliminary measurement of Rb using a 
methodI which serves as the basis for a technique which will ultimately achieve this 
precision. 

Application of the tagging technique described in Section 3 selects 1056 of 
5641 events from 1992 data and 1114 of 6147 events from 1993 data. The following 
relation is used to determine Rb: 

R 
b 

&b - &ds 

where flag is the fraction of events tagged; &r&r, &c, and &b are the efficiencies for 
tagging uds, c - and b-events, respectively; and Rc is the charm branching ratio. For 
this analysis, the efficiencies are determined from the Monte Carlo; these are shown 
in Figure 7 as a function of Nsig. Choosing Nsig = 3; yielding Eb = 0.64, 
.+ = 0.13, && = 0.02, and a sample purity Ilb = 0.80; and taking the Standard 
Model value of Rc = 0.17, we obtain a value of Rb = 0.235 + 0.006 (statistical 
error only), after combining the two sets qf data. 

Table I summarizes the fractional systematic errors in the Rb measurement; 
they are divided into detector and physics modeling sources. The uncertainty from 
tracking efficiency is estimated by averaging out the dependencies on each of the 
tracking correction variables. The uncertainty from tracking resolution is estimated 
by examining the variation of Rb with reasonable variations of the impact parameter 
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tail smearing parameters. An upper limit on the amount of non-Gaussian tail which 
could be present in the #distribution is derived from the hadronic and leptonic Z” 
decays and used as an estimator for the effect of the IP position systematics on Rb. 
The combined detector and IP modeling error is 5.9%. 

The physics modeling systematics are dominated by uncertainties in heavy 
quark fragmentation, lifetimes, and multiplicities. The average B-hadron lifetime is 
varied about the world average of 1.45 + 0.10 ps. The effect of fragmentation has 
been studied with the LUND MC, using Peterson functions with 
(<xe>, E) = (0.494 rt 0.025,0.06) and (0.700 f 0.021,0.006) for c- and b- 

quarks, respectively. The total charged multiplicity in B-hadron decays has been 
allowed to vary by f 0.5 tracks to assign an error which properly reflects present 
experimental uncertainties on B-multiplicities. Exclusive models of the hadronic and 
semi-leptonic decays of B- and c-hadrons have been incorporated into LUND and 
adjusted to reflect present knowledge of their decays. Whenever possible, exclusive 

Table I. Systematic Errors on Rb 

[P Position Tails 
Subtotal 5.9 

Subtotal 5.0 

semi-leptonic decays incorporate proper form factors and matrix elements, while 
exclusive hadronic decays have been studied with a pure phase space model. A 
second model attempting to preserve the weak matrix elements using the factorization 
hypothesis provides a test of the sensitivity to induced momentum and charge 
correlations. A + 20% variation of both the,ratios F(B-+D+X)/F(B-+all) and 
T(c--+D+X)lT(c+al[) were found to contribute less than 1% each to the systematic 
error on Rb. The present uncertainty in the charm branching fraction of the Z”, 
Rc = 0.170 + 0.017’5 contributes about 1.6%. The jet axis algorithm has been 
studied by varying the JADE algorithm parambter ycut from 0.02-o. 1. Finally, the 
MC models have been modified to more properly reflect the present expectations for 
the distribution of strongly and weakly decaying hyperons carrying heavy flavors. 
The overall physics modeling systematic error is estimated to be 5.0%. 

Added in quadrature, the net systematic error is 7.7%. This leads to the 
preliminary result: 

Rb = 0.235 + O.O06(stat.) + O.O18(syst.). 
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Figure 8: The purity of the jet tag vs. efficiency as the 6,- significance 
is varied for several contours of the track multiplicity cut. 

6. Average B-Hadron Lifetime 

Traditional measurements of the average B-hadron lifetime have identified b- 

events with high (p, pi) leptons and then used their impact parameters to determine 
the lifetime.16 The high sample purities obtainable give this method its primary 
advantage; the lepton impact parameters directly measure the B-hadron lifetime. It 
has, however, the disadvantage of measuring the average B-hadron lifetime 
weighted by its semi-leptonic decay branching ratios and is susceptible to any biases 
this may introduce. At SLD, we extend the tagging method discussed previously to 
identify b-events by tagging individual jets (b-jet tag). The lifetime is measured by 
examining the impact parameters and summed impact parameters of all tracks in jets 
opposite the tagged jet. This method has the advantage of sampling all B-hadron 
decay modes with minimal bias. 

the jet to have &norm 2 Nsig. Figure 8 shows the b-tagging purity (nb) vs. 
efficiency (&b) as Nsig is varied along several contours of the track multiplicity cut 

(where we have assumed the Standard Model cross sections for Z” + qq). The 
analysis presented here requires threetracks in a jet to have a significance &norm 2 3 
yielding a b-jet tagging efficiency &b = 0.28 and purity Db = 0.94. 

Two analyses procedures are followed. The summed impact parameter (x8) 
method was first introduced by the M’ark II experiment running at the SLC.17 Here, 
a scalar sum of the signed impact parameters from quality tracks in the jet opposite 
the tagged jet is formed (in the case. of double-tagged events, for both analyses, all 
jets are used). Two- and three-jet events are analyzed; separate scalar sums are 
formed for each jet. The advantage of this method is in its enhancement of the 
lifetime signal Tracks resulting from heavy quark decays will have large positive 6 
resulting in a large contributions to X6. Tracks resulting from fragmentation and the 
light quark lifetime free jets will have small positive and negative 6 contributing an 
average X8 - 0. 

The second analysis presented is a standard impact parameter (8) method. 
Here, the lifetime is determined from the’distribution of impact parameters for all 
quality tracks in the jet(s) opposite the tagged jet. Figure 9 shows the expected 
composition of this sample from the Monte Carlo. Since all tracks are used directly 
in the lifetime measurement, the methods primary advantage lies in its better 
analyzing power. Additionally, it also has the advantage of decreased sensitivity to 
the charged b-decay multiplicity relative to the 26 method. 

To extract <rB>, the 6 and X6 di&ibutions are fit to their corresponding 
Monte Carlo distributions, which contam terms corresponding to uds, c- and b- 

events. The b Monte Carlo sample is generated at a fixed lifetime (1.35 ps) and the 
Tg dependence introduced to the fitting fuqction through a re-weighting procedure. A 
jet originating from a B-hadron with lifetime ti is given a weight Wi representing the 
probability that it would have been generated with a new lifetime oWew, relative to the 
probability of its generation in the parent sample rmc: 

The b-jet tagging algorithm proceeds as with the b-event algorithm in that the 
same track quality cuts, jet assignment, and impact parameter signing techniques are 
employed. A jet is then tagged by requiring a minimum number of tracks (Ntrack) in 
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Table IL. Systematic errors on <rB> 

inking Efficiency 2.5 
Lp Position Tails 

Subtotal 4.7 

Subtotal 6.7 

Table II summarizes the fractional systematic errors for the 6 and ZiS lifetime 
measurements. The detector and physics modeling errors are determined in a manner 
similar to the Rh analysis. The detector errors contribute 4.7% (3.3%) for 6 (X6) 
methods; these are. expected to improve in the near future as our understanding of the 
tracking systems continues to improve. The main systematic errors are again 
dominated by the uncertainties in b-quark fragmentation and modeling. As expected, 
the Z8 method is less sensitive to b-fragmentation than the 6 method while being 
more sensitive to B decay multiplicity. The physics modeling errors contribute 6.6% 
(6.7%) for the 6 (IU$ methods. 

Added in quadrature, the net systematic error is 7.4% (8.2%) for the 6 (X6) 
methods. This leads to the preliminary results: 

<zB>(Z8) = 1.57 k .I I(Stat.) f .13(SySt.), 

--B>(8) = 1.5 1 f .07(stat.) It I l(syst.). 

7. The Left-Right Forward-Backward Asymmetry for b- 
quarks 

Measurements of fermion asymmetries at the Z” pole provide direct probes of 
the parity violating parameter Af = 2v,a,/($ + a!) and hence provide a sensitive 
test of Standard Model predictions. At tree level, the production cross section for b- 
quarks can be written in terms of 0, the b-direction relative to the electron beam: 

““-{[l+cos~B]+~2[~]A”cos~}~l-P.A.), 
dcos0 

where P, is the longitudinal polarization of the electron beam. This expression can 
be used to form the forward-backward asymmetry for bquarks: 

3 Ae-Pe ‘--Ab 
4 i-&P, 

(for Pe = 0). 

which depends upon both the initial-state and final-state couplings to the Zu. 

The ability to separately manipulate the electron beam helicity allows the left- 
right forward-backward A& asymmetry to be formed: 

1 

where L (R) refer to left-(right-, where Pe> 0) handed incident e- polarization. This 

expression is completely independent of thk initial-state electron coupling to the Z”: 

2cose &(cos@= P,%-------. 
1+cos*e 

The longitudinally polarized electron beam available at the SLC gives SLD the 
oppurtunity to measure directly the left-right asymmetry for b-quarks, providing 
another (along with ALR) unique unambiguous test of the Standard Model.‘8 

The measurement of At, presented here is done using two methods: a jet- 
charge assignment technique which uses the same b-event tag as the Rb and <ru> 
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measurements and a conventional high (p, a) lepton tagging and charge assignment 
technique. In order t 

%  
maximize use of the higher polarization available, these 

analyses are performe on a preliminary sample of 38K Zo events collected during 
1993. 

7.1 Jet-Charge Analysis 

The principle behind the jet-charge technique is that the charge of the b-quark is 
carried predominantly by the leading particles in the decay process.tg Z” + b6 
events are identified using an impact parameter tag. The charge of the quark is 
determined with a charge-signed, momentum-weighted sum over the tracks in the 
candidate b-jet. 

Event selection differs slightly to that discussed in Section 3. After the first pass 
calorimetric filter, hadronic Z” events are reconstructed and selected for analysis by 
the additional requirement that 2 7 well-reconstructed tracks (Icosf3l < 0.80) carry a 
large visible energy Evis > 18 GeV. From 38K Z” filtered events in 1993 data, 
22.9K Z” eventsare retained. 

Selected events are then passed through the b-event tag discussed in Section 
4. With the choices of h&k = 3 and Nsig = 3, we retain 4.OK tagged events. The 
tagging efficiency is estimated from the Monte Carlo to be &b = 0.64 for events 
whose thrust axis (calculated using energy clusters in the LAC) angle with respect to 
the beam axis (0~) satisfies lcost3+ < 0.70. The Monte Carlo is also used to estimate 
the sample purity for each quark species: Db = 0.80, fIc = 0.12, and Duds = 0.08. 

For b-tagged events, all charged tracks (including non-VXD links) that pass 
quality cuts on x2 and CDC hit contiguity, that extrapolate in XY and Z close to the 
IP, and that lie within IcosOl < 0.80 are used for the jet-charge measurement. The 
momentum-weighted track charge is calculated by summing over track projections 
onto the thrust axis ( i): 

250,,,,,,,,, , , , 
J 

200 - 

150 - 

100 - 

09 
-1 -0.5 0, 0.5 1 

case, 

Figure 1 l(a): The Q cosft, distribution for the left-handed electron beam 

100 

50 

0 
-1 -0.5 0 0.5 1 

case, 

Figure 1 l(b): The Q cos0, distribution for the right-handed electron beam. 
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where the sign of tv thrust axis is chosen so that fZ > 0. In the SLD, the polarized 
e-beam travels in the negative z direction. We have chosen L = 1 to maximize the 
probability of correctly assigning the b-charge, which we estimate to be -70%. The 
sign of the f axis is then reassigned so that Q  > 0, making ? an estimate of the h- 
quark direction. Figure 11 shows the resulting charge-signed CO&~ distribution. A 
significant difference in the asymmetries is observed between left-handed and right- 
handed events. 

To determine Ab. the raw asymmetry $~“(cos@ must be corrected to 
account for light quark contamination of the b-tagged sample, the analyzing power of 
the jet-charge technique, the thrust-axis resolution, and external radiative corrections. 
The asymmetry due to light (udsc) quark contamination is removed bin-by-bin in 
cost$. according to 

where 4 -&‘is the Monte Carlo estimate of the u&c asymmetry observed in the ilh 
cost+ bin, assuming the Standard Model values for the parity violating parameters 

A& = 0.94 and A,,c = 0.67 for sin*& = 0.23. 

The remaining corrections are taken into account by the comparison of ;ii”” 
to the specific asymmetry ci expected for the ifh co&t. bin, where ri is the average 

of the cost3 dependent function: 

[ (COS 8) = A~(COS e) l (I - A,&(COS eh 

2c0se A()(COS e) = ___ 
I+COS* 8’ 

over Monte Carlo events with b-quark direction costl (after including gluon 
radiation) that reconstruct in the ilh measured cost+ bin. The’function A, is the 
expected tree-level angular distribution for Pe = 1 and A, = 1, and Arad its correction 

0.40 
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0.00 ’ ’ n ’ ’ c ’ ’ ’ ’ ’ g ’ n ’ ’ ’ o ’ o ’ 
0.00 0.20 0.40 0.60 0.00 1 .oo 

COW,) 
Figure 12: The expected specific asymmetry as determined in the Monte Carlo. 

from external radiative processes. The correction for the dilution of the observed 
asymmetry A$$‘“(cose) from the imperfect analyzing power of the jet-charge 
assignment is contained in the 4,. i.e., an event with production angle +cose and an 
incorrectly assigned jet-charge is reconstructed at -co&. Figure 12 indicates the 
resulting specific asymmetry for nine bins of kost$l between 0 and 0.9. 

Significant QED radiative corrections are limited to the effects of initial state 
radiation on the jet axis direction and to cHanges in CMS energy which change the 
underlying weak asymmetry. The former are accounted in the Monte&lo and thus 
in <(co&l), as initial state radiation is explicitly included. The latter amounts to 
~0.5% absolute correction to the asymmetry, and is not taken into account in the 
final asymmetry. Final state QED radiation is negligible. Leading order QCD 
radiative corrections have been calculated as a function of cost3 for unpolarized 
beams” and extended for this analysis to the case of a polarized electron beam.2t 
Expressed as a fractional dilution ho(Cose), corrections to &(cos 0) are found 
to be. independent of the polarization and identical to those ofAiti (case); they are as 
large as 0.06 at case = 0 and fall to 0.02 at case = 0.7. 
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Figure 13: Expected asymmetry vs. the specific asymmetry with fit. 

With these definitions, Agbs = p,Ab is given as the slope of a linear fit to a 
plot of ;ii”” versus ci, constrained to go through zero. This plot, along with its 
best fit line, is shown in Figure 13. We have restricted the fit to the region 0 < 
lc0sf3~l < 0.7, wherein charged particle tracking is best modeled. The result of the 
linear fit yields: 

A, Ohs = 0.60+ O.O9(star.), 

with x2 = 4.2 for six degrees of freedom. Dividing by the luminosity-weighted 
polarization, Pe = 62%, yields the fully corrected result: 

r$, = 0.97 It 0.15(StUt). 

The primary systematic error of the jet-charge algorithm comes from 
limitations in our understanding of its analyzing power. In order to explore the 
uncertainty in A, resulting from this uncertainty, we have repeated the analysis for a 
wide range of values of K, the weighting exponent. For large values of K, the jet- 

Table III. Systematic Errors on A, For The Jet-Charge Analysis 

c 
CONTRIBUTION 1 ERROR (%) 

Limited Monte Carlo Statistics 
Tracking System Modeling 

, 
Polarization 
Thrust Axis Resolution Simulation 
B-Production and Decay Model 
Light Quark Contamination 

8 
4 
3 
2 
10 
6 

BE - Mixing 2 

TOTAL 15 -I 

charge algorithm is particularly sensitive to the kinematics and charge flow of B- 
hadron decay, while for smaller K the algorithm becomes sensitive to the details of 
charge flow in the underlying fragmentation process. The maximum analyzing 
power is observed to be near K = 1, motivating the use of K = 1 in determining our 
final result. The value of Ab is seen to be stable with respect to changes in K. 

We have investigated the experimental constraints on the kinematics and 
charge flow of B-hadron decay from data collected at the T(4S). Monte Carlo studies 
indicate that the corresponding constraint on the jet-charge analyzing power ajc is 
given by 8(cxjc)/ajc= 10%. An additional uncertainty of 6(A,)/A, = + 8% is 
incurred from the limited statistics of the Monte Carlo detector simulation of 
Z” + &events. 

By comparing the jet-charge assignmfnt of opposing hemispheres, it is 
possible to confirm, independent of the value of.PeAb, that the jet-charge: analyzing 
power is well simulated by the Monte Carlo. The &-tagged sample yields a total of 
2012 (1768) events with consistent (inconsis&t) hemisphere charge-assignment, 
indicating a per-hemisphere analyzing power of 0.255 fi.032. The corresponding 
per-hemisphere analyzing power from the Monte Carlo simulation is 0.275, 
providing evidence that the per-event analyzing power used in the extraction of A, is 
properly modeled. 

Light quark contamination of the tagged b-sample also alters the experimental 
analyzing power. The tagging fraction is observed to be 6% higher in data than in 
Monte Carlo. This excess implies an uncertainty in the b-tagged sample purity of at 
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most 6%. which we conservatively interpret as the size of the corresponding relative 
systematic uncertainty on Ab. Altering the sample purity by varying the tagging 
requirements over II wide range produces no significant change in Ab 

In addition to these effects, the analysis is subject to systematic uncertainty 
from the limitations in modeling of the SLD charged particle tracking systems, from 
uncertainties in Bgmixing, and from thrust axis resolution uncertainty. Table III 
summarizes our preliminary error estimates. Added in quadrature, the net relative 
systematic error is f15%, leading to a preliminary value for Ab from the jet charge 
technique of: 

Ab(jet -charge) =0.97fO.15(stat.)fO.l5(syst.). 

7.2 Analysis with High (p, pi) Electrons and Muons 

A variation of the preceding analysis is performed using large (p, p,) 
electrons and muons to tag semi-leptonic b-decays and to simultaneously determine 
the b-quark charge necessary to form the asymmetry. The advantage of this 
technique is the reduction of systematic errors in the analyzing power, since the 
processes contributing to dilution of analyzing power arise largely from well- 
measured b- and c-branching fractions. The disadvantage of this method is the loss 
of statistics arising from the small semi-leptonic branching fractions and the modest 
efficiency for identification of leptons in the SLD. 

Electrons are identified in the SLD by requiring a track with momentum p > 1 
GeV/c in the CDC acceptance (lcos8l< 0.70) to extrapolate into the LAC. We require 
that the total energy collected in the electromagnetic sections in a 3x3 array of towers 
centered on the extrapolated track be close to the incident track’s momentum -20 < 
[(EMl+EM2)/p] < 30. Furthermore, we require that a significant fraction of the 
energy be deposited in the front EMI layer, i.e., EMlI(EMlCEM2) > 25%. No 
explicit isolation requirement transverse to the track direction is imposed in the EM 
section. Finally, we require electrons to deposit little or no energy (HAD1 < 0.24 
GeV) in the hadronic section of the calorimeter, in the single tower to which the 
track extrapolates. For isolated electrons within the CDC acceptance and with 
momenta greater than 1 .O GeV/c, the efficiency of these cuts is approximately 90%. 

The misidentification rate for isolated pions is approximately 2% at 1 GeV/c, 
diminishing to 1% for momenta greater than 4 GeV/c. In hadronic Z” events, the 
average electron identification efficiency is about 70% for lcosfll < 0.7. 

Muons are identified in the barrel WIC system by extrapolating tracks 
(Icost3l< 0.70) through the LAC and’ solenoid coil while properly accounting for 
energy loss and multiple scattering. The LAC imposes a momentum cutoff of about 
0.8 GeV/c at normal incidence. Tracks penetrating the LAC and coil are linked to 
candidate hits in the 15 layers of the WIC. Candidate tracks are not required to fully 
penetrate the WIC. A tracking fit is performed with the WIC hits that properly 
accounts for correlated multiple scattering and the magnetic flux in the steel. The 3h 
of absorber in the LAC and the match between the WIC track fit and the extrapolated 
drift chamber track provides excellent n/p discrimination. For muons with momenta 
greater than 2.0 GeV/c, the efficiency of this procedure is 93%. while the pion mis- 
identification is less than 0.15%. 

The initial Z” event selection is similar to that of the jet-charge analysis. The 
same initial calorimetric energy cuts are applied. At least six tracks of momentum 
p > 0.25 GeV/c extrapolating within 5 cm (10 cm) of the IP in XY(Z) and lying 
within lcost3l< 0.8 are required. No visible energy cut on charged tracks is imposed. 
From the initial sample of 38K Z” events, we retain a sample of 28K events. 

Jets are found in each event by applying the JADE algorithm (ycut=0.005) to 
energy clusters in the LAC. Tracks in the drift chamber are assigned to the nearest 
jet, and lepton identification is attempted!For muon events, the jet axis has been 
recalculated to include the muon momentum. The jet axis is used both to define the 
lepton transverse momentum and as the best estimate of the b-quark,direction. The 
selected sample of electrons and muons is 

%  
ext analyzed on a (p. pT) plot, where p is 

the total momentum of the track and pT is its momentum transverse to the jet axis. 
An elliptical cut on (p, pT) is employed to enrich the sample of b-events from the 
more prevalent lighter quarks: (~/16)~ +&/1.2)’ > 1. For electrons, we further 
require p > 4 GeVlc and pT > 1.2 GeVlc. We find 546 muons and 267 electrons as 
candidates arising from b-events. The sources and flavor purity of the electron and 
muon events isolated by these selection cuts are given in Table IV, based on Monte 
Carlo modeling. 
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LEPTON SOURCE PURITY PURITY ASYMMETRY 
(MUONS) (ELECTRONS) COMPONENT 

b  + 1  (direct) 0 .671H.022 0.684M.032 +(1-2X)& 

b  -+ F + 1  (charm cascade) 0.025f0.004 0.01 lf0.004 +( 1-2X)Ab 

b  + c + i (C~U~TI cascade)  0.051kO.006 0.067kO.010 -(1-2X)& 

c +  1  (direct charm) 0.093+_.008 0.057M.009 +&=0.7& 

h  + 1  (light hudron decays)  0.071f0.007 0.058M.009 0  

n, K -misidentification 0.088f0.008 0.123f0.017 0  

The analyzing power  is calculated as the purity-weighted average 
contribution to the asymmetry of all the Iepton sources as indicated in Table IV. The  
large mixing rate for neutral Bd and  Bs mesons dilutes the observed charge 
asymmetry. To  correct for this effect, we require a  knowledge of x, the time- 
averaged mixing probabil ity for B hadrons produced at the Z’. W e  use the LEP 
average x =  0.119 f 0 .012 as measured in di- lepton events.22 The effective 
analyzing power  for each of the sub-processes is summarized in Table IV, where we 
have assumed a  value of AC = 0.72Ab from the Standard Model.  W e  find for muons  
(electrons) an  overall analyzing power  of 0 .558 + 0.019 + 0.012 
(0.5 19  + 0.026 + 0.011). where the errors reflect Monte Carlo statistics and  the 
uncertainty in the mixing parameter,  respectively. 

The  angular acceptance for electrons and  muons  is uniform in the barrel 
region. To  extract the observed asymmetry, a  procedure similar to the jet-charge 
analysis is employed. Figure 14  shows the distribution of Q,cosB for electrons and  
muons  of each incident em beam hehcity, where Q, is the lepton charge and  case is 
the jet direction relative to the incident e- beam. In Figure 15, these distributions are 
combined and  s igned to form the asymmetry in each lcost3l bin. This asymmetry is fit 
against the specific asymmetry r(cos@) , which explicitly contains the cost3 
dependence  and  the QCD radiative corrections. W e  find an  observed asymmetry 

Ab -Ohs = 0.309 f O.O68(stat.) and  0.301 + O.O88(stat.) for muons  and  electrons, 

60  
1  

Lepton-Signed cosfl, 

Figure 14(a): The  muon  s igned co&; distribution for the left-handed 
electron beam. 

60 

-1 -0.5 0  0.5 1  

Lepton-Signed co&, 

Figure 14(b): The  muon  s igned co&, distribution for the r ight-handed 
electron beam. 
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Polarization 

Monte Carlo Stat. 

I II TOTAL1 0.094 0.077 

respectively. Correcting for the analyzing power and the average polarization in the 
sample, our preliminary results are A& = 0.89 +0.20(stat.) for muons and 
A b = 0.94 + 0.27(stat.) for electrons. Combining these yields Ah = 
0.91 + O.l6(stat.) for the high (p, pr) technique. 

Table V summarizes our preliminary estimates for both detector and physics 
modeling systematic errors. The QED radiative corrections are negligible and are not 
applied. Accounting for common systematic errors we combine the electron and 
muon results to obtain: 

Ab(leptons) = 0.91 + O.l6(stat.) f O.O8(syst.). . 

8. Conclusions 

Combining the high-precision pixel vertex detector of SLD and the small, stable 
transverse beam profile of the SLC we have developed a b-event tagging method 
which relies on the counting of all charged tracks with large 2-D normalized impact 
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parameters relative to the beam interaction point. This method achieves high 
efficiencies (64%) and purities (80%). ’ 

Applying this tagging method to a sample of 27K Zo events collected during the 
1992 and 1993 data runs yields the preliminary result for the Z” + b& branching 
ratio fraction: 

Rb = 0.235 f O.O06(stat.) & O.OlB(syst.), 

which is consistent with the Standard Model prediction of Rb - 0.22.23 Already, 
with a sample of 27K Z” events, this technique is no longer statistics limited and is 
now approaching the precision in detector and physics-modeling systematics similar 
to other measurements which employ high (p, a) lepton tags. 

The tagging method has been extended to’identify b-quark jets. Applying this 
tagging method, two-impact parameter based techniques are used to measure the 
average B-hadron lifetime. We find: 

<q$>(C@ = 1.57 f .I I(Stat.) f .13(SySt.), 

-B>(6) = I .5 1 f .07(stat.) f .I l(syst.). 

The two methods show quite good agreement, both with themselves and with the 
current world average <rB> = 1.499 + 0.043.24 

Finally, in a sample of 38K Z” events produced with 62% longitudinally 
polarized electrons, we have for the first t ime directly measured the left-right 
asymmetry Ab for the b-quark. Two techniqutes have been employed: I) vertex- 
tagging of b-quarks followed by a charge assignment using momentum weighting of 
the charged tracks, and 2) lepton tagging and iharge assignment of b-quark semi- 
leptonic decay. Combined with knowledge of the beam helicity, both methods yield 
direct, consistent, and independent values of the asymmetry Ab. We find: 

Ab(jet-charge)=0.97fO.15(stat.)fO.l5(syst.), 

A~(leptons)=0.91~0.16(stat.)fO.08(syst.). 

Combining these results, we obtain Ab = 0.94 + 0.1 l(stat.) & O.O9(syst.), a value 
consistent with that expected in the Standard Model. 
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ABSTRACT 

We present a measurement of the strong coupling Q, derived from mul- 
tijrt, rates using dat,a collected by the SLD experiment at SLAC and 
find that, cu,s(M$ = 0.118f0.002 (stat.)f0.003 (syst.)fO.OlO (theory). 
We present tests of the flavor independence of strong interactions via 
preliminary measurcmcnts of the ratios a,(b) /cr,(&c) 
and cr,(~rds) /cr,(bc). In addition, we have measured the difference in 
charged particle multiplicity between Z” -+ b& and 2’ + al, d2, sS 
events. and find that it supports the prediction of perturbative QCD 
that, the multiplicity difference be independent of center-of-mass en- 
ergy. Finally, we have made a preliminary study of jet polarization 
using thr jet handedness technique. 
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1 Introduction 

The Standard Model of elementary particles comprises the theory of electroweak 
interactions and quantum chromodynamics (QCD), the theory of strong interac- 
tions. In recent years, the electroweak theory has been tested to high precision , 
and proven to be quite successful.’ Although not as accurately tested, QCD has 
also had many experimental confirmations, including multijet events, the running 
of the strong coupling (Y,, and soft gluon coherence.’ In this paper we present re- 
cent results from the SLD detector at SLAC which test QCD and probe the strong 
interaction. First, we present a measurement of the strong coupling ~,(M;s) from 
the rate of production of multijet final states in hadronic decays of 2’ bosons.3 
We employ six collinear and infrared safe jet algorithms to study the uncertainties 
arising from finite order perturbative QCD calculations, and we also compare our 
data with all-orders calculations in the next-to-leading logarithm approximation. 
Next, we apply a similar technique to samples of hadronic 2’ events enriched in 
2’ -+ bb and 2’ -+ 2121, dd, SS decays, and measure the ratios a,(b) /a,(udsc) and 

a,(uds) /a,(bc), to test the QCD assumption that strong interactions are inde- 
pendent of flavor. The precision SLD vertex detector allows us to tag such samples 
with high efficiency and purity. We further exploit the SLD flavor-tagging capabil- 
ity to measure the difference in charged particle multiplicity between 2’ + b6 and 
2’ + uii, dd, sB events.4 We test the prediction of perturbative QCD, in the 
Modified Leading Logarithm Approximation, that this multiplicity difference is 
independent of center-of-mass energy. Finally, we present a preliminary study of 
the concept of “jet handedness,” whereby a measure is defined for hadronic jets 
which may be related to the underlying polarization of the parton initiator of the 
jets.5 

2 The SLD and Event Selection 

The SLAC Linear Collider (SLC) produces electron-positron annihilation events 
at the 2’ resonance which are recorded by the SLC Large Detector (SLD). A 
unique feature of the SLC is its ability to deliver an intense beam of longitudinally 
polarized electrons. During the 1992 SLC/SLD run, a mean polarization of 22% 
was attained. The first three topics discussed in this paper use this 1992 data, 
exclusively, and combine all data samples produced by left, right, and unpolarized 

‘Y 
I 

c,lcctrons. During the 1993 SLC/SLD run, preliminary analysis measured a mean 
fnnarizntion of G2%, resulting in a more pronounced forwartl-backw;lrd 2’ decay 
asymmetry, The jet handedness analysis uses this forward-backward asymmetry 
to t,ag quark and antiquark jets and uses data from both the 1992 and 1993 runs. 

SLD is a multipurpose particle detector and is described in detail elsewhere.‘j 
Charged particles are tracked in the Central Drift Chamber (CDC), which consists 
of 80 layers of axial or stereo sense wires, and in the vertex detector (VXD), a CCD 
based device with 120 million 22x22& pixels.’ A conventional coil, producing a 
0.G Tesla magnetic field, provides a momentum measurement for charged tracks. 
Particle energies are measured in the Liquid Argon Calorimeter (LAC),” and in 
the Warm Iron Ca1orimeter.s The LAC is segmented int,o 40,000 projective towers 
and has a resolution of about 15% for the measured 2’ mass. 

Three t,riggers were used to select hadronic events, one requiring a total LAC 
electromagnetic energy greater than 30 GeV, another requiring at least two well- 
separated tracks in the CDC, and a third requiring at least 8 GeV in the LAC as 
well as one track iu the CDC. A selection of hadronic events was then made by 
two indepentleut methods, one based on the topology of energy depositions in the 
L.AC, the other on t,hc number and topology of charged tracks measured in the 
CDC. 

The analysis presented here uses charged tracks measured in the CDC and 
VXD. A set of cuts was applied to the data to select well-measured tracks and 
events well coutained within the detector acceptance. Tracks were required to 
have a closest approach to the beam axis within 5 cm, and within 10 cm along 
the beam axis of the measured interaction point, a polar angle 0 with respect to 
the beam axis with lcos0l < 0.80, and a minimum momentum transverse to this 
axis of pI > 150 MeV/c. Events were required to contain a minimum of five such 
tracks, a thrust axis direction with respect to the beam axis, err within Icos&I 
< 0.71, and a minimum charged visible energy greater than 20 GeV, where all 
tracks were assigned the charged pion mass. From our 1992 data sample, a total 
of G-176 events survived these cuts. For the jet-handedness analysis, a subset, of 
the 1993 data has been analyzed resulting in 20,662 events surviving these cuts. 
The acceptance for hadronic events satisfying the (cos &( cut was estimated to 
be above 9G%, and the total residual contamination from background sources was 
cst,imatrd to In, 0.3fO.l%, dominated by r+r- events. With the selection criteria 
just, described, distributions of single particle and event topology measures were 
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found t.o be well described by Monte Carlo models of hadronic 2’ boson decays”,” 
combined wit,h a simulation of the SLD. 

3 Measurement of Q, from Jet Rates 

Since the coupling of quarks to gluons is proportional to da,), the rate of jet 
production can be used to measure a,. In order to define jets, WC applied several 
it,rrative clust,ering algorithms in which a measure yij, such as invariant mass- 
squared/s, is calculated for all pairs of particles i and j, and the pair with the 
smallest ylj is combined into a single “particle.” This process is repeated until all 
pairs have y,, exceeding a value yc, and the jet, multiplicity of the event is defined as 
the nrlmber of particles remaining. Various recombination schemes and definitions 
of yij have been suggested.” We have applied the “E,” “EO,” “I’,” and “PO” 
variations of the JADE algorithm’” as well as t,he “Durham” (“D”) and “Geneva” 
(“G”) algorit,hms, all of which are collinear and infrared safe.” The 71.jet rate 
R,,(y<) is defined as the fraction of events classified as n-jet. The R, distribution 
contains significant point-to-point correlations since every point contains one entry 
from every event. Consequently, a differential two-jet rate is defined as D2(yc) E 

(RAYA - WY= - &/c))lA~c, which contains no correlations.14 The measured 
jet rates were corrected for the effects of detector acceptance, inefficiency and 
resolution. particle interactions and decays within the detector, and bias from the 
analysis cuts using the SLD Monte Carlo simulation, as well as a hadronization 
correction estimated using JETSET 6.3.” 

The corrected 02 distributions were derived from the fully corrected jet rates 
and compared with QCD calculations employing the same jet algorithms, per- 
formed up to second order in perturbation theory, which have the general form: 

WYJ = A(Y~)cG(P) + B(Y~,~)Q~(P), and WYJ = C(Y,)Q~(F), where a, = 
%(Ay@I-L), I5 Am is the fundamental scale of strong interactions, and IL is the 
renormalization scale, often expressed in terms of the factor f = ~L~/s. Here WC 
have assumed t,he definition of Am for five active quark flavors. The explicit de- 
pendencr of the next-to-leading coefficient B on f is an artifact of the truncation 
of the perturbation series at finite order. Therefore, if Am is extracted by fit,ting 
these calculatious to the data, the variation of f must be ta.krn into account as a 
cont,ribution to thr uncertainty in Am We used paramcterizations of the co& 
fic.ients .4(y,). B(y,,f), C(y<) t o d erive R2 = 1 - R3 - R4.l' For each algorithm, 

Dj(?g.) was calculated and fitted to the fully corrected measured distributions by 
varying Am and minimizing x ’ l6 The fits were restricted to the range of y= 
for which the measured R4 < I%, since in the second order calculation Rd was 
evaluated only at leading order, and Rn,4 were not considered. The upper y, fit 
boundary was chosen to be the kinematic limit for (massless) three-jet production, 
yc = 0.33. 

The fitted A;irs values were translated into a,(Ms) .15 The results are sum- 
marized in Fig. 1, where u, and (x&) are shown as functions of f in the range 
lo-” 5 f 5 10’. Several features are common to all algorithms: 1) Q, depends 
strongly on f; 2) across a range off, the fit quality is reasonable and &, changes 
slowly; 3) at low f, the fits are poor, ,&, changes rapidly, and neither Q, nor its 
error can be interpreted meaningfully. The boundary between reasonable and 
poor fits is algorithm-dependent. We note also that for some algorithms reason- 
able fits can be obtained for f >> 1, although such values are beyond the physical 
scale accessible in e+e- annihilation. 

Figure 1 contains all of the information from the QCD fits to the data. In order 
to quote a single value of a, for each algorithm, we adopt the following arbitrary 
procedure. We consider the range 0.002 5 f 5 4. The exact interpretation of 
1’ is rmormahzation scheme-dependent. However, the lower bound corresponds 
approximately to p 2 mb, and restricts 1-1 to the region in which five active quark 
flavors contribute to A;~?s , in addition to ensuring that the perturbative series 
for R3 remains reasonably convergent for all algorithms. This excludes some 
small scales for which the fit quality is good, but includes the Q, minima for 
all algorithms except E. The upper bound restricts ,u to a reasonable physical 
region, /I < 2&. Within this range, the fit quality is acceptable (Fig. l(b)), the 
data show no strong preference for a particular scale, and we take the extreme 
of t,he cr, values as the uncertainty from the dependence on f. The large and 
different, scale uncertainties may be interpreted as arising from uncalculated higher 
order contributions which are different for each algorithm. However, allowing for 
the scale uncertainties, the six a, values are in agreement, which is a significant 
consist,cncy check of QCD. 

Experimental systematic errors were investigated by varying the cuts applied 
t,o the data and changing parameters in the simulation of the detector over large 
ranges.” In each case, the detector correction factors were reevaluated and the 
correction ad fitting procedures repeated. In addition, the fit ranges were varied 
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Figure 1: (a) a,(Pz) and (b) & from O(ai) QCD fitr (KC text). The band 
indida the rW of rtrtirtical aron. 

‘: by clclrting bius at the rnds of the ran regions. None of these effects changed the 
vitlu<l of (Y, by mom than the statistical error. We conservatively estimate the 
systematic. error to be f0.003 for each algorithm. Hadronization uncertainties 
were studied by recalculating the hadronization correction factors using JETSET 
with valuts of the psrton virtuality cutoff Qa lo in the range 0.5 to 2.0 GeV, and 
by using HERWIG,” which contains a different hadronization model. 

In order to quote a single result, we calculated the mean and rms deviation of 
the six (Y, values for each f in the range 0.002 5 f 5 4. We then took the central 
value of the means in that range as our central result, the rms at the central value 
as the algorithm uncertainty, and the difference between the central value and the 
extreme as the scale uncertainty. This procedure corresponds to the conservative 
assumption that all six a, at each f are completely correlated statistically, and 
yields: 

cr,(M;) = 0.118 f 0.002 (stat.) f 0.003 (syst.) f 0.010 (theory), (1) 

where the theory uucertainty is the sum in quadrature of contributions from 
hadrouizatiou (*0.003), scale (f0.009), and algorithm (f0.003) uncertainties. 
This result is in good agreement with other measurements of a,(&$) .2 Our 
theoretical uncertainty is slightly larger than that quoted by some of the LEP ex- 
perimeuts because we considered a wider range of scales and more jet algorithms 
and added an additional algorithm uncertainty, which is not normally considered. 
The scale aud algorithm uncertainties are correlated, but we consider the resulting 
estimate of uncalculated higher order contributions to be realistic. 

Progress has recently been made in the form of “resummed” QCD calculations 
for event shape distributions in e+e- annihilation.‘* For the D algorithm, these 
techniques have been used to calculate jet rates at leading and next-to-leading 
order iu 111(1/y,), up to all orders in a,. lg The resulting all-orders calculation, valid 
in the region where os 111(1/y,) 5 1, may be combined with the fixed second order 
result”’ to yield improved predictions for multijet rates at low yc. Several matching 
schemes have been proposed for this combination including “R-matching,” “In(R)- 
matching,” and “modified In(R)-matching. “*l~*~ For each scheme, D2 was derived 
from the recalculated R2 and fitted to the data in our full range yc 2 0.01. The 
resulting cr,(M;) and x&f values are shown in Fig. 2, labelled “ALEPH scheme,” 
as a function of f. Results from both In(R) matching schemes are similar, so we 
show o111y the modified scheme. The behavior is qualitatively similar to the second 
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order result, alt,hough f > 0.1 is needed to fit the data, and in this range the fit,ted 
cr, varies slowly with f. 

WC found, however, that the resummed calculations yield R:, > 1 in some 
regions of phase space. This unphysical behavior gives rise to the peak at, f - 0.1 
in Fig. Z(a). For y, 5 0.04, the resummed R:! remains below unity for J 2 0.2. so 
WP adopted a new procedure, using the matched calculation for 0.01 2 2/c 5 0.04 
and the O(nl) calculation for 0.05 5 yC 5 0.33, giving CY, and &,, lahelled “SLD 
scheme” in Fig. 2. With this procedure, we quote a single value of a, by taking 
t,he mean in the range l/4 < f 5 4, and the difference between the R- and 
In(R)-matching schemes as the matching uncertainty. This range excludes the 
unphysical Rz > 1 region but, incIudes t,he full measured variation of cr,? up to 
f = 4; it, is the same as that considered in Ref. 22 but larger than Ref. 21. We 
f011nrl: 

4M;) = 0.126 f 0.002 (stat.) f 0.003 (syst.) f O.OOF (theory), (2) 

where the t,hcory uncertainty is the sum in quadrature of contributions from 
hadronizat,ion (f0.003), scale (f0.003), and matching (~tO.005) uncertainties. 
This is in good agreement with the O(n2) result for the D algorithm. The scale 
uncertaint,y is considerably smaller, but there is extra uncertainty from the match- 
ing. The lat.ter can be attributed to partly calculat,ed, next-to-leading, and un- 
calculated subleading, logarithmic terms. Nevertheless, for the D algorithm the 
t,ot,al theoretical rmcertainty is smaller using the resummed calculation than the 
O(of) calculation. Further improvement in the accuracy of (Y, determinations 
from jet rates must await better understanding of the remaining higher order 
cont~ributions. 

Sincr the rcsunm~ed calculations have been performed only for the Durham 
algorit,hm and yield CY~ in good agreement with the fixed order result, we quote 
the> fixed ortlcr value based on all six algorithms as our final result,: o,~(M~) = 
0.118 + O.O02(stat.) + O.O03(syst.) f O.OlO(thcory), in good agreement, with other 
iil(‘asIIrcliieiits.’ This corresponds to Am N 230 f 130 MeV. The precision is 
limited by lack of knowledge of higher order contributions. 
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Figure 2: (a) a,(M;) and (b) & from fitr using resummed cdculatioqr for the 
D algorithm. The band rhowr the range of uucertduty from higher order eEectr 
(me text). 
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4 Flavor Tagging of Z0 Decays 

For our analysisof the ratios a,(6) /a,(udsc) and a,(~&) /cu,(Dc) and ofthe differ- 
ence in charged particle multiplicity between 2’ -+ bb and Z” -+ UU, dd, SS cvcnts, 
enriched samples of Z” t 66 and Z” + uzl, d& SS decays must be obtained. 
These events were tagged using the signed distance of closest approach (DOCA) 
of charged tracks to the interaction point (IP), projected in the plane trausverse 
to the beam (the z-y plane). In addition to the track selection cuts described in 
Section 2, further restrictions were imposed on tracks contributing to the tag to 
ensure good measurements of their DOCAs. Tracks were required to have at least 
one linked hit in the VXD, at least 40, out of a possible 80, hits in the CDC, a 
12/dof < 5.0 in a track fit to the CDC hits, a DOCA<3mm, and error 011 the 
DOCA <250pm, a closest approach to the beam axis within 1 cm along the beam 

axis, and not to form pairs consistent with K”, A”, or photon conversions. 
The error on the DOCA measurement arises from the intrinsic resolution of 

the VXD, multiple scattering, and the IP measurement uncertainty. The II’ was 
found by combining tracks from several events and fitting for a common origin. 111 

1992, the SLC beam interaction envelope measured less than 2 pm in 2 and y, and 
about G50 pin in 2. The event-to-event location of the IP was stable to within 10 
pm in z-y over periods of more than 200 hours. The average error on the DOCA 
of a track is therefore given by < ~DOCA >= 13 $7O/(pm) $ 10 pm, where 
p is the track momentum in GeV, and the three terms derive, respectively, from 
the three sources just listed. 

For each event, tracks passing the above selection criteria were extrapolated 
near the IP, and their DOCAs were measured. A sign was applied to each DOCA 
by associating the track with the nearest jet axis, where jets were defined using 
the JADE algorithm. 23 If the z-y projection of a track intersects the projection 
of the jet axis on the side opposite the IP from the jet direction, the DOCA is 
negative; otherwise it is positive. The normalized DOCA d is then formed by 
dividing the DOCA by its measurement error. 

For the analysis testing the flavor independence of u,, a sample of 1799 events 
enriched in light quark, (Zs 3 vl, d& SS ), was tagged by requiring that events 
contain no track with d 2 3.0, and a sample of 1054 events enriched in Z” --t b6 lay 
requiring at least three tracks with d 2 3.0. The efficiencies 6 of these two tags, 
and the purities p of the resulting samples were estimated using Monte Carlo 

‘: siluulations of hadronic events, combined with a simulation of the SLD, to be 
approximately (t,p) = (79,86) and (71,80)% for the light and 6 quark samples, 
respectively.‘” 

III order to minimize bias, the analysis of multiplicity in 2’ + bb events tags 
hemispheres, rather than entire events. Each event is divided into two hemi- 
spheres separated by the plane perpendicular to the thrust axis. Hemispheres are 
tagged by requiring that two or more tracks in a given hemisphere pass all the 
above cuts and have d > 3.0. Monte Carlo (MC) studies indicate that this tag is 
53% efficient at identifying hemispheres containing B hadrons, while providing an 
curiched sample of G9% purity. Bias is reduced by measuring the multiplicity in 
t,hc hemisphere opposite to the tilg. 

5 Test of Flavor Independence of cy, 

Using the methods described in Section 4, we tag samples of Z” decays enriched in 
2’ --f uii, &I, SS events, and Z” -+ b6 events. A jet rates analysis was performed 
on the two tagged samples and on the complete hadronic dataset using the JADE 
algorithm to obtain ratios of three-jet rates, fzr = &(uds-tag)/&(alI) and 

f?rc‘s = R3(6-tag)/R3(all), as functions of Ye. We quote our results at y, = 0.05, 
for which 2 4-jet production is a negligible fraction of the hadronic cross section.4 

The measured fzr” and fy were corrected for the differences in tagging 
efficiency between two- and three-jet events, and were then corrected for tag purity. 
The ratio of the three-jet rate in b events to that in udsc events is given by 

W6) -= 
fb = R:,(udsc) 

fyaS(l - Rb) + Pb - 1) 
(pb - Rbfbme"=) 

I 

whcbre purity of the b-tag is ‘Pb and the fraction of hadronic Z” decays to 66 is 
Rb. By quoting our results as ratios, detector systematic errors mainly cancel, 
and theoretical errors are minimized. A similar equation holds for fuds. 

The influence of the weak decays of B hadrons on R3(6) was investigated using 
?vIonte Carlo simulations and found to produce a negligible bias in fb. However, 
due to the restricted phase space resulting from the large b-quark II~SS, gluoll 

cmissiou in Z” t bh events relative to that in Z” -+ uii, dd, ~3, CC events have 
I,cY;~ calculated to be suppressed by a factor of about 0.95 at y, = 0.05.z5 After 
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applying t,his correction to fb, we equate it to a,(b) /(Y,(TI~sc) and find: 

tr,(b)/a,(dsc) = 1.02 f 0.08 (stat.) f 0.04 (syst.) (PRELIMINARY). (4) 

A similar procedure for f,,ds yields: 

n,~(?/d.s)/o,~(br) = 0.98 f 0.08 (st,at.) f 0.02 (spst.) (PRELIMINARY). (5) 

Thcsr ratios are consistent with the ansatz that strong interact,ions arc flavor intlc- 
p’tndent,. The syst,ematic errors are due to uncertainties in the sample purit,irs and 
t,ag biaxs, and are dominazted by limited Monte Carlo st,atist,ics. Furt,htar studies 
of t,hc systrmat,ir errors are in progress, but it is apparent, t,hat our measureniriits 
arc st,atistically limited wit,11 the 1992 data sample of arollnd 10,000 Z” ticcays. 
Thr result, a,*(/~) /(Y,(u&) is in agreement with similar mcasuremcnts n~atlc >Lt, 
PETRA and LEP.‘” 

6 Measurement of Multiplicity in 2” + bb Events 

Predictions have bren made recently of t,he difference in mean charged parti- 
cle multiplicity. An*, between e+e- --t bf, . and e+c- 4 ~111, dd, ss evrnts.2i 
Basc~tl on prrt,urbativr QCD in the Modified Lrading Logarit,hm Al~l~ro~imat~io~~, 
to ~([o,~(Il~2)]“2(A~~/J~~z)), An.* is prrdict,rd to be indeIxx&nt of cc>nt,er-of-mass 
enrrgy. and t,o 1x3 5.5 charged tracks per event. The first, predict,ion is est,imat,ctl 
t,o Ix accurat,c t,o 0.1 tracks, and the second to about, one charged track. Wr hav’~ 
t,rst,ctl these predict,ions by making an accurate mcasuremrnt of Ant, at MT = A,f,. 

A Z” -+ /& enriched sample was selected using the t,cchnique described in 
section 4. Tht t.ag scltcted lF50 out of 2 s 4351 = 8702 hrmisphercs in thcx SLD 
data samplr. 

In dctcrlnitling the total charged Z” + b6 multiplicity < ~b >, we minimizc’l 
syst.einat,ic error. s~icli as thosr due to tracking efficiency and iiinlt~iplr srat,tcsring. 
I)? irica.stlring 6711, E < nt, > - < nj,,!,f >, and then adding Ixdc iii tllc t,Otill 

harlronic c-harg:rd mlllt,iplicity < n,,,)d >. which has Ix~n ac’.llrat~(~ly tlt~tc~rtnin~~tl l)y 
othrr rsp~~rinlcnts. For hrmispheres opposite tagged hemisphcrc~s, we fill’1 a m”an 
mldtil)licity nf 8..54 f 0.09 tracks, whilr for all hrmisphrrcs in thcx hadroni(. sallll~lf~ 
w find a I~IV;W nmltiplicit,y of 7.9GztO.04 tracks. Following the proccdurr ~lcsc~rilx~tl 
in R’$ 27. ~vc) IISC~ thr> .JETSET F.3 Mont’, Carlo rvrnt. grncrator. roml~inctl wit II a 

silyrllation of t Ilra SLD. to correct this raw multiplicity difference of 0.58 tracks per 
h~lllisl~h(~ for tlctchc.tor biases and sample impurit,ies. The rrsult,ing muhiplicity 
tliff(>rrnrc is 1.2G * 0.22 t,racks per hemisphere. Multiplying both mean value and 
tlnc,rrt,aint,v by two t,o provid’~ an event, rather t,han hemisphere, multiplicity, we 
find t,hat, ST),, = 2.5 f 0.4 (st,at.) tracks. As a cherk, the corrected tot,al hadronic 
Illnltiplicity is 2O.G2 f 0.11 tracks per evrnt, consistent with t,he world average of 
20.95 f 0.20.‘” 

\Z’r have conlpar’~d the fraction of t,aggecl hemispheres fpfn = 1650/8702 = 
0.190 * 0.005 to the MC rxpcct,ation nrr: f, = 0.157, assuming t,hr world average 
\~IIIV of R,, = 0.220 f 0.003.2!’ If we conservatively rrssume that this difference 
is t111r rnt,ir’*ly t.o extra Z” + ~dsc ront,amination in the t,agged sample, t,he 
c~orr’~sl)oi~~linC: ‘~hallg’~ in < n,, > is 0.5 t.racks. In addition, there is an uncertainty 
in the, sizt% of thr MC correction of t,hc raw mult~iplicity difference due to the 
al~srncc~ of c*nlpiricxl knowlrdgr of t,hr moment,unl spectrum of the nonleading 
t,ra’lts in Z” + /,i; ‘,vrnts. For our rut, of 0.20 GrV/c, wt estimat,e this uncertainty 
t,o Iv fO.5 tra’.l<s. Finally. wr include a syst,emat.ic uncertaint,y of ho.2 t,racks 
‘III’, t,o lilllit,ctl MC stat,ist,ics. As mcntionrd above, dct,ector effects are expected 
to ad’1 onl,v a small contribntion to the overall systematic error, as they largely 
CallCCl ill t.hP lllll~tipliCit,y diffcrCllCC < n,,, > - < nhnd >. Combining take soums 

of syst,rmatic f’rror in cluadraturc, 

hr,,, = 2.5 * 0.4 (st,at,.) f 0.7 (syst.) tracks (PRELIMINARY). (6) 

Atl’lillg Im-I< in tli? world avrragc total hadronic muItiplicity < nhnd >= 20.95 f 
0.20 thf‘ii yic,ltls 

< !j,, >= 23.5 f 0.4 (st,at..) f 0.7 (syst.) tracks (PRELIMINARY). (7) 

In ortlrr to cWr;rc,t. AJI,, = < nb > - < n,,dr > from < III, > and < 71hd >, 

a fllrth(xr c.orrcx%ion ws alq~lit~d for t,hc charged mult,iplicity in Z” + cc; rvcnt,s, 
thr ;tssliliil)t iO!l IPC’illg that. t,hC lllcall lit’s bCt,wem i nll& > mtl < rl(, >. lvr find 

An,, = 3.8 f 0.G f 0.3 (PRELIMINARY), 

\vll(%rv th’> first (‘rror is t,he st,at,ist,iraI error, and t,he second is t,he sum in quadrature 
of s,vstcqnat,ic (‘rrors and the rii1rcrtaint.y in t,he mult,iplirity in Z” -i cT rvrllts. 

F~~:,IIv 3 sl~o~~s. ill t.lre nplx’r half. a compilation 27 of ili(‘asIirrllif,llt,s of t,lir ni”an 
total c~I~;~r~:r~~l Illnltiplicity < l!j,nd > in c +e- annihilat~ion c\cnt,s as a fiin’%on of 
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Figure 3: The mean charged particle multiplicity, <  n,ll >, and the b-quark mul- 
tiplicity difference, An*, measured in e+e- annihilation, as a function of center- 

of-mass energy W. The perturbative QCD prediction for Anb is shown, with an 
error band originating from the experimental uncertainty on the multiplicity in 
uds events at W  = ,I% mb. 

center-of-mass energy W. The growth of <  nc,, >  is slightly faster than logarithmic 
‘Y ( with IV. The lower half of Fig. 3 shows the present measurement of Anb, together 

wit11 results from PEP, PETRA, and MARK-II/SLC. 27s30 With the addition of the 
precise SLD measurement at W  = M  z, it can be seen that the data provide strong 
support for the energy independence of Anb and are in numerical agreement with 
the predicted value. This striking result may be interpreted to be due to coherence 
in gluon radiation in bb events. A qualitatively similar effect is also expected for 
CC events, aud measurements of An, would provide a powerful test of the MLLA 
calculations at the charm mass scale, thereby testing perturbative QCD close to 
the boundary of the confinement region. 

It should be noted that several groups 31,32 have suggested that the nonleading 
multiplicity associated with heavy quark production at a given ems energy W  
sl~ould be equal to the total light quark event multiplicity at the reduced ems 
euergy (1 -(zu)) W, where X,J = ~.EB/W is the heavy hadron energy fraction after 
fragmeutation. This hypothesis provides that the quantity <  nb > - <  I~,,J~ > 
decrease with ems energy in proportion to < n,,,d(W) >, in contradiction with 
the perturbative QCD expectation. When the preliminary SLD result is included, 
however, the data are inconsistent with the energy dependence implied by this 
hypothesis at the level of 2.4 standard deviations. 

The transport of parton polarization through the hadronization process is of fun- 
dameutal interest in QCD, aud it is presently an open question whether the spin 
of a partou produced in a hard collision is observable via the final state frag- 
mcntatiou products in its resulting jet. Efremov et aP have speculated that net 
polarization of hadronic jets may be observable via the triple scalar product R 
constructed from the momenta of three fast particles in each jet. For each jet a 
triple vector product, fl, may be defined which might contain information on the 
longitudinal partou polarization: 

* = t’. (I;; x C*) 
- -> 

lb x k2l 
(9) 

where t’is a unit vector defining the jet axis and ky,& are the momenta of two 
particles iu the jet, chosen by some prescription, for example, the two fastest 
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particles. The sign of the asymmetry 

H= N R<O - ho 
Nn<o + Nn>o’ (10) 

is expected to be different for left- and right-handed jets and is called the jet, 
handedness. It cm be asserted that H = aP,, where P, is the underlying 
quark polarization and u is the (a priori unknown) analyzing power. Hadrouic 
decays of 2’ hoso11s are an ideal testing ground for the handedness method as, 
according to the Standard Model, the quark and antiquark from t,he Z” decay are 
highly polarized. However, because quarks (antiquarks) are produced left(right) 
handed, the measured handedness will be zero unless quark jets are measured 
separately from antiquark jets. Observation of handedness of opposite signs for 
t,aggtd quark and antiquark jet,s would be a significant result. Furthcrmorr, c’on- 
parison with the assumed Standard Model (anti)quark polarization in 2’ decay 
gives the analyzing power of this method. The analyzing power thus mea~urrtl 
in e+r- annihilatiou could be utilized in handedness measurements in Irpt,on- 
hndron and hadron-hadron collisions to deduce the polarization of quarks iu hard 
sea tt,crings. 

SLD is uniquely placed to select samples of (right-) left-handed (anti) quark 
jrt,s using the forward-backward asymmetry tag with high electron beam polar- 
ization. Without beam polarization, LEP has only t,he small natural forward- 
backward asymmetry of the Z”, although preliminary results33 suggest a snd 

net charge-signed jet handedness, which might be expect,ed from the net, excess 
of down-ovc%r up-type quarks in Z” decays. We performed a handedness analysis 
similar to t,hat, of Ref. 33. Using equation (9), where t’is the jet axis direction, 
and kl and k2 are t,he momentum of the positive- and nrgative-charged particles, 
rcspect,ively, wr measure the asymmetry to be: 

HCh = 2.4 f 1.1% (PRELIMINARY), (11) 

whit+ provides an estimate of the upper limit of t,he analyzing power of this 
Ilalltldllrss lllctllod of Cye’1 < 11% at 95% confidence level. We have t,rsted this 
mc~thod for intrinsic bias by performing t,he same analysis wit,hout, chargr ordering 
the fast& t,wo partic.lrs, and using the Monte Carlo, where no effects from original 
parton spin are rxp(‘ct,cd. III both casrs, the measured handcdnc~ss is c,onsist,cnt, 
with zero. showing no intrinsic bias. 

I, Using thr forward-backward asymmetry provided by the SLC to select quark 
an;1 antiquark events, we then defined R by considering the three fast,est particles 
in each jrt, t,aking t,he pair with the highest invariant mass and assigning k, as 
the faster patticle irrespfct,ivc of its charge. The handedness was then calculated 
separately for forward and backward jets in events produced with left- and right- 
handed &rt,rons. The rcsult,s are shown in Table 1. 

PC (%I -62 +62 
H!f$,, forward -2.1 f 2.4 +0.9 f 2.6 

H,y:aS backward -1.7 f 2.4 -3.1 f 2.7 

Tablr 1: hlrayurrd handedness (%) in forward and backward jets in Z” 
+ Q(T event,s produced with electrons of polarization p,. All results are 

preliminary. 

\Vit,h t,hr prfts(‘ut stat,istics. no evidence for a nonzero handedness is observed. 
\Vc havp drrivcd thr aualyxing power of the polarized method, crp’, where: 

~I:P,l,,be) = @” HP”‘bJ (12) 

by combiuing the forward and backward results, correcting APB for the IcosS,l 
< 0.71 cut, and averaging the left- and right-handed electron polarization results 
and obtain: 

CP’ = 4.9 f 5.l(stat.) %, (PRELIMINARY), 

which corresponds to m upper limit, at 95% confidence level, of ap’ < 15%. 

(13) 

8 Conclusions 

The SLD has presrnt,ed a number of tests of Quantum Chromodynamics. First, we 
have mrasurc>d the strong coupling, cu,(Mi) = 0.118f0.002 (stat.)f0.003 (syst.)f 
0.010 (t,lirory) \vhicli agrees with other measurements of aal as well a.5 prfxdictions 
elf pc’rtlul)at,ivt% QCD. Wc havt’ madt~ ;t test of t,hc flavor independence of CI, and 
III:I(I~ prc+iminary iiif’ils1IrCII1(‘11ts of ~Y,(~)/N,(&sc) = 1.02 f 0.08 (stat.) jl 

. 
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0.04 (syst.) and tr,(rcds)/a,(bc) = 0.98 + 0.08 (stat.) f 0.02 (syst.). Wc i 
have made a preliminary measurement of the difference in mean charged particle 
multiplicity between e+e- + bb and ete- + ~11, dd, SS events to be ntlb = 
3.8 f 0.6 (stat.) f 0.3 (syst.) which is in agreement with the expectations of 
perturbative QCD and supports the notion that QCD remains asymptotically 
free down to the scale Q2 N Mt. Finally, we have searched for evidence of 
parton polarization in hadronic 2” decays using the jet handedness techuique. 
We found no evidence, within statistical errors, of a nonzero handedness with our 
method. We set preliminary upper limits on the analyzing power of och < 11% 
and c@ < 14% for the charged and polarized methods, respectively. 
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RECENT RESULTS FROM TRISTAN AT 
KEK 

Shiro Suzuki 
Dept. of Physics, Nagoya University 

Furo-cho, Chikusa-ku, Nagoya 464-01, Japan 

ABSTRACT 

Recent results of the TRISTAN experiment with high luminosity runs 
are reviewed. Updated results on lepton and quark pair production 
in the annihilation processes are presented, and limits on the compos- 
iteness scale and lower mass limit for extra Z bosons are given. The 
total hadronic cross section is presented in the effective Born approx- 
imation. A search for a resonance suggested by the L3 group is done 
in several different final states. The strong coupling constant Q, is 
derived from several observables with an improved theoretical frame- 
work. The running nature of Q, is studied in comparison with PEP4 
and ALEPH data. Various properties of quark and gluon jets are ex- 
amined. Hard scattering of two photons is established and these data 
provide information on quark and gluon distributions in the photon. 
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1 Introduction 

TRISTAN was commissioned in late 1986. It started at a center-of-mass energy 
of 50 GeV, and gradually was ramped up to 64 GeV. Since 1990, when SLC 
and LEP started operation at around 90 GeV, we set TRISTAN’s operational 
energy at 58 GeV, where we can expect high luminosity with very stable operating 
conditions. This is also the energy region where we can observe large interference 
effects of virtual photons and Z”s. After QCS insertion, current typical integrated 
luminosity per day is 800 nb-‘. Our  goal is to collect 300 pb-’ in two years, and 
move to TRISTAN-II, i.e., the KEK asymmetric B-factory. Since the machine has 
been operating efficiently for one and a half years (Fig. l), we are quite confident 
of achieving this value. This report is based on the analysis work with the data 
sample of about 100 to 150 pb-‘. 

250 

,^ 
-- ~-_- - -.._. -~ 

TOPAZ 

Figure 1. Accumulated integrated luminosity since 1987. 

2 Electroweak Processes 

First we present the updated results in the basic annihilation processes in the 
interference region of 7’ and Z”. 

‘Y 
’ Table 1. Total cross section and forward-backward asymmetry of lepton pair 

production by three groups: TOPAZ, VENUS, and AMY. Errors are quoted for 
statistics and systematics in order. 

R  

- 

A 

0.99 f 0.03 f 0.05 
0.98 f 0.02 f 0.03 
0.96 f 0.03 f 0.03 

-0.312f 0.025 f 0.011 
-0.320 f 0.020 
-0.342 f 0.024 f 0.007 

1.06 f 0.03 f 0.05 1.053 
0.99 f 0.03 f 0.03 1.054 
1.02 f 0.03 f 0.03 1.054 

-0.313 f 0.039 f 0.010 -0.334 
-0.300 f 0.030 -0.338 
-0.337 f 0.028 f 0.014 -0.338 

Table 2. Limits on the compositeness scale in TeV at the 95% C.L. 

2.1 Lepton Pair Production 

The total cross section and forward-backward asymmetry of lepton pair produc- 
tion reported from three groups is summarized in Table 1. We still have a some- 
what lower cross section in p+p- and r+r- pair production than the Standard 
Model (SM) expectation, but with low significance. On the other hand, the asym- 
metry shows good agreement with the SM. Overall agreement of the TRISTAN 
average data with the SM is good (Fig. 2). Because the data are consistent with 
the SM, we can place limits of its deviation from the model. TRISTAN is in a 
better position than SLC/LEP for setting compositeness limits because there is 
no amplitude saturation by the Z”. From the angular distribution, we can set 
limits on the compositeness parameter A, as in Table 2. They now exceed the 
previous TRISTAN, PEP, and PETRA experiments.’ 
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Figure 2. TRISTAN average of total cross section and  forward-backward asym- 
metry of lcpton pair production. Data from PETRA and  LEP are also plotted 
for comparison. 
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Figure 3. Sensitivity of lepton pair measurements to the existence of various Z’s 
as a  function of EC,+,, where Ms,=150 GeV is assumed with no  Z’ - Z” mixing. 
The data points are from TOPAZ with p  and  r combined. 

TRISTAN is also in a  good  position for looking for extra Z bosons (Z’). W ith 
high precision data, we can look for contributions from Z’ which interfere with 
the Z”. Figure 3  shows the sensitivity in our  measurement  to the various types 
of Z’, assuming Ms, =150 GeV and  there is no  mixing. From these data, plus 
hadronic data from the TOPAZ Experiment: and  other TRISTAN experiments,3,4 
we summarize the 95% C.L. mass limits of extra Z bosons5 associated with Eg 
extensions of the SM (Table 3), which are compared with the value from the CDF 
Collaboration.’ 

2.2 Total Hadronic Cross Section 

Our traditional way of presenting &,,d data was to derive a  “tree level” cross 
section by making electroweak radiative corrections up  to second order. W ith 
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Table 3. The 95% C.L. lower limits for various Z’s with a comparison to pjj data. 

( MT, Limit ( GeV ) 21 ZJ, 2, 2” 2-u I 
TOPAZ > 290 > 146 > 134 > 100 > 164 

TRISTAN all > 430 > 166 > 245 > 145 > 196 
CWPP ) >412 > 320 > 340 > 340 -- 

that method, we were not free from a few percent uncertainty in the higher order 
corrections (short distance effect). For instance, the effect of unknown parameters 
such as Mtop and Mhlggs. Also, a problem was that the “experimental” data could 
not be compared simply with others if different correction models were taken. 

New methods which have been adopted by the LEP group make QED correc- 
tions only up to the second order, which can be calculated accurately, and leave 
other “short distance” corrections untouched (“effective Born” approximations). 
An effective cross section by this correction scheme, which is free from higher or- 
der ambiguity, is to be compared with theoretical calculations in which all “short 
distance” phenomena are included. Then the definition of corrected experimental 
data will not be changed group by group, since 1 + &,, is a well-defined quan- 
tity. Another merit of taking this method is the capability of direct comparison 
with the LEP data. We used the KORALZ program’ to calculate the radiative 
corrections up to 0(a2) with exponentiation of leading logarithm effects. TOPAZ 
data is shown in Fig. 4 utilizing this correction scheme. The highest statistics 
data at 58 GeV gives 0”’ = 143.8 f 1.5 (stat.) f 5.4 (sys.) pb for an integrated 
luminosity of 85.5 pb-‘. This is in good agreement with the expected value of 
142.0 pb for the SM with M;! = 91.13 GeV, M,, = 150 GeV, and A4hlgyJ = 100 
GeV. In the SM framework, we can determine the running QED coupling o,. The 
resulting value a;), = 128.6 f 2.6 at Q* = (58 GeV)’ also agrees well with the 
expectation of 129.8 from the SM. 

2.3 II* Production 

Forward-backward asymmetry of charm pair production was measured by detect- 
ing fast going D’s in the jets. One method of detection is to look for the mass 
difference AM = M~-MD, which gives a very sharp peak due to the small Q-value 

104 

103 

102 

101 

TOl’AZ 
e*e-->hadrons 

__ Effective Born cross section 
- - I.owesL order EW cross scctioal 

Figure 4. Comparison of the total hadronic cross section with effective Born cross 
section and lowest order EW cross section of the SM. 

of D’ --t Da decay. AA4 for several different D final states is shown in Fig. 5(a)- 
(c). A combination of Fig. 5 (a)-(c) is shown in Fig. 5(d), where the histogram 
underneath is estimated background. The angular distribution thus determined 
is compared with the SM (Fig. 6). The asymmetry AcE is -0.57ztO.22f0.05 from 
VENUS? and -O.SO?~:~~ f 0.08 from TOPAZ.’ 

Another method of detection is to find inclusive soft KS from D’s decays. A 
small Q-value gives a very sharp peak at low p,, 40 MeV/c at most, with respect to 
the jet axis (see Fig. 7). By this method, we determined AFB = -0.49*0.15f0.08 
from TOPAZ,g -0.73$::$ from VENUS,” and -0.67 f 0.20 from AMY.” 

The CT asymmetry resulting from combining the above measurement, is plotted 
in Fig. 8 together with the results from other laboratories with different center- 
of-mass energies. This shows overall good agreement with the SM. Also, b6 asym- 
metry is shown in Fig. 9 for reference. 

3 Search for a Resonance 

Last year, an excess of yy events distributed around 59 GeV in l+l-‘yy events was 
reported by the L3 group. I1 This excess could be a non-Higgs like particle with a 

, 
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Figure 5. (a) Mass difference AM = A4; -MD measured by the VENUS Collab- 
oration for P* --t *,fLlO(p) following Do(p) +  Px*, (b) K~~*t,“, and  (c) 
K~n*a**~. The combined result is shown in (d). The dotted line underneath is 
estimated background.  

Figure 6. Angular distribution of charm quark pair product ion measured by D’*s 
with the AA4 = 1l4& - MD method (VENUS). 
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Figure 7. p: distributions of k*s in (a) forward and  (b) backward angular regions. 
Dot,s are the experimental data after subtracting estimated backgrounds.  
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Figure 8. A,? by various measurement  methods and  experimental groups. The 
curve presents the prediction of the SM. 
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Figure 9. Summary of Aa by various groups and  labs. The solid curve shows the 
SM with no  BB mixing, and  the dashed curve shows the case with Xd = 0.17 and  
Xs - - 0.5. 

mass of 59  GeV/c*, which has a  large branching fraction to yy final state and  spin 
0  or 2  or more (scalar or tensor). If a  new boson “x” couples to e+e-, we could 
be  most sensitive to this state even if its total width is very narrow. W e  carried 
out an  energy scan to search for X in the final states of y-y, e+e-, ,u+p-, and  
hadrons in the energy range of 58  to 60  GeV with 250  MeV step, with integrated 
luminosity of more than 1  pb-’ at each scan point. Since the energy spread of the 
TRISTAN beam is about  100  MeV in u, the sensitivity is cont inuous with energy 
and  has no  gaps in this energy range. 

Figure 10  shows the results from VENUS** and  AMYi for the yy and  e+e- 
final states. Solid lines are the SM prediction, and  dotted or dashed lines are 
with a  hypothetical resonance with small coupling. AMY results give a  smaller 
x2 with a  resonance,  but with less significance. TOPAZ results for several final 
states14 are shown in Fig. 11(a). VENUS, AMY, and  TOPAZ data do  not show 
discrepancies from the SM prediction. 

W e  can set limits on  the rccx branching fraction for narrow a  resonance based 

on  the formula: Figure 10. Scan results by VENUS (top) and  AMY (bottom). 

J u,,,d W  = (25 + l)gP,, . Br(X -t y-y, . . . etc.). 
4  

Icos@( < 0.743 VENUS 
600 I , I 

2 100  - - b" ‘77 

50 1' 1  
0 

0 

0’. -. -I.. 1  I I 
57  58  59  60  61  

EC, (GW 

0.50 
57 56 58 60 

ds (GeV) 
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Figure 11. (a) Scan results of TOPAZ in the final stat,es of yy, hadrons,  e+e-, 
and  pL+p-.  (b) 95% C.L. upper  limit of F,, . Br(X --t y-y, hadrons,  ee, and  pp). 

Tible 4. 95% C.L. limit for the case of broad resonance,  assuming Mx = 58 GeV 
and  Fror =I GeV. 

I r,e  Br(X + YY) 
r- rec. Br(X + had) 

r,, . Br(X -+ ee) 
ree . wx -+ PP) I 

Scalar 
<  8.9 keV 
< 11.6 keV 
< 22.9 keV 
< 5.3 keV 

W e  assumed a  flat detector acceptance for the scalar particle. For the tensor 
partic!e, we took calculations by Hagiwara et al.,15 (KEK Theory Group) for the 
determination of the angular acceptance. The product ion cross section of the 
tensor particle is simply five times that of the scalar particle except for the e+e- 
final state. In Fig. 11(b), limits given by TOPAZ14 are shown. Typically, the 
limit of F,, . Br(X -r y-y) is around 0.3 to 1.0 keV in this region. 

In the case of a  very broad resonance,  our  limit is somewhat  larger, but on  
the other hand,  our  sensitive area is extended outside the scanned area due  to its 
broadness.  In general,  for broad resonances the limit is a  few times larger than 
for narrow resonances (Table 4). 

In conclusion, no  significant evidence has been  found in those reactions for a  
hypothetical particle “x” suggested by L3, and  the measurements are all consis- 
tent with the SM. 

4 QCD Studies 

4.1 Gluon Self-Coupling 

The triple gluon coupl ing is a  unique property of the non-Abel ian nature of &CD. 
Measurement  of the triple coupl ing was pioneered by the AMY group16 at TRIS- 
TAN. Now that we have an  order of magni tude more events than at that time, we 
can study it with better accuracy. The triple gluon coupl ing is effectively studied 
by the angular distribution of four-jet events, extracting the contribution of the 
radiated gluon splitting to two gluons. ” Several test, quantit ies are def ined by the 
four-jet momentum vectors fli,&,~7a, and  p’4  whose subscript numbers are ordered 
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Figure 12. Angular distribution of four-jet events compared to QCD and  Abelian 
models. 

according to the jet energies. For example, 0;s is the angle between $1  - fi and  
fi - F4.1s The results from three groups are shown in Fig. 12  and  are compared 
with QCD and  Abelian models. AMY’s pioneering work was confirmed by all 
groups with higher statistics. From those results, the Abelian model  is excluded 
at more than a  99% CL. 

4.2 Measurement of a, with Less Ambiguity 

Perturbative QCD predicts a  coupl ing Q, running with momentum transfer Q2. 
It is important to measure a, at a  different energy to see how it runs. The 
PEP-4, TOPAZ, and  ALEPH groups agreed to a  joint analysis program of a. 
measurement  with the same method in order to explore the energy dependence 
(PTA Collaboration). 

It is important to note that the measured accuracy of o, is not bound  by 
statistics, but rather by systematic error and  theoretical ambiguity. Recently, 
there has been  theoretical progress in calculating a, from experimental data. 

One  is the NLL (Next to Leading Log)  Parton Shower Program by Kato and  
Munehisa” from the TRISTAN Theory Group. Because Am is arbitrary in 
the Leading Log  approximation, we have to go  to the NLL approximation to 
define AZ. Another method is called the “resummed formula,” which analytically 
calculates various observables up  to complete second order in or, and  conducts 
a  resummation of the leading and  next to leading logarithms to all orders of (I,. 
This method was appl ied to the recent LEP experiments.2”22  

‘:Table 5. The fitting results of a.(58 GeV) from T,p, and  ys by NLL jet and  
resummation method. 

Method obs. a,(58 GeV ) stat. exp. hadr.  theor. 
T 0.1249 f0.0050 f0.0012 f0.0035 f0.0029 

NLL jet P 0.1235 f0.0059 f0.0006 f0.0013 f0.0036 

Y3 0.1309 f0.0050 f0.0024 f0.0026 f0.0103 
T 0.1339 f0.0040 f0.0008 f0.0022 ‘;:g;z 

Resummation p  0.1287 f0.0041 f0.0005 *0.0020 ‘o”:gg 

313 0.1322 f0.0056 f0.0025 fO.OO1O “;:E; 

Here we would like to present the analysis done  by the TOPAZ group24 which 
is a  typical example of these works at TRISTAN. W e  obtained o, from thrust (T), 
heavy jet mass (p = (A4i:&/E”,.)2), and  differential jet rate (ys). M& is the 
heavier jet invariant mass in two hemispheres separated by a  plane perpendicular 
to the T axis. y3 is def ined as the smallest value of the jet resolution parameter 
yjj = 2[Min(Ef, E;)]( 1 - COSB;~)/E;;~ which recognizes the three separated jets 
with the Durham jet clustering algorithm. 23  These variables are supposed to be  
non-coll inear and  give close values for parton level and  hadron level distribution. 

Compar ison is done  between acceptance-corrected experimental data and  cal- 
culated particle distributions after hadronizat ion and  smearing by Monte Carlo 
(see Fig. 13). A fit is done  in the region where hadron/parton corrections are 
small. Solid histograms show the fit by  NLL jet Monte Carlo, and  smooth curves 
show the frt by  a  resummed formula. Best fit values for a, in both observables 
and  the theoretical method are summarized in Table 5. 

The systematic error in the NLL jet method comes mainly from the cut-off 
parameter Qa  in the fragmentation model.  A main source of systematic error 
in the resummed formula is theoretical uncertainty in matching linear or log in 
the resummation process and  scale parameter dependence which is small but still 
remains. W e  have changed h~(~~/s) from -1 to 1, and  the difference is included 
in the systematic error. Compar ison of TOPAZ and  AMY results with a  similar 
method at 58  GeV is given in Fig. 14. The preliminary result from the PTA col- 
laboration at different energies with a  resummed formula is summarized in Fig. 15. 
At this moment,  Am = 364  MeV fits well with the results of all three groups. 
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4.3 Property of Gluon Jets 

In &CD, gluons have a larger color charge than quarks. According to the Altarelli- 
Parisi splitting kernels, the ratio of gluon to quark bremsstrahlung probability 
is roughly 9/4. Therefore, a gluon jet is expected to have higher multiplicity, and 
consequently will have a softer particle distribution than a quark jet. 

The VENUS group26 tried to derive the particle spectra for gluon jets by 
comparing the spectra of two types of event samples: (i) three-fold symmetric 
“Mercedes like” three-jet events (qqg sample), and (ii) three-fold symmetric two- 
jets + y events (qq(y) sample), where the y was emitted by initial-state radiation 
towards the beam pipe and went undetected. Since the two quark jets in the 
qqg sample are identical to the qq(y) sample topology, a definitive comparison 
between gluon jets and quark jets is possible in the same detector and in the same 
kinematical ranges. 

Common requirements for the three-jet and two-jet + y sample is that the 
total energy should be larger than 5 GeV, no hard y emission should be in the 
active region of the detector, the three angles between jets (or y) are between 100” 
and 140”, and the total of these angles is larger than 358”. For a qqg candidate, the 
visible energy should be larger than half of the collision energy and the momentum 
should be balanced. For a qq(y) candidate, the visible energy should be more 
than one-third of collision energy, and the required momentum balance should be 
between 0.3 and 0.7, which means the y escapes in the beam pipe. After these 
selections are done, the averaged jet energy is around 19 GeV for both types of 
candidates. 

In the qq(y) sample, jets are supposed to be purely quark. On the other hand, 
in the qqg sample one-third of the jets are from gluons and two-thirds are from 
quarks. For each sample, the fractional momentum (r,) distribution of the charged 
particles is plotted in Fig. 16(a). Significant deviation can be observed between 
the two distributions. The contribution from the gluon jets can be extracted 
by a weighted subtraction of the qq(y) sample from the qqg sample as shown in 
Fig. 16(b). Assuming the qq(y) sample to be a purely quark jet, we can clearly 
see that the gluon jet is significantly softer than the quark jet. 

Another way to present the difference is to calculate the following ratio n(zr,): 

R(q,) 1 1 - Ww9) 1 1 Ww(y)) = -- 
3agg zrp 2%2,’ 

Figure 16. (a) rp distributions for qqg (open circles) and qq(y) (solid circles) 
sample. The predictions of the PS model is shown with a solid (dashed) curve for 
the qqg (qq(y)) sample. (b) The extracted rp distributions for gluon jets (open 
circles) and for quark jets (solid circles). 

This ratio is plotted in Fig. 17 together with the prediction of the various Monte 
Carlo models. Again, it shows that the gluon jets are softer than the quark jets, 
and also that the parton shower model agrees well with the experiment. 

5 Two-Photon Process 

5.1 Inclusive Jet Production 

It has been known27,2” that the hadron production in +y~ processes is not com- 
pletely explained by the Vector Dominance Model (VDM) and the Quark Parton 
Model (QPM). Drees et al.,29 mention that the hadronic component of the y 
plays an important role in hadron production in the high energy yy processes, 
and multijet events are expected (Fig. 18). In the resolved photon processes 
shown in Fig. 18, one or two spectator jets are produced predominantly along the 
beam direction. These events will provide us with information on gluon density 
in the photon, as well as quark density, which are both ambiguous at present. 
Also, several models give quite different distribution functions, especially for glu- 
ons (Fig. 19). The TRISTAN energy region starts to be dominated by the hard 
scattering of photons. 

. 

i 
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Figure 17. The ratio R(x,) vs. xp, together with several model predictions. 

The AMY group 3o demonstrated the hard scattering of photons in the thrust 
distribution from no-tag yy events with $p > 3 GeV /c, which is compared with 
VDM, QPM, and the Multi-JET (MJET) models, with and without taking care 
of the gluon content of the photon (Fig. 20). The contribution of MJET wit,h 
gluons is evident. 

The TOPAZ group3’ tried to define a jet as a cluster comprised of particles 
inside a unit circle of pseudorapidity (II I - In tan(0/2)) and an azimuthal angle 
(4). Particle i is included in jet J if (vi - 7~)~ + (di - 4~)~ < 1. This jet clustering 
method has been used for hadron collider experiments, and is also suit,able for this 
case since a high pT jet (9; > 2.5 GeV /c in this case) can be well-separated from 
the remnant spectator jets in the 9 - 4 plane. A typical two-jet event is shown in 
Fig. 21. To make a direct quantitative comparison with a theoretical prediction, 
jet inclusive cross sections are defined as follows: 

for e-e+ + e-e+ + jet + X, and 

da(2jets) 
dp( = Lo;ld~l ~::id~& 

for e-e+ + e-e+ + jet + jet + X. In Fig. 22, inclusive one jet and two jet cross 
section as a function of pj,” for the pseudorapidity interval (71 < 0.7 are compared 
with the direct only process (VDMSQPM) and various hard scattering model 

e’ 

dl jet 

e’ 

Figure 18. Diagrams and the final state event topology for (a) the VDM, (b) 
the QPM (direct), and examples of (c) single-resolved and (d) double-resolved 
processes. 

@= 10 (GeV/c)’ 

10-4 

X  

Figure 19. Comparison of the gluon distribution function in the photon by various 
for t,hc DG, LACl, LAC2, and LAC3 models at Q2 = lO( GeV /c)‘. The solid, 
dot-dashed, dashed, and dotted curves represent the LACl, LACZ, LAC3, and 
DG models, respectively. 

-365- 



I I 

: 
I 

m
 

I 
: 

I 

12 

‘I 
9f 

: 
I 
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with different assumptions on the gluon density distribution (Fig. 19). In the 
two-photon process, the pi distribution is sensitive to parton distributions at a 
relatively larger z region (I > 0.1). This is complementary to the ep collision 
experiment at HERA which is sensitive to a very small z region, r < 0.02 approx- 
imately. From comparison with the data, LAC3,32 D033+VMD, and DG without 
gluonM contributions are excluded and DG with gluons,34 LACl, and LAC232 are 
acceptable. Detailed information on the gluon density distribution in the photon 
will be revealed by further study of yy hard scattering processes. 

5.2 CE Production in Two-Photon Collisions 

c? production in yy processes also provide us with information on parton distri- 
bution in the photon (Fig. 23). 

VENUS tried this by inclusive e- detection with a lead glass Cherenkov counter 
and transition radiation detector and obtained 93 candidate events in the kinemti- 
cal region of 0.8 < p < 4.0 GeV /c and 1 cos0l < 0.68. Background subtraction 
was done by two different methods, (i) using vertex chamber information and (ii) 
using impact parameter distributions, which gave 50.0f11.7events and 41.9f12.5 
events, respectively. Both are two to three times larger than the calculation by 
VDM + QPM + 1 resolved processes, which give 16.7 f 1.3 events. 

Another method is to identify D’ by the mass difference method AM = Mh - 
hfo in various exclusive decay channels35 (Fig. 24(a)). The cross section is plotted 
in Fig. 24(b), together with prediction by the QVM + QPM + MJET model with 
a reasonable assumption of gluon density. The cross section for 2.6 < p, < 6.4 
GeV is 19.8 f 7.0 pb, which is about twice the expected value 9.0 pb. This is an 
excess of more than 10 pb, and parameterization in the resolved process, which 
is most ambiguous at this moment, can account for 2 to 3 pb, but the excess 
is much more than that. There is still a large ambiguity in calculating QCD 
processes in the two photon collision, and the apparent excess of charm events 
could be explained by those effects. If QCD processes are not enough to fill the 
gap, we may have to consider some new process, for example, production of light 
scalar top with mass around 15 to 25 GeV, which dominantly decays to c + 2,. 
This excess should be checked further at various final states and with much higher 
statistics. 

Figure 23. Charm pair production mechanism in yy collision. 

Figure 24. (a) Mass difference AM = Mi - MD shows D’ signal in a two-photon 
process. (b) Differential cross-section da(D’*)/dp,. 
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6 Summary and Future Prospects ;, References 

The test of electroweak theory in the y - Z interference region was improved in 
both lepton and quark sectors. A heavy neutral boson suggested by L3 data was 
searched for in the mass range of 58 to 60 GeV. No anomalous signal was observed, 
leading to limits being set on the partial decay width. 
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1 The CLEO Collaboration 

The CLEO Collaboration started in about 1976 with six institutions and about 
70 physicists. It now has z 200 physicists from the following institutions (name 
in upper case letters implies original member group): California Institute of Tech- 
nology, University of California-San Diego, University of California-Santa Bar- 
bara, Carleton, Carnegie-Mellon, Colorado, CORNELL, Florida, HARVARD, Illi- 
nois, Kansas, McGill, Minnesota, SUNY-Albany, Ohio State, Oklahoma, Purdue, 
ROCHESTER, Southern Methodist, SYRACUSE, and VANDERBILT. 

2 The CLEO II Detector 

A three-dimensional sketch of the CLEO II detector’ is shown in Fig. 1, and cross- 
sectional elevations are shown in Fig. 2. ,It is a general purpose magnetic detector 
utilizing a superconducting solenoidal coil operating at 1.5 Tesla. Starting at the 
beam pipe, there are three tracking chambers, a scintillator TOF, and an EM 
calorimeter consisting of 7800 5 x 5 x 30 cm3 cesium iodide scintillating crystals. 
Outside the coil are t,hree layers of muon detectors interleaved in iron. 

Momentum resolution via tracking is given by: 

(6pJp# = (.0017pJ + (.005)2. (1) 

The momeutum of most charged tracks is measured to z f 0.6% limited by 
multiple scattering. The energy resolution of the EM calorimeter for gammas and 
electrons is given by: 

’ 314 Q/E(%) = 0.35/E + 1.9 - 0.1 E, (2) 

where E is in GeV. The resolution is 1.5% at 5 GeV limited by fluctuations in 
shower containment and rises to about #% at 100 MeV. dE/dx is measured by the 
tracking chambers to 6-7%. TOF resolution is z 150 ps. Figure 3(a) illustrates the 
ability of the EM calorimeter to identify electrons. It shows the E/p distribution 
for the one prong from a sample of l-vs.-3 r+r- events. The probability that a 
hadron fakes an electron is z l/3% at 2.5 GeV. Figure 3(b) illustrates the ability 
of the EM calorimeter to reconstruct events with multiple T’S. It shows m,, vs. 
mT1 for a sample of r -+ 3a*2n0 events. Finally, Fig. 4 shows observed dE/dx vs. 
fl. CLEO would benefit from improved capability in rr - h’ identification. 
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Figure 1: Three-dimensional sketch of the CLEO II detect,or. 

Figure 2: Cross sections of the CLEO II detictor in planes parallel and perpen- 
dicular to the beam line. 

3 Comments on B Physics at Y(4S) 

Figure 5 is a sket,ch of the ee -+ hadrons total cross section as a function of 
cm energy. The T(4S) resonance sits on top of a continuum background whose 
cross section is 3.3 times bigger. Hence, evenjwhen running on the resonance, for 
each Bfi event there are 3.3 background hadronic events. Suppressing or at least 
properly estimating the background from the’continuum events is a central focus 
of most, CLEO B physics analyses. 

We believe all T(4S) decays are to BB. I The mass of the T(4S) is only 20 
MeV greater than 2 MB. Hence, there are nb extra ?TS, KS, etc. The events are 
clean. It is helpful to know that each track and shower is a progeny of a B meson. 

Normally, when one tries to reconstruct a particle, one takes the tracks that are 
the candidat.es for the decay products and calculates from the measured energies 
and momenta the measured invariant mass. In the case of B reconstruction at 
CLEO, this prorrdure yields a mass resolution of about 30 MeV. However, when 
running at. t,he 4S, we know that the sum of t,he energies of the daught,er particles 
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Figure 3: (a) Illustration of the ability of the EM calorimeter to identify electrons. 
(b) Illustration of the ability of the EM calorimeter to reconstruct multiple s”s. 
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Figure 4: dE/dx vs. momentum distribution obtained from the tracking chambers.  

must equal  the beam energy. Therefore, when calculating invariant masses for a  
sample of B decay candidate events, CLEO can use the beam energy in place of 
the sum of measured energies. This results in an  order of magni tude reduction in 
mass resolution, which is a  very big help in enhancing signal to noise. 

Tagging: Since T(4.S) +BB, if one  can identify one  set of tracks as coming 
from a  B+, then one  knows the other set must be  from a  B-, etc. 

1 
9.9 w lo.6GeV 6-) 

Figure 5: Sketch of ee  + hadrons total cross section as a  function of cm energy. 

No time information: The flip side of the low Q-value coin is that since the 
Bs are made almost at rest, one  cannot  (in a  symmetric machine) get any useful 
time information as to when the B decays;  Hence,  one  cannot  measure lifetimes, 
time dependent  mixing, or CP violation asymmetr ies that require knowing which 
B decayed first. 

4 RARE B DECAYS 

4.1 Electromagnetic PenguiTs (B -+ K*-y) 

4.1.1 Introduction 
I 

In the Standard Model  (SM), FCNC are forbidden at tree level but can exist via 
loop (penguin) diagrams. Such diagrams yere introduced 18  years ago  to explain 
the aI=1/2 rule in I< decay.  Penguin diagrams are possible contributors to direct 
CP violation. A signal for penguin processes is seeing 6  --t ST. This may involve 
emission of a  real photon or a  lepton pair (Fig. 6). In B meson decay,  we expect  

l-7 >> rI’AI,F 
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Figure 6: Electromagnetic penguin diagrams with and without pair creation. 
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4.1.2 Why Study Electromagnetic Penguins in B Decay? 

Motivation includes: / 

i) Confirm that penguin processes DO occur (prior to this year, no signal for a 
penguin proress had been report,ed). BRs are expected to be orders of magnitude 
great,rr t,han for I< meson penguin decay.’ 

ii) Check QCD. Confirm that penguin processes occur with expected rate.’ 
The b + s-y inclusive rate has been calculated* to be 3-4 low4 for Mt z 150 GeV. 
The rate is enhanced a factor of x 4 by QCD corrections. 

iii) New physics. If ot,her part,icles exist, there will be additional amplitudes 
that can interfere constructively or destructively (Fig. 7). 

iv) Mass of the charged Higgs: In one class of two Higgs doublet models, the 
loop diagram with Ht replacing W+ interferes constructively and also receives 
strong QCD corrections. Therefore, I’(b -+ sy) can be sensitive to the existence 
of H+, especially if its mass is I: a few hundred GeV. This spring, it was pointed 
out3 that, a 1991 CLEO upper limit4 on B(b -+ s-y) came close to showing that the 
MH+ in these models would have to be so large as to exclude the decay t + H+b. 
This would seriously compromise one’s ability ‘to detect such an H+ in SSC/LHC 
sear&s. If these aut,hors are correct, then recent results described below do 
rule out. t -+ H+b (for certain two Higgs doublet models without additional new 
particles). 

BRs for exclusive and inclusive b -+ sy decays, both theoretical and measured 
prior t,o this year, are given in Table 1 (theoretical BRs for exclusive K*y modes 
covrrrd a very wide range and are omitted). 

1 

y/l Conf., Geneva ‘91 

Table 1: Previously predicted and measured b -+ sy BRA 

Figure 7: New physics diagrams. 

CLEO has now analyzed and reported5 results from 1.4 fl-’ of T(4S) data 
(approximately three times the data for Geneva). Relative to previous published 
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studies, the CLEOII detector used to obtain this data has a much improved y 
detector (7800 CsI crystals). 

4.1.3 

The signature for this process is seeing a bump in the rnK+ distribution at rnK.o-,= 
mB. The K’O decay mode used was K’O + K-a+. 

The analysis procedure was the following: 

l Select hadronic events using standard cuts. 

l Select events with “good” -y: 

2.1 < E-, < 2.9 GeV, 

good barrel region (Icos~,~ < 0.7), 

no match to charged track, 

and shower shape consistent with isolated photon. 

l Most high energy ys are daughters of a so (or no). Hence, eliminate the y 
if it can be paired with another 7 to make so or 7, Figure 8(a) shows the 
observed -yy invariant mass distribution. 

s Select KS candidates: 

apply track quality cuts, 

require dE/dx and/or TOF within 2.5 17 for assumed mass assignment, 

821 < mK-.+ < 971 MeV, 

Icos@K-.+I < 0.8 (K*s from B + K*y decay with 

a sin2@K-,+ distribution). 

l Suppress continuum via various cuts including R2 (the normalized second 
Fox-Wolfram moment) < 0.5. 

IcosBs-~.,,,l < 0.85. (B decay events are like sin2Bs-a.,). 

l A E (= Eka,,, - E7 - EK-,+) cut. Require IAEl < 90 MeV (2.2 o). 

s Plot mK., distribution where mKe7 = beam constrained mass 

mi.., = EL,,,,, - P,&,. (3) 

The observed beam constrained mass distribution is shown in Fig. 8(b). There 
are eight events in the signal region (= ms f 6 MeV). 

Q . I I . I . I 

K-r+ y (b) 
?- 

2- 3Mev/bin 

Figure 8: (a) m,, distribution when the high energy y is paired with all other 
ys. (b) The observed beam constrained maes distribution for B -+ K”(892)-y 
candidates. 
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Next, we describe the estimate of the number of events in the signal region that 
are really background from continuum. While running below the T(4S)(633 pb-I), 
there were zero events ‘n the signal region. To increase statistical accuracy of the 

1 
background estimate, we use the grandsideband (GSB) in AE-MK., space shown 
in Fig. 9. 

The estimated background in the signal region is obtained from the observed 
number of events in GSB (= 27), the known ratio of signal area to GSB area 
(= l/22), the ratio of density of background events in GSB to density in signal 
region (= 1.16 f 0.1 from Monte Carlo [MC]), and by conservatively assuming all 
events in GSB are continuum. Thus, the 4s running implies 1.1 f 0.23 continuum 
background events in the signal region. We also use the number of events ob- 
served in the GSB during 4s running and get, with (slightly) improved statistics, 
1.1 f 0.19 events. 

Next, we estimate the background in the signal region from BB events. For- 
tunately, it is difficult for a B meson decaying almost at rest to produce a 2.5 GeV 
gamma. We use MC to study B + D’y, pn O, K*?r’, I?“p- (modes that might 
produce high E ys), and also the probability of yy overlaps, merged no, fake gam- 
mas from I(; ol; iis, etc. The result is the estimate that background from Bn 
events is 0.30 f 0.15. 

Hence, the total background in the K*‘y signal regions = 1.4 f 0.25 events. 
The probability (Poisson) is t,hat 1.4 fluctuates to > 8 N 10m4. 

4.1.4 The Exclusive Decay B -+ Ii*-y 

The analysis procedure for B- -+ Ii*-7 is similar. Here we use the K’ decay 
modes I? + Ii,n- and Z<-n’. Unfortunately, the efficiency for detecting modes 
with a Zi, or a 7r” is lower than for K-T+. On the other hand, it turns out the I<, 
mode has very little background. K, candidates are selected by standard V-find 
procedures. The results are shown in Fig. 10(a). x0 candidates are required to 
have m,, = m,o f 2.5 c. Continuum background is suppressed via cuts similar 
to those used for B” + K”y. 

The resultant mass distributions are shown in Fig. 10(b) and the number of 
signal and background events are tabulated in Table 2. 

Figure 10: (a) Sample of KS mesons used. (b) The observed invariant mass 
distributions f 

7 
br 

,- 

B- -+ K.-r. 

5.200 5.220 5.240 5.260 5.260 5.300 
M  (K*y) (GeV) 

Figure 11: The observrd invariant mass distributions for B + K’y -all three 
modes combined. 

-377- 



h”- + K$- K’- --t h’-?rQ 
SIGNAL EVENTS ( 2 13 

1 &NT BKG. 1 0.05f0.03 1 0:8f0.3 1 
1 BB BKG. 1 O.O1fO.O1 1 0.1f0.05 

Table 2: Results for the B- --t K*-7 analysis. 

4.1.5 Combined Result and Conclusions 

The mass distribution for all three modes combined is shown in Fig. 11. This plot 
is the essential evidence for the claimed first observation of a penguin mediated 
decay. 

The efficiencies for the K-?r+y, Kfa-7, and K-so7 modes (from MC) are 
(11.9 f 1.8), (2.0 f 0.3), (3.1 f 0.5)% respectively. The calculated B -+ K’y BR 
for B” and B- are found to be consistent and the average BR is 

< BR(B + K’(892)y) > = (4.5 f 1.5 f 0.9)10-5. 

If we use the theoretical calculation for BR(b + sy) then 
(4) 

K*(892)7/(b + sy) x 10%. (5) 
Published theoretical expectations for this ratio vary widely. Form factor 

models give z 5-25%. A recent lattice gauge calculation by Soni et al.,6 gave 
(13 f 6)%. 

Conclusions: B + K’(892)7 has been seen, and measured BR and calcula- 
tions both have great uncertainty so no detailed test of QCD corrections is possible 
yet. However, rate is consistent with SM expectations and is significantly greater 
than expected if no penguin diagram was involved. 
Hence, penguins are alive and well. 

4.2 Electromagnetic Penguins (b + sy I&usive) 

4.2.1 Signature 

How can one identify a b + sy event? We have used simply the presence of a 
2.2 < E., < 2.7 GeV as the signature. 

The rationale is that for free quark decay at rest, we expect a S function 
E, spectrum at = 2.5 GeV. This’will be Doppler broadened due to the Fermi 
momentum of the b quark and the motion of the,B meson in the lab (Ps = .06). 

Ali and Greub7 have calculated the spectrum using a modified free quark 
model and find z 90% of the spectrum is within 2.2-2.7 GeV if the Fermi momen- 
tum parameter is of order 300 MeK/c (a value close to what CLEO finds when 
fitting the shape of the SL spectrum). 

The biggest expected background will again be from continuum events. There 
will be high energy 7s from rr”s and from initial state radiation (ISR). 

Background from BB events is expected to be small, again because it is difficult 
for B decay almost at rest to produce a 7 with E > 2.2 GeV. 

The analysis procedure is to select events with a “good 7” (See Section 4.1.3), 
apply the so q” veto, and suppress continuum via cuts on shape variables. Then 
do a scaled coutinuum subtraction, and finally, determine the expected b + c 
contribution and subtract it. 

The observed E, distributions are shown in Fig. 12. 
The number of gammas 2.2-2.7 GeV in the ON(OFF) data = 635(263). The 

net number after scaled continuum subtraction and subtraction of the b + c 
contribution (calculated by MC) = 69 f 43. Hence, the net signal is consistent 
with zero. The efficiency for events with 2.2 < ET < 2.7 GeV (as determined by 
MC) = 16 f 1%. To be conservative, it was assumed that only 70% of the ET 
spectrum is within 2.2 to 2.7 GeV (Ali’s calculation implies approximately 90%). 

Using the number of BB events in the data sample (= 1.4 106) and adding 20% 
to the upper limit on the observed signal to account for systematic uncertainties, 
CLEO finds 1 

1 
BR(b -i sy) < 5.4 1O-4 95% CL. : (6) 

This is a 35% reduction from the l&it reported at Geneva ‘91. 

4.2.2 Implications for New Physics 

The CLEO results have significance for two-Higgs-doublets models (2HDM). Type 
I models, to avoid FCNC at tree level, couple only one Higgs doublet to both “u” 
and “d” quarks. Joanne Hewett (see her talk at this conference) has used the new 
CLEO upper limit on B(b --f sy) and the CLEO B(B +K*7) BR as a lower limit 



DflA j 
- ON (a) : 

Figure 12: (a) Ohserved ET distributions when running ON and OFF the 4S 
resonance. (h) E7 distribution after scaled continuum subtraction. 

1.0 5.0 

taflp-) 

(b) 1 

Figure 13: a) Region of hf,,+ vs. tnn@ space excluded by ohserved D(b --f sy) 
limits for Type I 2HDMs. h) B(b 4 s-y) vs. tanP for various MH+ for Type II 
2HDhls. 

on B(b -+ sy) to obtain the limited allowed region in MH+ vs. tan/3 space shown 
in Fig. 13(a). I 

Type II models avoid FCNC at tree level by coupling one Higgs doublet to 
“11” and the other to “d” quarks. For these models, Hewett obtains the results 
shown in Fig. 13(h). It appears that for’ these models, the CLEO result requires 
fif,,+ > 200 GeV (for a top quark mass of 150 GeV), which probably rules out 
t + H+b. 

In the Minimum Supersymmetric Standard Model (MSSM), there are addi- 
tional contributions to b + sy due to loop diagrams involving SUSY particles. If 
the stop quark is sufficiently light, a loop involving it and a chargino could cancel 
the effect of the top-charged Higgs contribution. Hence, the new limit on b + sy 
does not yet rule out t -+ H+b within the framework of MSSM. 

4.3 B” + K-n+, R--B+ 

The A-T+ decay mode is interesting for various reasons. It is a b + u decay 
which may yield information on IV.& It is a CP eigenstate. The difference 
hetwecn r(B” -+ A-T+) and r(fi” --t ?r-n+) measures one of the angles in the 
CKM “unitary triangle.” Hence, a measurement of B(@ -+ a-m+) is useful for 
planning CP violation experiments. The K-d mode can proceed via a gluonic 
penguin or a double Cahibho suppressed spectator mode (Fig. 14). These two 
diagrams can interfere, giving direct CP violation. 

Theory predictions* for the BRs are = 1.5 lo-’ and (1.1-1.7)10-5 for ?T?T and 
K?r, respectively. 1 

The analysis method used is briefly described. Background (mostly from the 
continuum) was suppressed by using a Fisher discriminant rather than simple cuts 
on the individual shape variables. Measured e 

nergy was required to he within a 
few u of the beam energy. The KTT vs. ~T?T identification was attempted using 
both dE/dx (X 2a) and AE (X 1.7~). A maximum likelihood fit was made to 
determine how many of the accepted candidates were Ka, K?T, and background. 
The motivation for this procedure (which then fails to identify individual events) 
is that there is a high analysis efficiency (x 40%). The data sample had 1440 
(670) pb-’ ON(OFF) the Y(4S). 

The results of the likelihood fit are shown in Fig. 15. The maximum likelihood 
point, is N 50 from no signal in either mode; however, the relative amounts of Ks 
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Figure 14: Two diagrams for the 1i-rr+ mode. 

Figure 15: Plot of likelihood contours for the fit to NK~ and N,,. The solid lines 
represent 1, 2, 3, and 4 sigma contours. 

and 7~8 are not well-determined. Hence, CLEO sees evidence for existence of at 
least one of these charmless mode? and finds the following 90% CL upper limits 
for each mode separately: 

B” -i Ii-a+ , < 2.5 1O-5 (7) 

B” + T-A+ < 2.8 10-s. (8) 
Central values for the individual BRs are roughly 1 10m5. 

5.1 Introduction 

CKM matrix elements are fundamental parameters of the SM and need to be 
measured if the overconstrain CKM matrix may get evidence for new physics. 
Kobayashi and Maskawa proposed a third generation before the discovery of 
b quark as a “natural” way to accommodate CP violation. But this requires 
each CKM matrix element to be nonzero (otherwise, it can rephase and eliminate 
the complex matrix element). Indeed, to explain observed CP violation in K°Ko, 
we need lVub/Vcbl > 0.05. Is it? 

Methods for measuring IV,t,l include using the inclusive p’spectrum of leptons 
from B meson semileptonic decays and measuring BRs for exclusive b + u 
B meson decays. 

I 

5.2 Some History I 

The B meson was discovered around l1979. During the following ten years, all 
observations were consistent with Vu* .= 0. In 1989, CLEO reported the first 
evidence for Vu,, # 0 via observation of leptons in SL B decay with p’ > the 
kinematic limit for b --f c. This CLEO result was later confirmed by ARGUS. 
Both groups found IVub/Vcbl N 0.1 f 0.05. 

In the Wolfenstein parameterization of CKM matrix Fig. 16(a), we know 
X(Cabibbo angle) = 0.22 and A M 0.8-1.0 but we know little about p and 17. 
The CLEO result I\Ju~/Vcbl = (0.1 f 0.05) = XJm implies that p and n are 
restricted to points within the shaded region of Fig. 16(b). 
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Figure 16: (a) Wolfenstein parameterization of CKM matrix. (b) Allowed values 
of p and rl. 

SHAPES OF St 8 DECAY LEPTON SPECTRA 

Figure 17: Diagrams for SL B meson decays and corresponding lepton momentum 
spectra. 

What has been learned via exclusive’modes? As of now, there is no confirmed 
evidence for any specific exclusive b + 74 B decay. 

5.3 A New CLEO Analysis of the Inclusive p’ Spectrum 

CLEO has completed a new analysis using PZ 1 fb-’ (X 2 lo6 B decays). This 
represents an approximate four-time inciease in previous CLEO or ARGUS data 
samples. Further, this data was taken with the CLEO II detector which has a 
better EM calorimeter and better 11 detectors than did the CLEO detector used 
in the original measurement. The idea of the method is illustrated in Fig. 17. 

For B meson semileptonic decay via b --t c, the hadronic system mass must 
be at least that of a D meson, whereas for b -+ u, it need only be as large as that 
of a 7r. Hence, the lepton momentum can extend to larger values in the b -I u 
case. The kinematic limit for the lepton momentum in b + c is lpi < 2.46 GeV/c. 
CLEO has measured t,he BR for semileptonic B decay with 2.3 < Id < 2.6 GeV/c. 

Although the idea is simple in principle, there are problems. 

l First is t,he small size of the expected signal. If IVub/KJ = 0.1 and if 10% 
of the b -+ u momentum spectrum extends beyond 2.3 GeV/c, one expects 
the spectrum shown in Fig. 18. 

l Obviously, before interpreting such a spectrum as evidence for b + u, one 
has to know well the tails of one’s momentum resolution. Momentum mis- 
measurements of the more copious b -+ c leptons could simulate the b -+ u 
signal. 

I 
l There is background from continuum hadronic events which also produce 

leptons with momentum above 2.3 Ge\f/c. Hence, the scaled continuum 
subtraction is important. The resultant signal is the difference beiween what 
tends to be two large numbers with con&mitant statistical problems. 

l The cuts used to suppress continuum introduce a q* dependence into the 
efficiency. This makes the calculation of the efficiency model dependent. 

l Finally, as will be seen, the most serious problem is the model dependence 
involved in deducing IV,,$&,J from t,he measured BR. 
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5.4 The New Results 

The observed signals before and after continuum subtraction are shown in Fig. 18(b) 
which is a blow-)p of the tail region shown in Fig. 18(a). The solid histogram in 
the upper half of Fig. 18(b) shows the ON data whereas the hatched area depicts 
the scaled OFF data. The result of a fit to the OFF data is superimposed (solid 
line). In the lower half of Fig. 18(b), the dots are the result of subtracting the 
scaled fitted OFF data from the ON data. The solid histogram shows the pre- 
dicted b --t c contribution. Note the good cancellation for 2.6< lpi < 3.0 GeV/c. 

The relationship between the measured BR for B + IuX, with 2.3 < lpi < 
2.6 GeV/c (=A(BR)) and Vub is obtained as follows: Let 

rsr. = IKel*-Y” + lKhlZ-k (9) 

define yi. Then 

(10) 

where d(Ap) = f(Ap)-yu/rc, f(Ap) = fraction of b + u with Fin Ap, and d(Ap) 
must be obtained from theory. 

For Ap = 2.3 to 2.6 GeV/c, values of d(Ap) range from 0.06 (ISGW’) to 0.13 
(ACCMM’O) to 0.16 (KS”). 

If Altarelli et al. (modified free quark model), is used, CLEO finds 

Ivu(,/i’$b( = 0.075 f 0.008. 

If models with a limited set of exclusive final states contributing to b -+ u 
with 2.3 < lpi < 2.6 GeV are used, then 

0.06 < Ivub/l/c6( < 0.10. 

The new CLEO result is a smaller value for Il/ub/v&,l, and the uncertainty 
in the result is dominated by the uncertainty in which model to use to extract 

I&b/&b1 from A@@. 

Form factor models (KS, WBS, ISGW) have been criticized for failure to 
include enough explicit final states. But it would appear that this makes them 
overestimate IV,,b/&,l. 

Attempts are beginning at nonperturbative QCD calculations. The next ma- 
jor improvement in our knowledge of II&/v&l ma need to await their success. y 

EXPECTED SIGNAL IF ?%bcI -D I 

L!Y!?!- b-u 
Ccal”but~on 

f ._. -- 
0 OS IO I5 20 25 

(a) 

Figure 18: (a) Expected signal. (b) Data-see text for explanation. 

I 
C 
2 

Figure 19: For Dt decay, there can be two identical d quarks in the final state, 
giving rise to the possibility of interference. 
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6 T+/TO)~ 

6.1 Review 1 

A “naive” application of the spectator model suggests r+/r”) = 1. There was 
some surprise when the ratio for D meson decay was measured to be z 2.5. The 
usual explanation for the large departure from 1.0 is interference between the two 
D+ decay amplitudes shown in Fig. 19. 

But why is the interference negative? Some theorists have suggested this is 
simply a consequence of the Pauli Principle. Two identical Fermions in the final 
state means some kinematically allowed points in phase space are not available 
for the decay. I have heard this point of view also expressed in connection with 
relating Fror to the forward scattering amplitude. As indicated in Fig. 20, there 
is one amplitude for Do, but two amplitudes with a minus sign for D+ in which 
the lines for the identical Fermions have been switched. It is expected that r+/rO 
should be closer to 1.0 for B meson decay due to the larger b-quark mass, but if 
there is a departure from 1.0 then because the same Pauli Principle explanation 
applies, the departure should be in the same direction-i.e., this argument implies 
r+ > r” because the B+ can have two identical ti quarks in the final state (Fig. 21). 

Question: Is this what is observed? Answer: The jury is still out. 

6.2 New CLEO Measurement of ~+f+-/~~fm)~ via B+ 

D’lV 

The assumed I-spin independence of the c (ii, d) interaction implies 

r(B- + D’OI-u) = r-(BO -+ D’+I-u) (11) 

and hence 
BR- Jr- = BRO/rO. 02) 

Normally, CLEO measures the products BR-f+- and BR’foo because we 
know the number of BB events produced but not the number of B+B- and BOB0 
separately. Hence, CLEO measures 

R BR- f+- -r-f+- A,E,&$ = - = -. 
BROfoo rOfoo 

(13) 

Figure 20: One amplitude for Do, but two amplitudes with a minus sign for Dt 
in which the lines for the identical d Fermions have been switched. 

Figure 21: One amplitude for B”, but two amplitudes with a minus sign for B- 
in which the lines for the identical u Fermions have been switched. 
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The data sample used is 1200 pb-’ at the T(4S) (Z 10” Bs). The anal- 
ysis method is to fully reconstruct D’O(D*+) for events with a high p’ lepton 
(> 0.8 GeV/c fo e and > 1.4 GeV/c for CL), use D” ,+ noDo and D’+ + n”Df 
(not D’+ + s+ LIJ ) so that the ratio is independent of the so detection efficiency, 
and look in the D’l missing mass distribution for a v signal. 

MM2 = (Es - ED. - Ed2 + (FE - ib - 5) (14) 

where Eg is set equal to the beam energy, and p’8 is set equal to zero. The 
observed MM distributions are shown in Fig. 22. The width is largely due to the 
error made by setting p’8 = 0. 

The result is 

R r-f+- - = 1.20 f 0.20 f 0.19, 
MEAS = flfoa (15) 

which is consistent with 1.0 and in which the small deviation is in the “expected” 
direction. 

6.3 New CLEO Measurement of T+/TO)B Using B Tags 

This analysis is again based on the assumed I-spin independence of the c (ii, d) 
interaction which implies 

r(B- + l-I/x) = r(B" -+ I-VY) (16) 

and hence 

BR- Jr- = BRO/rO. (17) 

In this analysis, CLEO does get BR- and BR” separately because only events 
are used in which there is a reconstructed B which then serves as a tag. This, 
of course, means a big price is paid in efficiency. The inclusive SL BR is used to 
increase statistics. 

The data sample used is 1410 pb-’ at the T(4S). 
The analysis method is to get a sample of tagged BB events. The categories 

of tags and number of tags obtained are listed in Table 3. 
B* tags require opposite sign leptons. For B” tags, accept either sign lepton 

(because of mixing) and estimate the background due to cascade (i.e., D  meson) 
decays. 

-5 0 5 -5 0 5 

M M ’ in GsV’ M M ’ in Geti 

, . , . , (b) 

Figure 22: (a) Observed MM distributions for D*‘I-v and (b) D’+l-u. 

Figure 23: (a) Observed invariant mass distribution for B + hadron tags. (b) 
Observed MM distribution for B + D’lv tags via partially reconstructed D’. 
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1 TYPE OF TAG 
Fully re&nstruct B” --t hadrons 
Fully reconstruct Bt + hadrons 
B- --t D'"l-u (fully reconstruct D') 
B” --t D*+l-v (fully reconstruct D') 
Do -+ D*+l-v (partially reconstruct D') 
Partially reconstruct l?’ + D*+r- 

Table 3. 

NUMBER 
492f31 
919f42 
231 f 30 
387 f 30 
7100 f 182 
754 f 51 

The signals obtained for the tags via fully reconstructed B -+ hadron are 
shown in Fig. 23(a) and for the tags via B 4 partially reconstructed D’ in 
Fig. 23(b). 

The results are tabulated in Table 4. 

INCLUSIVE B+ SEMILEPTONIC BR (12.0 f 1.7 f 1.8)% 
INCLUSIVE Bs SEMILEP’TONIC BR (11.4 f 0.7 f 1.3)% 
r+/rO)B 1.05 f 0.16 f 0.15 

Table 4: 

Thus, the measurement of rt /TO) B which has an accuracy of f20% is consis- 
tent with 1.0. 

7 The B Semileptonic’BR 

A brief review: 
/ 

a Naive quark counting alone predicts BR (B+ evX) = l/9 = 0.11. 

l If we add phase space factors for r and for W  errors-+ SE then = 0.17. 

a After also adding QCD corrections,‘theorists get 2 0.125. 

l CLE012 using 212 pb-’ has published a BR. The result is model dependent. 

Using Altarelli et al., 0.105 f 0.002 f 0.004. 

Using ISGW (and assuming 32% of X is D"), 0.112 f 0.003 f 0.004. 

Hence there is a mystery. 

The BRs reported in Section 6.3 are closer to the theoretical expectation but 
they are useless in this context because of their large errors. CLEO, however, 
has made a new measurement using the CLEO II detector with its improved 
lepton detection capability and a data sample of 952 pb-‘. The observed lepton 
momentum spectra are shown in Figs. 24(a) and (b). In esch figure, data for e 
and Jo are shown separately. The extraction of the BR is model dependent for the 
following reason-what is observed is the combination of leptons from B decay 
and cascade leptons from the SL decay of D mesons which are progeny of the Bs. 
A fit must be made to the combined spectrum to extract the number of leptons 
from B decay. The shape of the D decay spectrum is known from measurements 
by MARK111 on D decays at rest folded with measurements of the D momentum 
spectrum for Ds from B decay. The shape bf the B decay spectrum must be 
obtained from theory. Figure 24(a) shows thf fit using the model of Altarelli et 
al. Figure 24(b) is the fit using the model of ISGW. In ISGW the fraction of the 
time that X is D" is one of the free parameters. The best fit for this fraction was 
equal to (21 f O.OS)%. 

1 

The measured BR using each of the two models is given in Table 5. 
Hence, the mystery remains. 



Figure 24: Observed e and p momentum distributions and the fit of the observed 
spectra using the shape of the spectrum from B decays given by the model of 
(a) Altarelli et al., and (b) ISGW. 

8 EXCL (Two-Body) Hadronic B  Decays 

8.1 Introduction 

CLEO has an ongoing program to measure BRs and polarizations for exclusive 
hadronic B decays. This section reports implications of new measurements for 
AM (= Mp - MS-), color suppression, factorization, HQET, and ai and az. 

The data used was 923 pb-’ on the T(4S)(z lo6 B” and z lo6 B*). 
It is useful to keep in mind three distinct categories of two-body ‘hadronic 

decays which I will call I) pure “normal” spectator, II) interference, and III) pure 
color suppressed. They are illustrated in Fig. 25. 

The difference in lifetimes of the Dt and Do was discussed briefly in Section 
6.1. That discussion is relevant also here. There are two further facts about D 
meson decays worth noting because of possible relevance to the new results on B 
decays. 

1) in D meson decay 

r(D+ + PX+) = interference 1 
r(D0 --f It--x+) 

.=2 -, 
pure “normalll spectator 3 (18) 

where X=n or p. 

Figure 25: Three distinct categories of two-body hadronic decays. 

2) The BSW model13 parameters ai and a2 are measured to have opposite 
signs (as expected if the two diagrams in Fig. 19 interfere destructively). 

Question: Does the Pauli Principle (or some other argument) imply we should 
expect similar results for B meson decay? 

Table 6 lists PRELIMINARY BRs for some Category I), II), and III) decays. 

8.2 New Measurement of AM (= Mgo - MB-) 

Figure 26 shows invariant mass distributions for a set of “clean” decay modes of 
the B- and B”. Clean means the biggest signal/background and therefore, the 
best suited for extracting the B mass. , 

The result is (5279.8 f 0.2) MeV and (5280.2 f 0.2) MeV for the B- and @  
masses respectively, and AM = (0.44 4 0.25 f 0.12) MeV. When averaged with 
a previous ARGUS result ( AM = (-0.9 f 1.2 f 0.5) MeV) and previous CLEO 
measurements, one obtains 1 

AM = (0.2 f 0.3) MeV. 

Existing models14 predict values in the range 1.2-2.3 MeV. 

09) 
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B decay than D decay, and better for X = T than for X = D,. Factorization is 
the basis for most models of hadronic B decay. Is it valid? 

Figure 28: Factorization assumes negligible FSI between X and Y. 

CLEO has made two types of tests. First, using factorization, it is possible to 
relate @ ’ --t D’+X- and Do -+ D*+l-u (see Fig. 29). 

The relationship is 

r(i?O + D’+X-) 
&-3/42(BO j D’+~-u)l,p=,~ = 6n2f,21Kd12c2’ (21) 

where C is a QCD correction factor z 1.1. 
The test consists of measuring the left-hand side for X = rr, p, and al. For the 

right-hand side, CLEO has used measured values of jx(= (131.7 f 0.15) MeV), 
j,(= (215 f 4) MeV), and a value from the theory for jo, (= (205 f 16) MeV). 
The left-hand sides have been measured to f20%. Within that precision, Eq. 21 
is satisfied for 7~, p, and al. 

Figure 29: Factorization relates these processes (Test #l). 

The second type of test involves polarization. Factorization relates15 the po- 
larization in Do --t V,V2 and B” + VII-u (see Fig. 30). 

The relationship is 

$(B” + VIV2) = +B” + V~~V)~,+,~. (22) 

An advantage of this relationship is that it does not involve the QCD correction 
factor C. 

CLEO has applied this test to’B” --t D’+p-. Models” are used to get the 
polarization of the D’ in @ ’ --t D’+l-v at q2 = rn:. The result is 

+(D*+I-I&.=,: = (85 - 88)%. 

The measured polarization in B” + D*+p- is 

+ = (90 f 5 f 7)%, 

which is consistent with the prediction baaed on factorization. 

(23) 

(24) 

Figure 30: Factorization relates these processes (Test #2). 

8.5 A Test of HQET 

One basis of HQET is that the “color: magnetic moment of a quark Q  is o( 
l/M*. Therefore, as MQ + 00, the Q  spin degree of freedom decouples from the 
dynamics. A consequence of this, plus frtctorization, is the prediction that 

BR(B” -i D+X) 
BR(BO + 4*+X) = ‘.‘I (25) 

where X = rr- or p-. 
The CLEO measurements (Table 6) yield 

D+T- 
__ = .83f.16f.14 
D’+a- CW 

and 
Dfp- 
- = .84 f .16 f .14. 
D’+p- (27) 

Therefore, there is agreement with the HQET prediction (at the 20% level). 
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8.6 The BSW Parameters al, ~22 

8.6.1 Review 
I 

1) If one neglects hard and soft gluons then 

HEFF N GlJz[& + Bc]~. 

=& 

4: 4. or A 

2) If one includes hard gluon effects 

HEFF + H;,, - G/J;z(Cl(p)[& + Sc]b + C&@udb + Cd]). (29) 

r 

(28) 

The constant Ci can be calculated in QCD. 
3) If one next tries to include effects of soft gluons, one runs into difficulty. In the 
phenomenological model of BSW,r3 

GFF + GFF - G/d&,[& + sc]?6 + a2(p)[Fu& + zsb]). (30) 

Here, ai, and az are parameters to be obtained via fits to data. They are expected 
to be constrained by 

a1 = c, +@?2 

a2 = C2+IC*, (31) 
where < is the “color factor” =l/Noo~on. 

Table 7 shows the values of the various parameters prior to the new CLEO 
BR measurements. 

The value of < is obtained by fitting Eq. 31 to the calculated C’i and the 
measured ai. It may be noted that for D decays, oi is measured to be consistent 
with C,, ai and a2 have opposite signs, and < is 5= 0. 

Cl (talc) 
C$(calc) 

al+=) 
a2be4 

<(me=) 

Tal bit : 7. 

8.6.2 al and a2 from the Recent CLEO BR Measurements 

To get Iail, one uses the measured BRs for the pure normal spectator (Category 
I) decay modes. To get lazl, use pure color suppressed (Category III) modes. The 
results are 

Iall = 1.1 f 0.1 

l%l = 0.25 f 0.025. (32) 

Hence, as with charm, the (oils are close to the CiS SO < x 0. 
Finally, what about the sign of al/a2? This can be obtained from the ratio 

of the BR for a Category II mode (which involves both al and az), and the 
corresponding Category I mode. For example 

R 
I 

= BR(B- + Don-) 
BR(BO + D+r) 

q(l + 1.23;)2, (33) 

The coefficient 1.23, calculated in the BSW model, involves the ?r- decay con- 
stant, form factors, and assumes factorization. There are three other reIationships 
similar to Eq. 33 with the ?r- replaced by p-land with D replaced by D’. Fig- 
ure 31 shows measured values for the four ratios Ri and the predicted values using 
ui/az < 0 and czi/as > 0. The measured ratios assume j+- = jm. In spite of 
the nncert,ainty connect,ed with this assumption, the CLEO results imply al/a2 is 
positive. This is (to me, at least) a surprising result in view of the expectation 
mentioned in Section 6.1 that r+ > 7’. 

Perhaps an equivalent way to describe this situat,ion is the following: as men- 
tioned in Section 8.1, 
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r(D+ --t K”X+) interference 1 
flD” -i K-X+) = 

Fz -, 
pure “normall’ spectator 3 (34) 

where X- = rr- or p-. Finding this ratio < 1 seemed reasonable if one believes 
the interference is destructive (and this accounts for r+ > 7’). But Table 6 shows 
that in the B sector for the analogous decays, i.e., 

I’(B- --t D’X-) interference 
r(BO -+ D+X-) = pure “normal” spectator 

z 2, 

where X- = rr- or p- and the same thing is true if one replaces D by D’ 

(35) 

Ratio 02/a, = -0.24 
Rl 0.50 

al/al = 0.24 
1.68 

CLEO II 
2.03 f 0.26 f 0.32 

%  0.71 1.34 1.89 f 0.29 f 0.19 
R3 0.48 1.72 2.0 * 0.35 f 0.20 
4 0.41 1.85 2.3 f 0.41 f 0.20 

Figure 31: Values of the four ratios Ri used to determine the sign of ai/uz. 

9 Summary 

l < BR(B --t Zc(892)y) > = (4.5 f 1.5f 0.9)10m5. This is the first measured 
BR for a penguin mediated decay. 

l BR(b + sy) < 5.4 1O-4 (95% CL). 

This is a 35% reduction from the limit reported at Geneva ‘91. It implies 
that for Type II 2HDMs with no additional new particles, MH+ > 200 GeV 
(for a top quark mass of 150 GeV), which probably rules out t --t H+b. 

l CLEO sees evidence for the existence of at least one of the charmless modes 
Bo --t h--e, Tr-ir+ and finds 90% CL upper limits of < 2.5 10m5 and 
< 2.8 10e5 for each mode separately. 

l A new measurement has been made of IVJVc~l. 

If we use Altarelli et al. (modified free quark model), CLEO finds (Vu&&l = 
0.075 f 0.008. 

If we use models with a limited set of exclusive final states contributing to 
b + u with 2.3 < lpi < 2.6 GeV, then 0.06 < IV,,@$bl < 0.10. 

. Using l?(B- -+ D’OI-V) = r(a” -+ D’+I-u), CLEO finds 

* = 1.20 f 0.20 f 0.19. ’ 

Using r(B- --t I-vX) = r(g” --t I-vY) and a sample of events with tagged 
Bs, CLEO finds 

inclusive Bt semileptonic BR (12.0 f 1.7 f 1.8)% 
inclusive B” semileptonic BR (11.4 f 0.7 f 1.3)% 
r+/r”) B 1.05 f 0.16 f 0.15. 

. A new measurement of the average B meson inclusive semileptonic BR gives 
Using Altarelli et al. .1065 f .0005 f .0033 
Using ISGW .1098 f .OOlO f .0033. 

. A new CLEO measurement averaged with previous ARGUS and CLEO val- 
ues gives AM (= Mp - MB-) = (0.2 f 0.3) MeV. Existing models predict 
values in the range 1.2-2.3 MeV. 

l Limits on color suppressed decays of the form @r + X”Yo where X = Do or 
D’O, and Y = rr or p are all 3-8 10P4. No evidence yet for failure of expected 
color suppression in hadronic B decays. 

s New tests of the factorization hypothesis have been made. 
r 80-+LP+x- 

d~/dq2(B”+D’+I-v)l =,,,x 9 z 
= 6z2f~1V,,j12C2 has been tested for X = A, p, and 

ai. The equation is satisfied in each case. The precision of measurement is 
Fz f 20%. 

The relation F(B” + V;V2) = $+(B” --t V~Iv)Iq~+, has been tested for 
no -+ D’+p- and found to be sat;lsfied with a precisioa of M  *lo%. 

l The HQET (plus factorization) predictions are 
t 

BR(B’ --t D+X) = l,. ; 
BR(fiO ,y D*+X) ’ 

where X = A- or p- are found to be satisfied in each case and with precision 
of = f 20%. 

s New measurements of the BSW model phenomenological parameters ai and 
a2 yield values 

I4 w 1.1 f 0.1 and 

Ia21 = .25 f 0.025. 
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The sign of U~/Q is found to be positive in contrast to the negat,ive value [14] C.P. Singh et al., Phys. Rev. D. 24, 788 (1981); L.H. Chan, Phys. Rev. Lett. 
observed in D decay. Equivalently, 51, 253 (1983); K.P. Tiwari et al., Phys. Rev. D. 51, 643 (1985); D.Y. Kim 

~~~~,$?~I~ = ; w  2 where X- = n- or p- and where D and S.N. Sinha, Ann. Phys. (N.Y.)‘42,47 (1985). 

can be replaced by D’. The fact that this ratio is > 1 is in contrast to the [15] J. Korner and G. Goldstein, Phys. Lett. 89 B, 105 (1979). 
analogous rat,io in charm sector 

;$+g$$= inter erence x$whereX-=n-orp-. 
[16] M. Neubert, Phys Lett. B 264, 455, (1991); G. Kramer et al., Z. Phys. C55, 

pure “normal” spectator 497 (1992). 
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SEARCHING FOR THE H DIBARYON 
AT BROOKHAVEN 

A. J. SCHWARTZ 
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Princeton, New Jersey 08544 

ABSTRACT 

This paper reviews the status of current experiments at Brookhaven, 

searching for the six-quark H dibaryon postulated by R. Jaffe in 1977. 

Two experiments, ES13 and E888, have recently completed running 

and two new experiments, E836 and E885, are approved to run. The 

data recorded so far is under analysis and should have good sensitivity 

to both short-lived and long-lived Hs. 
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1 Introduction 

This talk reviewr the current status of H-dibaryon searches at Brookhaven. There 

have been two searches to date-E813 and E888-and there are two more proposed 

and approved- E836 and E885. All f our experiments are discussed here, with 

emphasis given to the data recorded so far. 

The H dibaryon was originally proposed by Il. Jatfe’ (1977) within the context 

of the MIT bag model2 JatIe pointed out that a udru& six-quark wave function 

which was totally symmetric under the SU(6) of “colorspin” would have a maxi- 

mal binding of color-magnetic moments, and colorspin-symmetric wavefunctions 

which were SU(3) color singlets could be physical states. The state with greatest 

binding (i.e., largest eigenvalue of the SU(6) Casimir operator) was called the “HW 

and was predicted to have a mass 80 MeV/c? below that of two AS; it would thus 

be stable against strong decay. The relatively large binding and symmetry of the 

wave function prescribe that the six quarks behave as a single “bag” of matter, in 

contrast to the case of the deuteron, whose small binding preserves the identities 

of the constituent nucleons. Since JafIe’s original paper, many more elaborate 

calculations of H mass have been made using Skyrme-type soliton models,3 bag 

models with center-of-mass and pionic cloud corrections,’ lattice gauge theory,’ 

and other approaches (see Figure 1). Unfortunately the results vary widely with 

some predicting a deeply-bound or light H and others predicting a lightly-bound or 

even-unbound state. The majority of papers predict a bound state with mass be- 

tween that of the deuteron (or else deuterons would decay to Hs - see Ref. 7) ad 

Ah threshold. 

The uncertainty on the mass adds large uncertainty to the expected lifetime, 

which in turn obscures the issue of how to best search for the H. Figure 2 shows 

a plot of lifetime versus mass w calculated by Donoghue et OI.’ The plot shows 

three distinct mass regions: 

1. mWJ < mH < mAA, in which the lifetime is several nanoseconds and the H 

branches to C-p, Eon, and An in the approximate ratio of 2:2:1 (there is a 
small 38 MeV/cZ regime where H + ANn also occurs). 

2. %n < mH < %Nl in which the lifetime is hundreds of nanoseconds and 

the H branches exclusively to An. 

3. mH < mA,, in which the lifetime jumps up to N 10 days as the H must now 

decay via a AS = 2 weak transition. 

2.4 
1 

‘.;I ----_---_------------------------- + __-_-_--- 3 ------------------------. 
1.8 

1 

1.6 

l Bog Models 
X Chlrol Models 

1.4 

i 

0 Lattice Colculotions 
X Instanton Induced lnteroction 
t Ouork Cluster Models 

1.2 
* Quark Poiring Mechanism 
0 Color Dielectric Model 
0 Fermi Breit Approximation 

lt,,“,,,‘,‘,‘,‘,‘,,,‘,,,“,,‘,,,‘. 
1976 1978 1980 1982 1984 1986 1988 1990 1992 

M 

AN 

NN 

YEAR 

Figure 1: Theoretical predictions for H mass plotted versus year of publication, 

from Ref. 6. 

ii 
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I \ 
WEAK DECAY LIFETIME rH 

OF H DIBARYON I 

nn A.n XN 
I I 1 I1 I 1 I 

1.95 2.0 2.05 2.1 2.15 2.2 

mH (GeV/c2) 

Figure 2: Predicted H lifetime as a function of mass, from Ref. 9. 

‘Y 
I Experiment Mechanism S in Constraint 

ES88 

E836 

E885 

E813 

p+A-* HX 0 @uldpdn Is++ 

K-+3He+ K+ En -1 da/d0 IeR+=o. 
K-+12C+ K+En -1 

(E-d),, -+ B + n -2 B(3-d + Hn) 

Table 1: Current and future (approved) experiments at BNL to search for the H 

dibaryon. 

The possible ways of producing the H are almost as diverse as ways of detecting 

it. The production mechanisms can be categorized by the net strangeness brought 

into the reaction via a beam of some type. Table 1 lists the four Brookhaven 

experiments along ,with the production mechanism employed by each. E888 has 

no units of strangeness in the initial state, E636 and E885 have -1 unit in the 

initial state, and E813 has -2 units. The mechanism used by E813 is expected 

to have the highest production “cross section,” but the Z“beam” has the smalkst 

luminosity. The last column of Table .l lists the constraint which each experiment 

would set if no H candidates were seen. E888 measures a double-differential cross 

section corresponding to the particular region of Feynman t and pT accepted 

by the neutral beamline and spectrometer. E836 and E885 measure a single- 

differential cross section corresponding to a particular recoil angle of the K+; 

this can be extrapolated to 8,+ = 0” where theoretical cross sections have been 

calculated.” E813 is sensitive to the branching ratio for a (Z-d) Uatomn to decay 

to Hn. While the various experimental constraints are difficult to compare to each 

other, they can each be compared to theoretical predictionr.‘O-ls 

There are six previous experimentd results which are relevant for constraining 

the standard H dibaryon. Gustafson et al.,” (1976) searched for long-lived nentrd 

states in 300 GeV/c p + A collisions at FNAL. The experiment observed ersen- 

tially only neutrons and set an upper limit on production of long-lived neutrals of 

-65 nb/nucleon. This experiment was nominally sensitive to Hs with lifetimes 

2 lo-’ s. Carroll cl al.!* (1978) searched for p+p -+ HK+K+ by measuring the 
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outgoing K+ momenta and calculating the “missing mass.” This method does not ’ 
depend on H lifetime or branching fractions, but the experiment only attained 

enough sensitivity to set an upper limit on the production cross section of 40 nb 

significantly above the theoretical prediction of N 1 nb.” Two Russian experi- 

merits, Shahba6ian ei oJ.,rs (1988) and Alekseev et (II.:” (1990) claim H candidate 

events, but neither experiment had partide identification. The Shahbazian event, 

obrerved in a bubble chamber, is hypotherieed to be pd -+ EpK+K’ with the 

H decaying to E-p; unfortunately, neither the K” nor E- decay is 6een. Given 

the E-s measured momentum and flight path, there is only an 11% chance of it 

escaping the chamber before decaying. The Alekseev events (two) are hypothe- 

rieedtobeH-rApx- 6nd are similarly ambiguous a6 the H decay vertices are 

reconstructed to be within either the target or veto-counter where there are large 

background6 from neutron interactions, e.g.,n + A -+ A + (charged tracks). Had 

the H decay6 been reconstructed downstream of the target in free space, the events 

would be more convincing. 

Aoki et 0l.z’ (1990) rearched for H production in emulsion via K- + (pp) + 

EK+ and ret an upper limit on production of _ 140 nb/sr/nucleon. In 1992, this 

experiment rnnounced a candidate for a AA hypernucleus produced in em&on 

and obrerved via its two sequcntiPl A decays.** Observing such a sequence is 

interpreted as strong evidence against the H because two As essentially at rest in 

a nudeus are expected to form an H on (strong) time scale orders of magnitude 

6malIer than that needed for weak decay. There have been two previous candidates 

for AA hypernuclei but both were observed 30 years ago;23 hence this new event 

bar generated much interest. It should be noted that even if the existence of AA 

hypemuclei is established, there remains a small window open for the existence 

of the H. A calculation by Kerbikov *’ show6 that the width for the strong decay 

t&He + P + E i proportional to &&I~-*60 where p is the reduced mass of 

the H + (I ryrtem and Q i6 the energy released in the decay. For mH within 

N 20 MeV/cs of A*,, , the fl factor render6 T,*,,~ comparable to 7-e& and thus 

obrervation of AA hypemuclei decay would be poclrible. For mH 5 1900 McV/cf 

the exponential factor renders T,,,,~ comparable to T,,, but the three-b& decay 

i,,He -+ a + H + 6’ is now possible and may keep ‘~,~~,,6 much shorter. 

I, 2 Experiment 813 I 
Brookhaven E813 is a collaboration of Alberta, Birmingham, BNL, Camegie- 

Mellon, CERN, Freiburg, Indiana, Kyoto, Kyoto Sangyo, LAMPF, Manitoba, 

New Mexico, THIUMF, Vassar, and Yale. The experiment was proposed in 1984 

but had to await the construction of a new 2 GeV/c K- beamline before it could 

begin running (1991). The experimental method consists of three parts: 

1. The K- beam enters a liquid H6 target where K-p -+ E-K+. The K+ is 

identified by a magnetic spectrometer and time-of-9ight array. The mo- 

mentum measurement allows one to c&date the mis6ing mass mmiu = 

IPp + P,, - PK+ 1, which for 2- production peaks at 1321 MeV/c*. AlI 

K+ events with mmiu near this v6hie ue selected. 

2. The=- passes out of the H6 target, through N 7 mm of tungsten, and into a 

liquid deuterium target within which it stops and is captured on a deuteron. 

The tungsten slows down the 2-, thereby increasing it6 chance of stopping 

before decaying. 

3. The (E-d) “atom” decays to Hn and the monoenergetic neutron is detected 

by a second time-of-fight array (scintillator), where it produces a peak in 

the time-of-flight spectrum. 

The experiment is sensitive to Hs with mass ranging from -80 MeV/cs below 

mh,,, to 20 MeV/c’ above. The upper bound is the (m,, + mS) threshold while the 

lower bound is approximately where the branching ratio for (H-d).,, + Hn is 

predicted I5 to become too small to observe with the experiment’s 6tatistics. The 

branching ratio decrease6 as the H becomes lighter because the final-state neutron 

necessarily has greater momentum. Since the neutron is to first approximation 

just a spectator in the decay, its final momentum is just that provided by its Fermi 

motion within the deuteron, and this momentum distribution become6 small for 

large values of p. 
An elevation view of the apparatus is shown in Fig. 3(a) and a plan view of the target 

and neutron detectors is shown in Fig. 3(b). Due to the short Z-lifetime, the 

probability of a H- stopping before decaying is only 0.2% even after moderation 

by the tungsten. To select S-s molt likely to stop, a thin silicon detector with 

pulse-height readout is placed between tungsten and deuterium and a relatively 

large amount of energy (1 - 2 MeV) is required to be deposited. This amount is 
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K+ Spectrometer 
Elevation View 

Figure 3: a) Elevation view of E813 detector; b) E813 target and c) plan view of 

neutron time-of-flight array. 

Figure 4: E813 neutron time-of-flight spectrum for heavily-ionieing 8- candidates. 

N 15 times that of a minimum-ionixing particle, and together with the requirement 

mdu x 1321 MeV/c* tags a sample of slow-moving S-s. 

The neutron timoof-flight spectrum for tagged eventr is shown iu Figure 4. 

The horizontal scale is plotted in units of l//3 as the time resolution is flat in this 

quantity. The crosses represent the signal sample while the dashed histogram rep- 

resents the (normalized) background spectrum. The background is dominated by 

2- -P AX- + prr-w- decays in which a daughter v- is captured on a W nucleus; 

the nucleus subsequently breaks up, releasing several neutrons. The bneclhape is 

obtained by requiring minimum ionixing energy in the silicon. The sensitive range 

of the experiment, mH z 2150 - 2250 MeV/ c*, corresponds to l//3 z 2.5- 7.0. Fig- 

ure 4 shows no excess of events in this region, although only ~20% of the final 

data set is analyzed and plotted, corresponding to only five to ten neutron counts from 

(5-&m + Hn decay. It is worth noting that this method is independent of H lifetime 

and branching fractions. 
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3  E xper imen t 8 8 8  

B r o o k h a v e n  E 8 8 8  is a  co l laborat ion of BNL ,  U C  Irvine, UCLA,  Pr inceton,  S tan- 

ford, Temple ,  UT  Aust in,  a n d  W i i a m  a n d  Mary .  T h e  exper iment  was  p roposed  

in  January  of 1992,  app roved  in  March ,  a n d  b e g a n  taking data  1 1  weeks  later. 

T h e  exper iment  reused  m u c h  of the appara tus  f rom a  prev ious  ra re  kaon  decay  

exper iment  (E i’91)  ruch  that little n e w  ha rdware  h a d  to b e  built. T h e  data  was  

taken over  a  l l -week stretch f rom M a y  to July  a n d  can  b e  subd iv ided  into two dis-  

tinct a n d  comp lemen ta ry  searches,  a  fne decay  search  a n d  a  dissociat ion search.  

T h e  decay  search  looked  for ,Hs decay ing  to A n  or  E o n  fo l lowed by  8 ’ +  A 7  

by  ident i fy ing downs t ream A s  with relat ively h igh  pr; the II m a s s  range  (or  

equiva lent ly  l i fet ime range)  p robed  is 2 0 6 0 - 2 2 3 0  M e V /cs (m,,,, to m & ,,). T h e  

d isrociat ion search  looked  for longer - l ived  Hs  by  p lac ing  mater ia l  in  the neu -  

tral b e a m  to d issociate the Hs  into A A  pairs;  the A s  a re  then reconstructed 

in  a  spect rometer  downst ream.  This  search  is sensi t ive to deep ly -bound  Hs  with 

m H  <  2 0 6 0  M e V /c? (m,,). Bo th  searches  used  a  2 4  G e V /c pro ton  beam,  inc ident  

o n  e i ther  a  C u  (decay)  o r  P t (d issociat ion)  target. 

3.1 Decay  S e a r c h  

T h e  decay  search  used  a  two-arm,  two-magnet  spect rometer  a n d  severa l  redundan t  

part ic le ident i f icat ion detectors to search  for A  - +  pr r -  decays  occur ing  wi th in a  

v a c u u m  tank located 1 0  m  downs t ream f rom the product ion  target (F igure  5). 

T h e  A s  of interest a re  those or ig inat ing f rom H  +  A n  a n d  E  +  E o n  +  A - p  

decayr  a n d  d o  not  point  back  to the target. For  the two-body B  +  A n  decay,  the 

A  m o m e n t u m  t ransverse to the axis  connect ing  product ion  target a n d  A  decay  

vertex (deno ted  a )  exhibi ts  a n  approx imate  Jacob ian  peak  with a n  endpo in t  very  

c lose to 

pT  =  &  (rn i  +  ml,  +  rn: -  2rn i rn i  -  2rn i rn i  -  2mim: )“‘. (1)  

Th is  me thod  is sensi t ive to shor ter- l ived Hs  wh ich  decay  just be fore  o r  wi th in 

the v a c u u m  tank. A l though  the H  itself is not  reconstructed,  the me thod  has  

the advan tage  of be ing  relat ively c lean  as  there a re  few rources  of h igh-p,  A s  at 

this d is tance f rom the product ion  target. B e c a u s e  the llrrt magne t  bends  posi t ive 

tracks to the left, the acceptance for A  decays  is greatest  w h e n  the stiff daugh te r  

pro ton  is o n  the left a n d  the magne t  bends  it away  f rom the b e a m  ( the soft r r -  

P ro ton  B e u n  

Drift C h a m b e r s  --  

Cherenkor  Counter  
-I 

L e a d G i u o  ------- I-  1  

I ron Fi l ter -  r  1  

F igure  5: P l a n  v iew of E 8 8 8  neut ra l  beaml ine ,  a n d  detector  layout  used  for decay  

search.  

‘i 
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is on the right and is bent to the right). The particle identification detectors 

- Gerenkov counter and PbG array for electrons, hodoscope, and rangefinder for 

muons- are used to reject the large flux of Ki -+ rfii decays which can have a 

momentum asymmetry resembling that of A decay. 

The decay data sample consists of two subsets which differ in the choice of gas 

used in the Gerenkov counter. The first subset used a helium-nitrogen mixture 

in both left and right counters to identify electrons and reject Ki 4 reti decays 

at the trigger level. The greatest source of A background is then KE + npfi 

decays where the muon is too soft to penetrate the iron filter and reach the muon 

hodoscope. This background is subtracted off by virtue of the fact that KE + dii 

decays give aa many “wrong-sign” candidates, which appear as As, as “right-sign” 

candidates, which appear as As. The experiment’s trigger and analysis cuts 

are thus designed to select A and A candidates equally, and at the end of the 

analysis, the A spectrum is subtracted from the A spectrum to show any excess of 

signal. Figure 6(a) shows the A sample from 3% of the helium-nitrogen data after 

minimal analysis cuts; Figure 6(b) shows the A sample after analogous cuts; and 

Figure 6(c) shows the difference between the two. The resultant A peak is almost 

background-free and after a minimal background subtraction yields 6200 events. 

Similarly, Figures 7(a) and 7(b) show the t versus p distribution (after minimal cuts) 

of events with mp- = mA and rn- + = m,, respectively; comparing the two plots 

highlights the KE --) x.!P contribution to the A sample. 

For the second subset the helium-nitrogen gas in the left Cerenkov counter 

was replaced by the heavy gas Freon 12. This gas has a pion threshold of only 

3.0 GeV/c, and requiring stiff tracks to have no signal in this Gerenkov counter 

tags a clean sample of hard protons from A -+ px- decay. Figure 8(a) shows the 

A sample from 3% of the freon data after minimal analysis cuts but before any 

Gerenkov cut is made; Figure 8(b) shows the same sample after a kinematic cut 

m,+,- > mKo - mp is made to eliminate background from Ki + x+x-r’; and 

Figure 8(c) shows this sample after the Cerenkov veto is imposed. The resultant A 

peak is almost background-free and after a minimal background subtraction yields 

2400 events. This number is less than that for helium-nitrogen due to differences 

in triggering and beam intensity. 

The A samples of Figures 7 and 8 are currently being studied to determine 

what fraction of As point back to the target and what fraction can be attributed 

to other sources. The pointing requirement is characterized by the collinearity 
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Figure 6: E888 decay data with helium-nitrogen in both left and right Cerenkov 

counters: a) A sample; b) A sample; c) the difference between the two. 
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Figure 9: The square of the collinearity angle (see text) plotted versus mp*- for 

the freon A sample. 

angle Bcosn, defined as the angle between the reconstructed A momentum and a 

line drawn from target to A vertex position. For a A pointing back to the target, 

Bcolin is very close to zero. Figure 9 shows OzOLb,, plotted versus mp”- for a sample 

of As from freon data. A large clustering of events with mP- zz m,, and BzoLn z 0 

is seen, indicating that a large number of A candidates are prompt. These As 

may potentially be used to normalize the sensitivity of the experiment. 

3.2 Dissociation Search 

The E888 dissocio~ion search used a modified version of the detector to search for 

long-lived Hs which do not decay appreciably. In this search,some material W M  

placed within the neutral beam immediately before the spectrometer to dissociate 

Hs into two As: H+p 4 AAp. The As are reconstructed with individual vertices 

downstream from the dissociator and a common vertex within the dissociator. By 

using an active dissociator, in this case a scintillator with pulse-height readout, the 

eneagy of the recoiling proton can be measured and the H mass determined. It is 

possible to dissociate HS off both the carbon and the hydrogen in the rcintillator; 

although the dissociation cross section off carbon may be higher, in this case it is 

probably not possible to reconstruct the H mass as the recoil energy would not be 

well-measured. The difficulties with the experiment are the large rates within the 

dissociator and downstream detectors due to neutron interactions and potential 

background from n + A + AKgX and n + A + AAX. This last process is very 

similar to the production process p + A -B HX nominally occurring at the target. 

The detector layout used for the dissociation search is shown in Figure lo(a). 

The upstream spectrometer magnet was turned off and the active dissociator 

placed inside, centered on the neutral beam. A larger but thin piece of rcintillator 

was placed flush against the downtream end of the dissociator to veto events 

with charged tracks emerging from the dissociator; this detector is referred to 

as the veto-counter [Figure 10(b)]. The two drift chambers between the magnets 

were rearranged from a side-by-side configuration to a front-back configuration, 

and one of the chambers was tilted 20” to correlate z and y hits. Another drift 

chamber previously used upstream of the magnets in the decay search was then 

inserted between the magnets to provide a second z/v measurement before track 

bending. Because the trigger scintillator counters could not be moved easily from 

their “decay”positions, the acceptance was limited by one of the stiff protona from 

the As missing the inner edge of the downstream-left trigger counter or one of 

the soft R-S missing the outer edge of the upstream-right counter. 

The data analysis proceeds in five steps: 1) events are selected which have 

four distinct tracks with a minimum sharing of hits; 2) the tracks are required 

to form two distinct vertices (Vs) with each one at least 3a downstream from 

the dissociator, where u is the uncertainty on the vertex I position resulting from 

the vertex fit; 3) the momentum vectors from the two V’s are required to form a 

common vertex within a region extending from 1.5~ upstream of the dissociator 

to 2a downstream; 4) the plr- invariant mann of one V is plotted against the px- 

and A+*- masses of the other V, where events are not included in the m,,,,-/m,- 

plot if any two of the four tracks in the event have lrnrr - mKOI < 10 MeV/c?; 

and 5) for the final event sample, the veto-counter is required to have no signal 

present. 

Figure 11 shows y plotted versus z and y plotted versus z of the common 

vertex formed by the momentum vectors of the two Vs. Although each V is 
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Figure 10: a) Plan view of E888 detector used for dissociation search; b) elevation 

view of dissociator and veto-counter. 

; required to be at least 3u downstream from the dissociator, the “2V-vertex”clearly 

( images the dissociator and veto-counter. The mP- versus mrr scatter plot for 2V 

events with a quiet vetocounter is shown in Figure 12. A large clustering of events 

with mr+=- z mKO and mp- x m,, is seen, indicating n + A -t A K$X associated 

production of strangeness. Th ere are other events with one vertex identified a6 

a A or K” but the other vertex having no particular two-body mass; these events are 

mostly hK"s with one vertex misreconstructed due to pion decay or hit-sharing in the 

first set of drift chambers. Figure 12 contains over a thousand AK,” candidates which 

are essentially background-free. 

The mm- versus m,,,,- distribution of events is currently being studied to 

better understand sources of AA pairs. The main background to an H signal is 

dilambda production via n + A + AAX. The rate for this process can be related 

to the rate for H production upstream by the following expression: 

where N,,, is the number of protons incident on the target per unit time, u*,, is 

the cross section per nucleus for producing AA pairs, f, is the fraction of these 

which coalesce to form an H (this is one of several production mechanisms), ah-is 

the fraction of Hs accepted by the neutral beam collimators, atuoc is the fraction 

of these Hs which hit the dissociator, u,,+,,, is the cross section per nucleus for 

H dissociation into AA, and aHdAA is the acceptance for the two resulting As. In 

the denominator, N,,=,, is the number of neutrons produced by the target per unit 

time which are accepted by the cdlimators, atuoC is the fraction of these neutrons 

which hit the dissociator, and a,,,, is the acceptance for two As resulting from 

R + A + AAX. The quantities Nt,, and N,, are the numbers of nuclei per 

cm’ in the target and dissociator, respectively. The usefulness of expression (2) 

is that the unknown cross sections u,,,, approximately cancel,* the factors agUOc 

and a? approximately cancel, and the ratio (N,,,,/N,,,,t) ha6 been mearured 

by E791, a rare Kt-decay experiment, in the ssme beamline and using the same 

target.25 There are still three remaining sources of uncertainty in 

1. the geometric acceptance ai;” which depends on the H production spectrum; 

2. the dissociation cross section u~-,~,,, which hss been estimated to be as small 

*The caacellation L not uuct bccaa6e the p, A momentum spectra are diRereat. 
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Figure 12: mrr versus rnpl- for a 2V sample with no signal in the veto-counter. 

Figure 11: Position of common vertex formed by the momentum vectors of two 

Vs, where each V is at least 3u downstream from the dissociator: a) y versus z; 

b) y versus z. 
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as 40 pb per r~ucleon’~ and as large as 3 mb per nuclcon,g a difference of two 

orders of magnitude; and 

3. the coalescence fraction f,. 

With improved knowledge of ab- and CT~-,,*, the ratio of Hs seen to II + A + 

AAX events seen can be used to constrain f,; observing no Hs but some number 

of AAs implies: 

(3) 

at 90% confidence. 

There are also other ways to normal&e the sensitivity of the experiment,. One 

can count AK, events, divide by the acceptance and cross section for n + A -+ 

AK,X to find the number of neutrons incident on the dissociator, and then divide 

by a:- and multiply by the E791 ratio (N,,,,/N,,,,) to find the number of 

protons incident on the target. If no H candidates are seen, this gives a limit on 

the production cross section c(p + A -+ KX). One can also count Ki decays 

occuring upstream of the dissociator and constrain the ratio of au H productiou cross 

section to a K production cross section-the delivered liminosity drops out. 

4 Future Searches 

4.1 Experiment 836 

This experiment is an upgrade to E813 in which the two-component hydrogen- 

deuterium target is replaced by a single 3He target. The reaction of interest is 

K-+3He + K+Hn, and measuring the K+ momentum in the spectrometer and 

the neutron energy in the time-of-flight array allows one to reconstruct the H mass 

via the missing-mass technique. 

Aerts and Dover” have pointed out that the K+ momentum spectrum alone 

may be enough to detect the H, as the neutron is essentially a spectator in the 

reaction and thus the K+ spectrum is sharply peaked as in 2+ 2 scattering. 

Figure 13 shows the momentum spectrum of the outgoing K+ w calculated in 

Ref. 10 for both H formation (solid) and three-body phase space (dashed); the 

two spectra are easily distinguishable. In the case of H production,the position of 

the peak indicates the H mass. This search should be sensitive to Hs with mass 

less than mAn - 80 MeV/cr, i.e,in the region where E813’s sensitivity runs out. 

h’ (GeV/c) 

Figure 13: The Kf momentum spectrum resulting from K-+3He + K+ En where 

the K+ emerges at 0” (solid),and from three-body phase space (dashed), 
taken from Ref. 10. 

Although this detection method is straightforward, there are large backgrounds 

contributing to the pK+ spectrum which may overwhelm the signal. One obvious 

background is quasifree 5- production via K-+3He + K+Z-pn. The maximum 

momentum of the K+ is 1.35 GcV/c, which corresponds to H production with 

mH = mAA. For lower pK the 2- production cross section rises rapidly, precluding 

observing an unbound H with mH > mdA. For rnn < m,,,, or pK > 1.35 GeV/c, 

there are large backgrounds from K- + p + r+E:-, *+Y*, *+x-A where the 

outgoing rr+ is mis-identified as a K +. There is also potential background from 

T-+~H~ ---t K+E-p where the incoming x- is n&identified as a K-. The cross 

sections for these processes are several orders of magnitude greater than that 

expected for H production, as illustrated in Figure 14. From this figure,one sees 

that to distinguish a signal will require r/K separation at the level of N lo-‘. To 

attain this, three aerogel Gerenkov counters will be used: one in the K- beam, one 

immediately downstream of the target, and one downstream of the spectrometer. 

The most downstream counter will be used to reject K+ + r+u decays, as the 

resultant track kink can cause pK+ to be mismeasured high and a Z- event could 

thus resemble an H event. 
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4$2 Experiment 885 

h’(GeV/c) 

Figure 14: The K+ momentum spectrum from K-+3He+ K+Hn as compared 
to various background processes, from Ref. 10. 

Experiment 885, like E836, uses the spectrometer and 2 GeV/c K- beamline from 

E813. The main purpose of the experiment, however, is to produce and detect 

AA hypernuclei. The production mechanism is very similar to that used by E813 to 

produce Hs. A target containing hydrogen (polyethylene CHr) is used to produce 

E-s via I(- + p + 2- + I(+; the Zs are slowed down in tungsten and come 

to rest in a 6Li target; a hypernuclear state is formed via Z:-+6Li ~i,,He +n and 

the monoenergetic neutron is detected in a time-of-flight array. The energy of 

the neutron gives the binding energy of the AA hypernucleus. The two-target 

layout is shown in Figure 15a, and the expected neutron kinetic energy spectrum 

is shown in Figure 15b. It is also possible to produce AA hypernuclei directly off 

the carbon in the polyethylene via K-+“C A i:Be K+. 

The signal-to-background is significantly improved by detecting the two A + 

Pk- decays, and to achieve this, it is proposed to use out-of-beam scintillators 

located on each side of the target in conjunction with the neutron time-of-flight 

array to measure the p of tracks. This, combined with a dE/dz measurement in 

the scintillator, is expected give sufficient p/r identification. 

It may also be possible for the experiment to produce the II via K-+“C -+ 

K+ HX, which is similar to the production mechanism searched for by Aoki et al., 

using an emulsion target. ” The proposed detection method is to look for a peak 

in the (K-, K+) missing-mass spectrum. 

5 Summary 

The current status of H searches at Brookhaven is summarized in Table 2. The 

second column lists the quantities which would be constrained by the experiments 

if no Hs are seen; their variety is due to the fact that the experiments use quite 

different production and detection techniques. The third column lists theoretical 
prediction5'0-'",'5,'6 for these quantities and the fourth column lists the expected 

sensitivity of the experiments. If both E813 and E888, which are currently ana- 

lyzing data, meet these objectives and find no Hs, then it becomes much more 

likely that such matter does not exist in a bound or nearly-bound state. 
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Figure 15: a) Target layout for E885; b) neutron kinetic energy spectrum from 

2- $6Li -+i,,He+n and other processes. 

Experiment Constraint Theoretical Expected Status 
‘u , Prediction Sensitivity 

E813 Br. Ratio O.Ol- 1.0 0.6 - 1.0 AR data taken, 

(2-d) -+ En under analysis 

E888 @qp+ddPtd~ m 10 nb/sr -1 Ah data taken, 

(integ. over pL) under amdysis 

E836 dqK-+sHe)/dQ 350-600 nb/sr 2500 events Approved 

E885 dqK-+w)/d~ Approved 

Table 2: Current status of BNL experiments searching for the H. 
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RECENT RESULTS FROM TtiE COMPTON OBSERVATORY 

Peter F. Michelson 
Department of Physics and W.W. Hansen Experimental Physics Laboratory, 

Stanford University,Stanford, CA 94305 

ABSTRACT 

The Compton Observatory is an orbiting astronomical observatory for 
gamma-ray astronomy that covers the energy range from about 30 keV to 30 
GeV. The Energetic Gamma Ray Experiment Telescope (EGRET), one of four 
instruments on-board, is capable of detecting and imaging gamma radiation from 
cosmic sources in the energy range from approximately 20 MeV to 30 GeV. 
After about one month of tests and calibration following the April 1991 launch, a 
15-month all sky survey was begun. This survey is now complete and the 
Compton Observatory is well into Phase II of its observing program which 
includes guest investigator observations. Among the highlights from the ah-sky 
survey discussed in this presentation are the following: detection of five pulsars 
with emission above 100 MeV; detection of more than 24 active galaxies, the 
most distant at redshift greater than two; detection of many high latitude, 
unidentified gamma-ray sources, some showing significant time variability; 
detection of at least two high energy gamma-ray bursts, with emission in one case 
extending to at least 1 GeV. EGRET has also detected gamma-ray emission from 
solar flares up to energies of at least 2 GeV qd has observed gamma-rays from 
the Large Magellanic Cloud. 

1 Introduction I 

EGRET observes gamma-rays in the energy range from about 20 MeV to 30 
GeV with a sensitivity that is about an order of magnitude greater than the two earlier 
high-energy gamma-ray instruments that were flown on the SAS-2 and COS-B 
satellites. The energy dependent effective area of the EGRET telescope is about 1 .O x 
103 cm2 between 100 and 200 MeV and 1.5 x 103 cm2 around 0.5-l GeV. A very 
bright source with a hard spectrum can be located within about five to ten arcmin by 
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EGRET. The instrument also has a field-of-view exceeding a radius of about 250. The 
instrument has co 

T 
nents typically used in high energy,gamma-ray telescopes; an 

anticoincidence sys m to discriminate against charged particle radiation, a multilevel 
thin-plate spark chamber system to convert gamma-rays and determine the trajectories 
of the secondary electron-positron pair, a triggering telescope that detects the presence 
of the pair with the correct direction of motion, and an energy measuring calorimeter, 
which in the case. of EGRET is a NaI(T1) crystal. Descriptions of the instrument are 
given by Hughes et al., 1980 and Kanbach et al., 1988, 1989. Details of the 
instrument calibration, both before and after launch, are given by Thompson et al., 
1993. The instrument is designed to be free of internal background. Figure 1 is a 
schematic diagram of the EGRET telescope. 

WIDELY SPACED 
SPARK CHAMBERS 

FLIGHT 
COINCIDENCE 

SYS,TEU 1 &=+=-+{ 1 \PRESS”RE VESSEL 
J I 1’ I I , 

I I 

NoI ITLI ENERGY 
YASUREYENT CDUN 

Fig. 1. The Energetic Gamma Ray Experiment Telescope (EGRET) on the 
Compton Gamma Ray Observatory detects gamma rays in the energy range 
20 MeV to 30 GeV. The schematic diagram shows the four major 
subsystems of EGRET; the spark chamber, the time-of-flight system, the 
anti-coincidence dome, and the NaI(TI) crystal calorimeter. 

In this paper, an overview of results from the first year of observations from 
EGRET is presented. Figure 2 is a full-sky intensity map above 100 MeV. Diffuse 
gamma-ray emission from the plane of the Milky Way galaxy dominates the high- 
energy gamma-ray sky. The emission is most intense near the center of the galaxy and 

decreases away from the galactic plane. Even at high galactic latitudes there is a 
significant diffuse background, a component of which is apparently isotropic and 
therefore probably of extragalactic origin. Several discrete or point sources are also 
apparent both in the galactic plane and outside the galactic plane. Among the brightest 
sources seen near the plane are the Crab, Vela, and Geminga rotation-powered pulsars. 
At higher galactic latitudes there are several sources that have been identified with 
quasars. Most of these sources exhibit t ime variability on timescales from days to 

months or longer. Both in the galactic plane and at high latitudes there are a number of 
unidentified sources of high energy gamma-rays. Many of these also exhibit time- 
variability and therefore are almost certainly compact objects. 

In the following sections the EGRET observations of pulsars, active galaxies, 
and high-energy gamma-ray bursts are discussed in more detail. All of the work 
described here is a result of the efforts of members of the EGRET science team from 
NASA Goddard Space Flight Center, Max Planck Institut fiir Extraterrestrische Physik, 
Grumman Aerospace Corporation, Stanford University, and Hampden-Sydney 
College. Dr. Carl Fichtel (Goddard) and Prof. Klaus Pinkau (MPE) are the co- 
principal investigators for the EGRET instrument. 

2 Pulsars 

The first region of the sky observe Jl wtth EGRET was the galactic anti-center 
region that contains, among other sources, #he Crab pulsar (PSR 0532+21) and nebula, 
and the bright gamma ray source known as Geminga. The Crab pulsar was the first 
gamma-ray pulsar reported (Browning et 4.. 1971). It was subsequently observed by 
both SAS-2 (Thompson et al., 1977) and COS-B (Bennett et al., 1977; Clear et al., 
1987). This pulsar exhibits a double peaked structure from radio to gamma-ray 
energies. Figure 3 shows the gamma-ray light curve observed by EGRET for photons 
in various energy bands. The phase separation of the peaks is consistent with that 
observed by COS-B (Wills et al., 1982; Clear et al., 1987). that is 0.39. The total 
pulsed emission from the Crab pulsar is found to be well represented by a power law 
spectrum of the form 
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dN/dE = (5.52 f 0.20)x lo-9(E/259 MeV)- 2 22HHU photons cm-2 s-1 MeV-1. 

This spectrum is softer than the COS-B spectrum (Clear et al., 1987). The interpulse 
emission was found to be harder than the emission of either of the pulses. A detailed 
analysis of the EGRET observations of the Crab pulsar and nebula has been reported 
by Nolan et al., 1993(a). 

Fig. 3. The gamma-ray light curves of the Crab pulsar for photons wnh 
energies above 50 MeV. Adapted from Nolan et al., 1993(a). 
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The other bright, steady gamma-ray point source in the ant/center region, 
Geminga, was first seen by SAS-2 (Kniffen et al., 1975; Fichtel et al., 1975; 
Thompson et al., 

‘f 
77). In the two decades since its discovery, the nature of this 

source has been a subject of great interest and speculation. The source is virtually 
absent in other wavelength bands and searches for a radio counterpart failed even after 
COS-B provided a better source location. The detection of the Einstein X-ray source, 
1E 0630+178, with unusual X-ray spectral properties, in the COS-B error box 
(Bignami, Caraveo, and Lamb, 1983) was the first detection of a possible counterpart. 
More recently, Halpem and Holt, 1992 reported the discovery of a 237.0974 ms period 
in ROSAT observations of the X-ray emission from this source. This information was 
provided to the EGRET team. A careful search of the 1991 EGRET observations of 
Geminga was made. Pulsed gamma radiation was found above 100 MeV, confirming 
the identification of the X-ray source with Geminga and revealing the nature of 
Geminga as a gamma ray pulsar. The EGRET results have been reported by Bertsch et 
al., 1992, and Mayer-Hasselwander et al., 1993. Figure 4 shows the EGRET light 
curve above 300 MeV. Two narrow peaks, separated in phase by 0.5 f 0.03, are 
evident. Because EGRET observed Geminga several times in 1991, Bertsch et al., 
(1992) were able to extract not only the period but also the period derivative: 

P=0.237097453f0.000000003 s, 
P = (11.4*1.7) x 10-15 s/s. 

From these parameters and using the canonical formulas for the properties of a rotating, 
magnetized, neutron star, the following parameters are derived: 

Characteristic age r= 3.2 x 105 years, 
Surface magnetic field B = 1.6 x 1012 gauss, 

Energy loss rate E = 3.5 x lO34 erg/s. 

The Vela pulsar, PSR 0833-45, was also observed by EGRET in 1991 and 
1992. The results will be reported by Kanbach et al., 1993. The gamma-ray light 
curve for this pulsar also exhibits two narrow gamma-ray pulses, separated in phase by 
0.425 + 0.002, with considerable emission between the peaks. .The spectrum of the 
pulsed radiation from Vela can be represented by a power law with index 1.70 + 0.02 
over the energy range from 30 MeV to 2 GeV. Above 2 - 4 GeV EGRET detects a 
strong spectral break. 

Fig. 4. EGRET light curve for Geminga (E > 300 MeV). Adapted from 
Bertsch et al., 1992. 

EGRET observations have also led to the discovery of high energy gamma-ray 
emission from the pulsars PSRl706-44 (Thompson et al., 1992) and PSR B1055-52 
(Fierro et al., 1993). For PSRl706-44, the gamma emission appears to form a single 
broad peak within the 102 ms pulse period. The pulsed spectrum above 100 MeV is 
well-represented by a power law with index 1.72 f 0.08. Emission is seen to at least 
5 GeV. PSR Bl055-52, with a period of 197 ms, has a harder spectrum (index of 
1.18 + 0.16) between approximately 100 MeV and 3 GeV. In this source a steepening 
of the spectrum is seen above approximately 4 GeV. 

Models of gamma-ray emission froth pulsars, originally proposed for the Crab 
and Vela pulsars, generally fall into two categories. In the polar cap models (Daugherty 
and Harding, 1982), an accelerator “gap” exists near each of the magnetic polar caps of 
the neutron star. Charged particles accelerated in this gap are injected into the strong 
magnetic field of the neutron star where an electron-positron pair cascade is initiated. 
Near the core of the emission cone, synchrotron radiation is dominant, while away 
from the core curvature radiation is believed to be dominant. In the outer 
magnetospheric gap models (Cheng, Ho, and Ruderman, 1986(a), 1986(b); Ho, 1989) 
the accelerator gap forms further out in the magnetosphere and extends to near the light 
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cylinder. Within the outer gap model there are two variations. It is possible that the 
Vefa and Crab pulsars are an example of each. With regard to Geminga and PSR 
B 10.55-52, the original o4er gap model predicted that Vela-type pulsars with periods 
longer than 130 ms should have their vacuum gaps quenched and hence not produce 
gamma-rays. More recent versions of this model can apparently accomodate the 
observation of gamma-ray emission from Geminga and 1055-52, with the pronounced 
gamma-ray death line replaced by a broad “death valley” (Ruderman et al., 1992). 
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Fig. 5. Gamma-ray efficiency and spectral index for the EGRET-detected 
pulsars versus characteristic age. 
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The ultimate source of the gamma-ray energy in these pulsars is the neutron star 
rotational energy. The rotational energy loss rate E can be directly estimated from the 
observed period and period derivative of the pulsar. The electromagnetic energy flux at 
earth is then expected to be proportional to the spin-down luminosity Ekf2, where d is 
the distance to the source. Of more than 500,known pulsars, the Crab, Vela, Geminga, 
and PSRl706-44 have four of the five highest values of this quantity, assuming 
Geminga is less than 250 parsec from earth. By contrast, PSR Bl055-52 has a value 
of spin-down luminosity only 10T4 that of the Crab. The fact that 1055-52 is a 
detectable gamma-ray source despite its relatively small expected energy flux implies 
that it has a high efficiency for converting rotational energy into high energy gamma- 
rays. The efficiency can be estimated as follows. The gamma-ray luminosity is 
defined as I!,T = f2Fd2, where Q is the beaming solid angle and F is the measured flux. 
Assuming beaming into a solid angle of one steradian, the efficiencies r7 = I!+? shown 

in Fig. 5 are derived for the EGRET detected pulsars. Note the trend of efficiency to 
increase with age, approaching 100% for characteristic ages approaching 106 years. 
No high energy pulsars have been detected with ages greater than this, possibly 
indicating that the gamma-ray emission mechanism turns off for older pulsars. Also 
shown in Fig. 5 are the gamma-ray spectral indices for these sources. Note that the 
spectra tend to harden with pulsar age. Within the context of the outer gap model, the 
relatively hard spectral indices of the older pulsars, especially PSR B 1055-52, may 
indicate an increased role for inverse Compton scattering in producing the high energy 
radiation (Fierro, 1993). 

3 Active Galaxies 1 

Before the launch of EGRET high energy gamma-ray emission had been 
detected from only one AGN, the relatively nearby quasar 3C 273 (Swanenburg et al., 
1978; Bignami et al., 1981). EGRET has so far detected, with a high degree of 
certainty (significance > 5 6). 22 active galactic nuclei in high energy gamma-rays (E > 
100 MeV) during Phase I (6/91 - 11192) and the early part of Phase II of the Compton 
Observatory mission (Bertsch et al., 1991; Hartman et al., 1992(a); Fichtel et al., 
1992(a); Michelson et al., 1992; Hartman et al., 1992(b); Hartman et al., 1992(c); Lin 
et al., 1992; von Montigny et al., 1992; Kanbach et al., 1992; Bertsch et al., 1993; 
Nolan et al., 1993(b); Hunter et al., 1993). There are marginal detections (significance 
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between 3  and 5  (T) of 10  other blazars. One  of these sources (Mkn 421) has 
subsequent ly been observed to be  a  TeV gamma-ray source (Punch et al., 1992).  

Acommonc& actensttc of these sources is that they’are all radio-loud, mostly 
flat spectrum sources. Many of them are seen as superluminal radio sources as well. 
They all appear  to be  members of the blazar class of AGN (Bl Lac objects, HPQ and 
OVV quasars),  exhibiting one or more of the characteristics of this source class (non- 
thermal cont inuum spectrum, flat radio spectrum, strong variability, and  optical 
polarization). In addition, a  number  of bright, unidentif ied high-latitude gamma-ray 
sources have been detected. These sources may be  members of a  new class or 
uncataloged blazars. 

Among the most interesting results obtained thus far from the analysis of the 
EGRET observat ions are the following: (1) the gamma-ray energy flux in many of the 
sources is dominant over the flux in lower energy bands;  (2) the “apparent” gamma-ray 
luminosity, assuming isotropic emission which is almost certainly incorrect, ranges 
from less than 3  x 1044 erg s-1 to more than 1049 erg s-1 with values in the range 3  x 
1047 erg s-1 to 3  x 1048 erg s-1 being typical; (3) the sources for which redshifts have 
been measured are distributed over a  wide range of redshifts (0.03 to 2.17); (4) the 
photon spectra in the EGRET energy range are general ly well-represented by power 
laws in energy with a  wide range of photon number  spectral indices (-1.6 to -2.6); (5) 
many of the sources exhibit variability in the gamma-ray band on  t imescales ranging 
from days to months; (6) many active galaxies relatively close to earth, including 
Seyfert galaxies and some notable blazars, have not been detected in high energy 
gamma rays (von Montigny et al., 1993;  Lin et al., 1993).  As discussed below, it is 
very likely that the gamma-ray emission is beamed;  for one  steradian, for example, the 
luminosities would be  about  lO47 erg s-l for the strongest sources. By comparision, 
our own galaxy emits about 5 x 1038 erg s-1 above 100 MeV. 

Table 1  lists active galaxies that were detected above 100 MeV with high 
signif icance during one or more viewing periods during Phase I and the early part of 
Phase II of the Compton mission. Also listed are the observed fluxes above 100 MeV, 
the photon spectral index, the redshift if known, and the luminosity. Here “high 
signif icance” means that the probability of false detection of a  point source is less than 
6  x IO-7 (corresponding to 5  cr) for a  single trial. Since there are about  lo4 
independent  resolution elements in the full sky, assuming a  typical resolution element 
has a  lo radius, the expected number  of false source detections at this conf idence level 

is less than 6  x10e3 for a  uniform full-sky survey. This conclusion is based on  
statistical considerations alone. The systematic uncertainties are bel ieved to be  small 
enough that there is very little doubt  about  positive detections at this level. W ith 
respect to source identification, all of the 24  identifications in Table I are from a  list of 
approximately 500 radio loud AGNs found largely in the Kilhr catalog (Kiihr et al., 
1981),  which was used as the basis for source identification to avoid searching for 
counterparts “after-the-fact.” Considering that them are about  30  gamma-ray sources 
detected above 5a  (excluding the galactic plane (i.e., -100 $  b  I loo), but including 
unidentif ied sources above 50), the a  priori expected number  of chance associat ions 
with radio loud AGNs is 0.27. Thus it is likely that all of the sources in Table I have 
been correctly identified. 

There have also been a  number  of active galaxies with marginal detections (30 I 
signif icance < 50) by EGRET. However,  these identifications are affected more by 
systematic uncertainties, for example, in the diffuse gamma-ray background model. 
Hence we characterize them as “marginal” detections. Typically, the EGRET AGN 
results are not very sensitive to the details of the background model  because most of the 
sources are located at relatively high galactic latitudes where the diffuse background is 
relatively uniform. These sources are discussed in more detail e lsewhere (Michelson et 
al., 1993).  

As an  illustrative example, Figs. 6, 7, and  8  show the high energy gamma ray 
spectrum, mult iwavelength spectrum, and time variation of the gamma-ray flux of 
3C279,  respectively. The gamma-ray spectrum was observed in June 1991 [Hartman 
et al., 1992(a)]  and  is well represented by a  power law with an  index of about  1.9 from 
50 MeV to at least 5  GeV. During the June observat ions the source was also observed 
to flare with an  initial increase of the flux by a  factor of four during the first 10  days of 
the observation, and  then with a  similar deckease during the last two days. This rapid 
time variability, together with the extremely large amounts of energy ‘release implied, 
adds support  to the picture that 3C279 contahts a  massive black hole. This behavior is 
also seen in many of the other blazar sources listed in Table 1. 

Gamma-ray absorpt ion via photon-photon pair production, the EGRET 
observat ions of high fluxes above 1  GeV, and short t imescale variability (at least in 
some sources) appear  to rule out emission models in which the gamma radiation is 
generated in the same volume as the observed X-ray radiation, unless the radiation is 
beamed towards us (Jelly, 1966;  McBreen, 1979).  This conclusion is also consistent 
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with the interpretation of blazars as objects in which the non-thermal radiation arises 
predominantJy from a “jet” of relativistic particles directed close to the observer’s line of 
sight (Blandford and R&s, 1978). However, the gamma-ray emission in most of the 
EGRET sources cannot come from radii as large as VLBI sources because of variability 
constraints. Thus the gamma emission is an important link between large radio 
structure and the central engine (Blandford, 1993). 

Table 1. Characteristics of Active Galaxies detected by EGRET. The 
source luminosity (0.1 GeV&<S GeV), computed using the known 
redshift assuming Ho = 75 km s-l Mpc-1 and qo=l/2, is equal to the 
relative luminosity shown in the table times (1048 erg sly, wherefis 
an unknown beaming factor. 

Source Plux Photon 
(104cm-2~4) Spectral 
(E>lOOMeV) Index 

z Relative 
Luminosity 

0202+149 (4C+15.05) 0.25M.08 -2.5M.l 
0208-5 12 PKS 1.om.l -1.7zto.l 
0219i428 0.17M.04 
0234+28S 0.17M.05 
0235+164 (OD+160) 0.86M. 12 
0420-014 (OA 129) 0.5+zO. 14 
0446+112 PKS 0.2 to 0.96 
0454-463 PKS 0.27kO.07 
0528+134 PKS 0.4 to 1.6 
0537-441 PKS 0.3M. 1 
0716+714 0.18 to 0.52 
0836+710 (4C+71.07) 0.13 to 0.43 
1101+384 (Mrk 421) 0.14M.03 
1226+023 (3C 273) 0.13 to 0.26 
1253-055 (3C 279) 0.6 to 4.9 
1406-076 1.01~.12 
1606+106 (4c+10.45) 0.35 to 0.56 
161 I+343 0.33M.06 
1633+382 (4C+38.41) 0.95iO.08 
1739+522 0.25M.04 
2022-077 0.25 to 0.67 
2052474 PKS 0.28ztO.06 
2230+114 (CTA 102) 0.25 to 0.48 
2251+158 (3C 454.3) 0.78 to I.23 

-2.0m.2 
-1.9k0.3 
-1.8ko.3 

-2.6iO. 1 
-2.Mo.2 
-I .8 to -2.4 
-2.4 to -1.9 
-1.9Kl.l 
-2.4fo. I 
-1.9m.l 

-2.2fo.3 

-1.9H.I 

-1.5M.2 

-2.6fo.2 
-2.2kO.l 

1.003 2 
0.444 
1.213 
0.94 2.0 
0.915 0.4 

0.858 0.3 
2.06 4to 13 
0.894 0.2 

2.17 2.6 
0.03 1 0.0002 
0.158 0.008 
0.536 0.3 to 2 

1.23 1.6 

1.814 6 

I .489 
1.037 0.5 
0.859 0.5 

The requirement that the source be transparent to photon-photon collisions 
provides constraints on emission models in which the gamma rays arise from a 
relativistic jet, in particular a lower limit on the relativistic Doppler factor [Mattox et al., 
1993; Maraschi et al., 1992; Sikora, Begelman, and Rees, 1993(b)]. For example, 

Mattox et al., 1993, find that the minimum Doppler factors required, if bulk relativistic 
motion is responsible for beaming, are 7.6 and 4, respectively, for 3C 279 and PKS 
1633+382. These limits are consistent with VLBI observations of superluminal motion 
in blazars. 

The apparent integrated luminosity between 100 MeV and 10 GeV for 3C 279, 
observed during the flaring episode in June 1991, was 2 x 1048 erg s-1 [Hartman et 
al., 1992(a)]. With the minimum Doppler factor inferred above from optical depth 
considerations, this corresponds to an intrinsic integrated luminosity of less than 7.8 x 
1045 erg s-1. For 1633 + 382, the apparent luminosity is 9 x 1048 erg s-1 [Mattox 
et al., 1993(b)] and the intrinsic luminosity is less than 2.7 x 1045 erg s-l. Thus 
beaming effects in blazars can reduce the total gamma-ray luminosity problem by 
several orders of magnitude. 
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Fig. 6. Average differential photon energy spectrum for 3C 279 during the 
EGRET observations of June, 1991. Adapted from Hartman et al., 
1992(a). 
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The now almost standard explanation of the non-thermal radio to infrared 
emission from the blazar class of AGNs involves a well-collimated jet of relativistic 
plasma and k. magn trc field flowing out of the nucleus ‘at speeds near that of light 
(Blandford and Konigl, 1979). Synchrotron radiation is produced, beamed in the 
forward direction into a narrow cone. The opacity considerations outlined above 
suggest that the gamma-ray emission from blazars is also beamed. 
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Fig. 7. Multiwavelength spectrum of 3C 279. The observations in various 
wavelength bands are not simultaneous. Data for the bands below the 
EGRET energy band are from the references given in Hartman et al., 
1992(a). 

Most of the models of how the jets actually produce gamma-ray emission 
involve inverse Compton scattering of lower energy photons up.to gamma-ray energies 
by the beamed relativistic electrons. The low energy photons come from either a disk 
(Melia and Konigl, 1989; Dermer, Schlickeiser, and Mastichiadis, 1992) or are self- 
generated by the electrons as synchrotron radiation (“synchrotron self-Compton” 
emission) (Jones, O’Dell, and Stein, 1974; Marscher 1980; Konigl, 1981; Marscher 
and Gear, 1985; Ghisellini and Mamschi, 1989; Marscher and Bloom, 1992; Maraschi 

-416- 

et al., 1992). It has recently been pcoposed [Blandford, 1993; Sikora, Begelman, and 
Rees, 1993(a), 1993(b)] that UV or IiR thermal radiation from an accretion disk which 
has been scattered or reprocessed in a halo (e.g., broad-line region clouds, an accretion 
disk wind, dust) may be more effectively Compton scattered than thermal radiation 
coming directly from the disk. This is essentially because in the frame of the gamma- 
ray producing plasma in the outfloding relativistic jet the unscattered disk radiation 
from the central source is strongly iedshifted while diffuse reprocessed radiation is 
strongly blueshifted as the jet passes through the reprocessing region. 
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Fig. 8. Time variability of the high energy gamma-ray flux (E > 100 MeV) 
from 3C 279. The data are fromrseveral EGRET observations of this quasar 
carried out during Phase I of the Compton Observatory observing program 
(Kniffen et al., 1993). 

\ 
4 Gamma-Ray Bursts 

Gamma-ray bursts can be studied in three ways with EGRET. First, if the 
burst is in the EGRET field-of-view (FOV) and extends to energies greater than about 
30 MeV, gamma rays can produce pairs in the spark chamber and thus the burst can be 
imaged (estimate direction). Second, the EGRET spectrometer, a Na(T1) crystal, 
operating in a self-triggered low energy mode can record spectra from 1 MeV to 



200 MeV for four different accumulation times. The accumulation times can be 
adjusted but are typical1 

%  
O-l, l-3, 3-7, and 7-21 seconds after a BATSE trigger. 

Third, the rate of the hug anticoincidence scintillator shield is recorded continuously 
every l/4 s. This shield has an X-ray threshold of about 50 keV. Because EGRET has 
a limited field-of-view, and given the rate of gamma-ray bursts, it is likely that only one 
in a hundred, or maybe. less, of gamma-ray bursts detected by the BATSE instrument 
on CGRO will be seen in the EGRET spark chamber system. Bursts on May 3, 1991 
(GRB910503) and January 31, 1993 (GRB930131) were seen in the spark chamber 
telescope (Schneid et al., 1992; Sommer et al., 1993). The EGRET spectrometer has 
also detected a number of other bursts that did not produce detectable spark chamber 
events. 

Six high energy photons associated with GRB910503 were detected in the 
spark chamber (Schneid et al., 1992). allowing a determination of the burst arrival 
direction of I = 171.90 f 1.30, b = 5.30 f 1. lo. Three successive energy spectra of 
the burst were measured by EGRET in the energy range 1 - 200 MeV. The first two 
spectra, measured during the first three seconds after the BATSE trigger, were 
consistent with a power law of index 2.2 over the entire energy range. The final 
spectrum, accumulated during the subsequent four seconds, exhibited an additional soft 
component at low energies. 

GRB93013 1, also known as the “superbowl burst,” is the brightest burst yet 
recorded by BATSE. It was also seen by the COMPTEL instrument. The solid line in 
Fig. 9 shows the anticoincidence shield count rate during the burst. This burst 
produced 18 gamma-ray events in the EGRET spark chamber, with 16 of them 
occurring within 25 seconds of the BATSE trigger (Sommer et al., 1993). Perhaps 
most significantly, two gamma rays with energies near 1 GeV were seen. Arrival times 
of these spark chamber imaged photons are shown as crosses in Fig. 9. The 1 - 200 
MeV low-energy spectra and the energies of the spark chamber events are consistent 
with a power law differential photon energy spectrum extending from 1 MeV to at least 
1 GeV. The best fit spectral index over this range is 1.97 + 0.09. Even though the 
number of gamma rays detected in the spark chamber is small, there is no indication of 
spectral evolution with time during the 25 seconds following the BATSE trigger. A 
comparison of the burst fluence from 1 MeV to 1 GeV, derived from the EGRET 
observation, with the fluence below I MeV, derived from the BATSE observation 
(Kouvelioutou et al., 1993). suggest that the emission above 1 MeV is the dominant 

part of the burst energy produced following’the initial low energy intensity spikes and 
is a significant (if not dominant) part of the energy in the initial spike. 

’ GRB930131 ! 

Fig. 9. EGRET anticoincidence shield light curve for the January 31, 1993 
burst. The shield has a time resolution of 0.256 seconds. The crosses show 
the arrival times of high energy gamma rays that were images in the spark 
chamber. 

The presence of 1 GeV gamma rays in ‘the January 31 burst increases the 
highest energy at which gamma-ray bursts have been detected by an order of 
magnitude. The observation of such high energy gamma rays has *important 
implications for source models. For example, thelpower law spectrum extending over 
three decades in energy rules out any model that predicts a blackbody spectrum or a thin 
thermal spectrum at temperatures less than 1 GeV. Cosmic fireball models (e.g., 
Goodman, 1986; Paczynski, 1988) that predict modified blackbody spectra at 
temperatures of a few MeV are excluded by these observations. The duration and high 
energy of the observed photons combined with a consideration of the source opacity 
due to pair production attenuation places constraints on the geometry of the emitting 
source. For example, if the source is isotropic, then the distance to the burst must be 



within a few kpc to avoid pair attenuation above mc2. Source distances greater than 50 
kpc, as indicated by the BATSE spatia distribution, are possible if the emission is 
anisotropic. Fo! example, if the photons are collimated by a source moving 
relativistically with bulk Lorentz factor r, then for GRB930131 I-> 25 is required for a 
distance of 50 kpc (galactic halo) and r> 103 for a cosmological distance of 1 Gpc 
(Dingus et al., 1993; Baring, 1993). 

The EGRET observations of high energy gamma-ray emission from at least 
some bursts has perhaps deepened the mystery as to their origin and certainly has 
implications for many theoretical models of the bursts. 

5 Conclusion 

With completion of the first all-sky survey above 100 MeV, EGRET has 
observed many important high energy phenomena in the gamma-ray sky. Time- 
variable emission from blazars has been observed. Detailed time histories and spectra 
have been obtained for the Crab and Vela pulsars as well as the detection of several new 
gamma-ray emitting pulsars. The mystery of Geminga has largely been solved. 
Several gamma-ray bursts have been observed, with emission extending to 1 GeV in at 
least one case. EGRET has also detected solar flares that emit gamma rays to at least 
2 Ge.V and has observed with unprecedented detail the diffuse gamma-ray emission 
from many regions of the galactic plane. Diffuse emission has also been seen for the 
first time from the Large Magellanic Cloud. What EGRET will discover next is 
unknown. It is clear that this instrument has crossed a critical sensitivity threshold and 

gone into the exciting regime of seeing extragalactic sources at cosmological distances. 
Undoubtedly in the next few years this instrument will continue to reward us with its 
unique ability to view the universe at high energies. 
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DEUTERON 
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ABSTRACT 

The Spin Muon Collaboration (SMC) has measured for the first 
time the spin-dependent structure function g: of the deuteron in the 
deep inelastic scattering of polarized muons on polarized deuterons in 
the kinematic range Q2 > 1 GeV2, 0.006 < I < 0.6. The first moment 
If = rsi g$z = 0.023 f 0.020 (stat.) f 0.015 (syst.) is smaller than the 
prediction of the Ellis-Jaffe sum rules. We find that the fraction of the 
nucleon spin carried by strange quarks As is appreciable and negative. 
Using earlier measurements of 6, we infer the first moment of the spin- 
dependent neutron structure function gy. Our combined analysis of 
all the available data on the spin-dependent structure functions of the 
nucleon shows an excellent agreement among the data sets. We do not 
find significant deviations from the prediction of the Bjorken sum rule. 
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1 INTRODUCTION 

Experiments with high energy accelerators have established the validity of QCD 
in the perturbative regime. Understanding the quark structure of hadrons, i.e., 
solving QCD in the non-perturbative regime, is now the outstanding challenge , 
in strong interaction physics. The constituent quark model provides a reason- 
able description of several properties of nucleon structure, but obviously this is a 
somewhat naive picture. We must now understand the structure of the nucleon 
in terms of the elementary fields of &CD, quarks and gluons. To reach this goal, 
we need precise data that yield a clear cut interpretation. 

Nearly all existing data on quark distributions in hadrons were obtained by 
inclusive scattering of high energy particles. In such reactions, quarks are struck 
with considerable energy and momentum and their distributions are reconstructed 
from scattering data. These experiments revealed that gluons and sea quarks 
carry a large fraction of the nucleon’s momentum (2 50%). The strange sea 
measured by deep inelastic is small, but a clear determination of the strangeness 
content of the nucleon will require more experimental information before reaching 
firm conclusions. However, these experiments give access only to an average over 
all the possible quark orientations in the nucleon or nucleus. To obtain more 
detailed information on the quark structure of the nucleon, one needs a different 
kind of data. The study of the spin-dependent structure function g,(x) of the 
nucleon by polarized deep inelastic lepton scattering is an experimental approach 
of special interest.’ One measures a well-defined matrix element that reveals the 
structure of the nucleon in terms of the elementary fields of QCD. The success of 
the constituent quark model suggests that the spin of the nucleon is mostly built 
up by the spins of the valence quarks. A central issue is to find what fraction of 
the nucleon spin is carried by quarks and in particular by strange quarks. 

Another remarkable feature of polarized deep inelastic lepton scattering is the 
existence of relations to nucleon P-decay by sum rules and thus to fundamental 
static properties of the nucleon. The difference of the first moments of the proton 
and neutron spin-dependent structure functions are related to the ratio of the 
axial and vector coupling constants, by a sum rule originally derived in 1966 by 
Bjorken.2-4 This sum rule turned out a few years later to be a rigorous prediction 
of QCD. 

‘r For Q2 + 00, 

A significant disagreement with the predictions of QCD would imply a break- 
down of the foundations of &CD. Graphically, the Bjorken rule is represented in 
Fig. 1. 

Ellis-Jaffe 

-0. I 0 +o. 1 +0.2 

r, 

Figure 1: The theoretical prediction for the Bjorken sum rule. 

Ellis-Jaffe have derived sum rules for d(z) and g:(s) separately under the 
assumption that the strange sea is not polarized, i.e., As = 0. For Q* --t co, 

r; = f(F- fD) +O(a,) (3) 

r; = $jF - %D) +~(a,) (4) 

where F and D are universal weak decay constants (gA = F + D). In the naive 
quark parton model, each point of the line describing the Bjorken sum on Figure 1 
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corresponds to a  value of As. The  assumption of Ellis and  Jaffe corresponds to 
choosing one  point on  this curve. If experiments yield results that differ from this 
assumption, we can draw the conclusion that As #  0. Should the experimental 
result confirm this assumption, then the fraction of the proton carried by quarks 
would be  about  60% (Au N 0.92, Ad N -0.34, As = 0). 

The spin-dependent  structure function g,(z) of the nucleon is determined by 
measur ing cross section asymmetr ies in deep  inelastic scattering of longitudinally 
polarized leptons by longitudinally polarized nucleons. At this session of the 
SLAC Summer Institute, an  extensive review of the spin structure of the nucleon 
is presented by Emlyn Hughes,  while Stanley Brodsky discusses the theoretical 
interest of probing the spin structure of the nucleon with polarized electrons and  
muons.  I refer the reader to their lectures as a  natural introduction to define 
the framework of polarized deep  inelastic scattering. Few data were available ten 
years ago.  W h e n  Hughes and  Kuti’ reviewed the results from the first experiments 
performed at SLAC on  the proton ,’ the experimental data seemed to confirm the 
na’ive ideas of the quark-parton picture of the nucleon. These experiments5 used 
polarized electrons with energies between 6  and  21  GeV and  covered the kinematic 
range 0.1 <  z <  0.7, where z is the Bjorken scaling variable. Five years later, 
an  experiment at CERN caused a  major surprise.6 This experiment probed a  
lower x range 0.01 < z <  0.7 using polarized muons of 100  and  200  GeV energy.  
The  muon  data suggested that, in the quark-parton model,  quarks and  ant iquarks 
contribute little to the spin of the proton and  that strange quarks in the sea have 
a  substantial negat ive polarization. These results caused quite a  stir and  raised 
considerable interest. In many papers,  a  variety of theoretical ideas have been  
proposed to explain these unexpected results.’ 

It became clear that the study of spin structure of the nucleon might reveal a  
fundamental  breakdown of theory. Therefore, an  extensive experimental program 
was immediately proposed to test the validity of the Bjorken sum rule and  to 
measure the contribution of strange quarks to the nucleon spin. Several exper-  
iments are presently being carried out or prepared at CERN,*v’ SLAC,los” and  
DESY” to measure the spin structure function of the neutron and  to repeat the 
proton measurement  with improved accuracy. Recently the SMC and  the El42 
collaborations publ ished the first data on  the spin-dependent  structure functions 
of the deuteron’ g: and  of the neutron lo g;. Figure 2  is a  summary of the avail- 
able experimental results. The  results of the El42 experiment are presented at 

- m  Proton (DJC) 0 

- 0 Proton (SLK) 

0.05 - 
+ 

14 
+ 

+‘B+ 4 

0 I +i+ 

0.1 

ocutcron (SW) 

X 

Figure 2: Summary of the available data on the proton, neutron and 
deuteron spin-dependent structure functions 91 (z).~~‘~~* 
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this meeting by Zein-Eddine Meziani. Therefore, my contribution to the SLAC 
Summer Institute will focus on the results of the SMC experiment and on the con- 
clusions that one can draw from a combined analysis of all the available results. 
I will conclude with a brief overview of SMC future plans. 

Our collaboration has measured the cross section asymmetry for the deuteron: 

,t1- Ott Ad=-. at1 + on 
In this expression, utl (ov) are the cross sections for inclusive deep inelastic 
scattering of longitudinally polarized muons on longitudinally polarized deuterons, 
for antiparallel (parallel) orientation of beam and target polarizations. From this 
asymmetry, we evaluate the spin-dependent structure function g:(x) which we 
then use to test the prediction of the Ellis-JaIfe sum rules.13 In combination with 
the earlier results from measurements with proton targets, our data allow us to 
evaluate the first moment of the structure function g?(x) of the neutron and to 
test the Bjorken sum rule.* 

The NA47 experiment at CERN is carried out by the Spin Muon Collab- 
oration (SMC) to measure the spin structure functions of the proton and the 
deuteron. This experiment uses a polarized muon beam, a polarized deuterium 
target, a spectrometer to measure the scattered muon, and a beam polarimeter. 
The target and the spectrometer are based on the apparatus built by the EMC 
collaboration,6~14 but have been upgraded for this experiment to reduce system- 
atic uncertainties.g~15 We have built a polarimeter to measure the muon beam 
polarization. 

2 POLARIZED TARGETS 

The polarized deuteron target uses the same cryogenic components as the EMC 
targets*r6*“(Fig. 3). A superconducting solenoid provides a magnetic field of 2.5 T 
parallel to the beam direction, with a uniformity of 10m4 in the target volume. 
A dilution refrigerator, with a cooling power of up to 2 W  at 0.9 K, cools the 
target at a typical temperature of 0.2 - 0.5 K during polarization and at 50 mK 
during frozen spin operat,ion. The residual heat load to the target chamber has 
been reduced by improvements in the target holder, so that a base temperature 
of less than 50 mK could be reached, enabling field rotation at 0.2 T field value. 
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The deuteron polarized target is divided in two halves, each 40 cm long and 
5 cm in diameter, separated by 20 cm. The longitudinal polarizations in the two 
halves are opposite in sign to record data with both polarization directions simul- 
taneously. This technique, introduced by EMC, enables the accurate measurement 
of inclusive spin asymmetries without relying on the absolute normalization of in- 
tense beams. The material of the target is 99.5% perdeuterated I-butanol with 
about 5% by weight of deuterium oxide to promote glass formation and stabil- 
ity, in which paramagnetic [EDBA- Cr(V)-d20 D20]-Na+ molecules are dissolved 
uniformly. After the dissolving of the paramagnetic dopant at room temperature, 
the material is formed into beads of about 1.5 mm diameter, by letting drops of 
the solution freeze on the meniscus of liquid nitrogen. The concentration of the 
unpaired electrons is 6.4 x 10” cm-3. 

Dynamic nuclear polarization (DNP) m our polarized target is obtained by 
applying saturating microwave power near the resonance at 69.3 GHz of the para- 
magnetic molecules. The maximum deuteron polarization values were +0.25 and 
-0.36 before it was discovered that a substantial increase in the polarization value 
and speed can be obtained by modulating the microwave frequency over the range 
of about 30 MHz.‘* This enabled us to run during the last three months of 1992 at 
the averaged target polarizations of l&l > 0.40 . The polarization of the deuteron 
nuclear spins is measured using continuous-wave nuclear magnetic resonance NMR 
with series Q-meter. The measurement is performed simultaneously in 10 coils 
sampling the material almost uniformly along the target volume. The polarization 
is determined from the integrated NMR absorption signals; the reproducibility of 
this procedure in each channel is better than AP = 10e3 with 25 s signal averag- 
ing time. The relative accuracy of the polarization measurement is determined by 
the calibration procedure and the estimated inhomogeneity of the target polar- 
ization itself. The NMR method of polarization measurement was calibrated by 
measuring the integrated NMR signals accurately at N  1 K temperature, where 
spin-lattice relaxation ensures good equilibrium between the temperatures of the 
spins, the lattice, and the superfluid helium coolant. The top part of Fig. 4 shows 
the NMR signals of coils 4 and 8 located in the upstream and downstream targets 
rorrcsponding to a polarization of 43.3% and -48.7% respectively. The bottom 
part of Fig. 4 shows the very small NMR signals at thermal equilibrium corre- 
sponding to a polarization of PTE 2 5 x 10m4. The remarkable quality of these 
signals was achieved by the development of improved electromagnetic interference 
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Figure 4: NMR signals measured using the SMC polarized deuteron 
target. Note the change of scale by a factor of IOU between the sig- 
nals obtained with dynamical nuclear polarization (top) and at thermal 

equilibrium (bottom). 
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control by thermal stabilization of electronics circuit and signal cables. PTE is / 
known accurately from the Curie law, and depends only on the values of the spin 
and magnetic moment, the helium temperature, and the magnetic field value, 
all of which are accurately known or measured. This provides a calibration to 
measure the polarization of the deuteron target to an accuracy of about 0.02. 1 

False asymmetries may arise if the ratio of the spectrometer acceptances for 
the upstream and downstream halves of the target varies with time. To minimize 
the effect of such systematic uncertainties we reverse the spin directions of the 
target halves frequently in comparison with the characteristic frequencies of the 
variation of the acceptance ratio. The deuteron target uses two methods for this 
purpose: 

l Beversal of the sign of the polarization using the microwave DNP method. 
This reversal took about three hours in 1992 and was performed once per 
day. 

l Rotation of the magnetic field to the opposite direction. This method uses 
a 0.2 T superconducting dipole coil wound on the microwave cavity of the 
target, with field perpendicular to the solenoid field. The currents in the 
solenoid and dipole coils are ramped in a correlated sequence to rotate the 
magnetic field. With this technique, nucleon spins follow adiabatically the 
direction of the magnetic field with a polarization loss less than 1% of the 
original value. The field rotation takes about thirty minutes. It allowed 
reversing the direction of the target spin every eight hours during the last 
three months of operation of the 1992 run. 

Before the introduction of the field rotation in routine operation, only the 
microwave DNP reversal was used. For comparison, in the EMC (European Muon 
Collaboration) experiment, the target polarization was reversed only once a week, 
again using microwave DNP. 

A new polarized proton and deuteron target, specially built for the SMC ex- 
periment, was installed in the winter of 1992 during the SPS shutdown. The new 
magnet systemnr has a 2.5 T field with an homogeneity of 2 x 10m5. The solenoid 
field is superimposed by a dipole coil which enables running in transverse holding 
field mode during frozen spin operation, besides field rotation. The magnet sys- 
tem is shown in Fig. 5. It consists of three concentric coil systems, a main inner 
solenoid with compensation coils at the end, 2 x 8 correction windings distributed 

Solenoid winding. 

-3 Dipole 
ON 500 
L=2380 

16 Corrections coils 
ON 400 
L=2359 

ON 300 - L=2580 
Principal : 10x960 turns 
Compensations : 2x18~72 turns 

Figure 5: The SMC magnet. 
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along the solenoid, and an outer saddle coil-type dipole. 
The target represented in Fig. 6 is 50% longer and is cooled by a dilution 

refrigerator with considerably higher cooling power. This target will allow us to 
measure the transverse spin structure function for the proton. The field rotation 
is now performed every five hours in a sequence optimized by computer. 

3 THE CERN SPS MUON BEAM 

The high energy muon beam at the CERN SPS proton accelerator is produced by 
pion decay in flight. Due to the parity violating nature of the weak decay A --t pv, 
this beam is naturally polarized. 

For this experiment, we have used a beam of positive muons with an average 
energy of 100 GeV,20 a spill length of 2.4 s, and a repetition rate of 14.4 s. The 
beam intensity is 4 x lo7 particles per spill. The incident muon momentum is 
measured on an event-by-event basis. 

The CERN M2 muon beam used for the SMC experiment?~** is produced by 
bombarding a beryllium production target with the 450 GeV SPS proton beam. 
The secondary hadrons produced are mostly pions, with a kaon admixture that is 
smaller than 3% for muon beams of 100 GeV energy. Pions and kaons are momen- 
tum selected and transported in a 500 m long decay channel; a fraction of about 
10% decays into muons. A 7.7 m long beryllium absorber removes the remaining 
hadrons. The muon momentum band is defined and the beam halo is eliminated 
using a system of magnetized iron collimators (scrapers). The maximum muon 
beam energy is 225 GeV. The SMC experiment operates at a typical intensity of 
4 x 107p+/pulse at 100 and 200 GeV. The muon beam pulse has a duration of 
2.4 s with a period of 14.4 s. This beam has a circular spot size of about 2 cm 
FWHM at all critical locations in the experiment. 

The polarization of a muon beam is determined by the momentum bands 
of both the parent pions and the decay muons accepted by the beam transport 
system. The measured longitudinal polarization of the muon beam P,, is the mean 
value of P,,(V) over the accepted phase space. 

A value of P,, N -1 is obtained by selecting decay muons emitted at 8’ 21 0. 
A positive value of P,, is obtained for backward muons. Beams of forward muons 
have significantly higher intensity than those of backward muons. Thus, the SMC 
experiment has chosen to use forward /I + beams of 100 and 190 GeV obtained from 

Precooler 

Superconducting Solenoid 

Target A Target B 

Figure 6: The new SMC polarized proton and deuteron target. 
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pion beams of 110 and 210 GeV respectively, both with a polarization P,, 2 -0.8. 

The polarization measurements presented in this paper have been obtained with 
100 GeV p+ from the decay of 110 GeV ?r+. A p+ beam of 100 GeV from the 
decay of 165 GeV K+, with a polarization P,, N +0.6, has also been studied. 

A Monte Carlo program has been written to model in detail the phase space 
of parent hadrons and decay muons, and their propagation through the beam 
transport system.21-23 The uncertainty in the beam polarization obtained from 
this simulation is difficult to estimate. This is due largely to a lack of precise 
knowledge of the secondary pion spectrum, which must be input to the Monte 
Carlo. Additional uncertainties are due to Kahn background in the pion beam, 
the shape of magnetic fields, the description of all the materials present along the 
muon beam line, and radiative energy losses of muons in the hadron absorber. 

3.1 Muon Momentum Determination 

The beam momentum station (BMS) measures the momentum of incident muons 
upstream of the SMC experimental hall. It consists of the last set of vertical bend- 
ing magnets of the beam line and four planes of fast scintillator hodoscopes. Two 
planes are located upstream of the bending magnets and two planes downstream. 
Each hodoscope plane consists of 64 scintillators 5 mm wide and 20 mm thick. 
The resolution of the momentum measurement is 3 x 10m3. 

3.2 Beam Phase Space 

To sample the beam phase space, beam hodoscopes upstream of the SMC polarized 
target are read out by the data acquisition system. These hodoscopes consist of 16 
planes of scintillation counters. There are four planes with counters oriented in the 
horizontal direction, four planes of vertical counters, and 2 x 4 planes oriented at 
f 45” with respect to the horizontal counters. Each plane consists of 20 elements 
which are 4 mm wide, 4 mm thick and 9 cm long. The angular resolution is 0.1 
mrad and the reconstruction efficiency is higher than 90%. 

4 MUON SPECTROMETER 

Absorber 

Polarised 

Beam Tracking 
Muon Momentum 
Analysis Magnet 

Muon Tracking 

Figure 7: The SMC muon spectrometer. 

The muon spectrometer (Fig. 7) was originally designed and built by the EMC’ 
collaboration and has been upgraded by the NMC15 and SMC collaborations. In 
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the first stage of the muon spectrometer, charged particles are momentum ana- 
lyzed with a conventional large aperture dipole magnet and several sets of pro- 
portional and drift chambers. Hadrons are absorbed in an iron wall. Downstream 
of this wall, streamer tubes, drift tubes, and scintillator hodoscopes are used for 
muon identification and triggering. 

Off-line event reconstruction programs determine the kinematics of the inci- 
dent and scattered muon and the vertex position. Starting from the scattered 
muon identified downstream of the absorber wall in the muon spectrometer, the 
upstream trajectory is reconstructed up to the interaction point. The average 
vertex resolution is 3 cm in the direction of the beam and 0.3 mm in the trans- 
verse plane. This permits a good identification of the events originating from the 
upstream and downstream target cells. 

A Monte Carlo simulation was developed for our experimental set-up using the 
GEANT program. 24 A detailed description of the apparatus is included as well as 
the resolution and efficiency of all detectors. The simulation uses the distribution 
of incident muons recorded during the data taking. The Monte Carlo program has 
been used to test the event reconstruction, to determine resolution smearing and 
to estimate systematic errors due to efficiency variations of the various detectors. 

5 MEASUREMENT OF THE MUON BEAM 
POLARIZATION 

The polarization of the CERN SPS muon beam was first determined by Bollini 
et al.25 They measured the momentum spectrum of the decay positrons produced 
along a 300 m decay path. A bending magnet of the muon beam transport system 
was used to analyze the momentum of the positrons which were identified in a 
single lead-glass counter. A large error was due to a 10% uncertainty in the muon 
flux normalization. The overall error on the polarization was estimated to range 
from 10 to 15%. Within this uncertainty, the measured polarization agreed with 
a Monte Carlo simulation of the beam phase space and transport system. 

In the first measurement of the proton spin-dependent structure function gi (2) 
with a muon beam, the value of the beam polarization was determined by a Monte 
Carlo simulation with an estimated accuracy of 7.5%.6 To reach the goals of 
the SMC experiment, it is necessary to measure the muon beam polarization to 

an $ccuracy better than 5%. Two methods are used to achieve this goal. The 
first one determines the beam polarization from the energy spectrum of positrons 
from muon decay. 26 A complementary method which has different systematic 
uncertainties is based on measuring the asymmetry in polarized muon-electron 
scattering.27 Here, I will present only the decay method. 

In the Monte Carlo method, we calculate the longitudinal polarization of a 
positive muon emitted in the rr rest frame at an angle 8’ relative to the momentum 
of the rr in the laboratory frame from: 

P,(V) = - 
E’cose* +p* 

E’ + p* cos 0’ (‘3) 

where P,, is defined in the muon rest frame and all other variables are expressed 
in the pion rest frame**; p’ and E’ are the muon momentum and energy. In terms 
of kinematic variables measured in the laboratory frame, this formula becomes in 
the relativistic limit: 

where 

u- (mJm)*(l - u) 
em = -u + (fn,/m*)*(l - u) 

u = J%/Ex - h/m*)* = ,,,2(e’,, 

1 - (m,lm,)* 2 

(7) 

(8) 
The measurement of the energy spectrum of positrons from muon decay in 

flight, CL+ 4 e+v,tip,, provides a method to measure the muon beam polarization. 
In the rest frame of a positive muon, the decay positron is preferentially emitted in 
the muon spin direction. The positron energy distribution is known as the Michel 
spectrum.2g The Lorentz boost produces an energy distribution in the laboratory 
system which is sensitive to the polarization of the muon beam. It is given by the 
expression 30,31 

dN 
- = N 
&  

; - 3y2 + ;y3 - P, (5 - 3y2 + fY3)] . (9) 

The variable y = EJE,, is the ratio of positron and muon energies. At our 
energies, y is equivalent to the ratio of the momenta of the two particles. N 
is the number of muon decays. The determination of the spectrum requires the 
measurement of both the muon and electron momenta. 

Figure 8 shows the positron spectrum for different values of the muon polar- 
ization P,,. It is particularly sensitive to P,, at large y, but this region is hard 
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Figure 8: Energy spectrum of positrons from muon decay, for Jongitu- 

dinal muon  polarizations P,, =  -1, 0, +l. 

to measure,  because the decay positrons are difficult to separate from the high 
flux region of the muon  beam. The central part of the spectrum is more easily 
accessible with a  standard magnet ic spectrometer. Radiative corrections modify 
the shape of the spectrum given by Eq. (9). The  polarization extracted without 
these corrections would be  different by  N -0.07. 

5.1 The SMC Muon Beam Polarimeter 

The measurement  of the polarization of the CERN SPS 100  GeV p+ beam used 
for the SMC experiment is achieved with a  statistical accuracy better than 5 %  in 
10  hours of data acquisition. The  total systematic uncertainty is N 3%. Figure 
9  shows the experimental set-up. This polarimeter has  the following characteris- 
tics:26 

a  The parent muon  is identified upstream of a  field-free decay region. 

s The  decay positron momentum is measured by a  large acceptance magnet ic 
spectrometer. 
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Figure 9: The SMC Muon Poiarimeter.26 
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. The decay positron is identified in a lead glass calorimeter. 

The polarimeter is located downstream of the SMC main spectrometer. The 
I& dipole magnet of the beam transport system, located 10 m  upstream of the 
beginning of the decay path, sweeps away most of the positrons which otherwise 
would contaminate the muon beam. A 33 m  long decay path starts at the shower 
veto hodoscope (SV) and extends to the analyzing magnet (MNP26). Along this 
decay path a telescope of three multiwire proportional chambers (MWPC), labeled 
PBCs, measures particle tracks before the analyzing magnet. Vacuum pipes are 
installed along the decay path between the chambers of this telescope to reduce 
bremsstrahlung of the decay positrons. Downstream of the analyzing magnet, 
a second telescope of three MWPCs, called PPCs, tracks the deflected particles 
over a distance of 10 meters before they reach the lead-glasscalorimeter (LG). The 
positron momentum pc+ is determined from the deflection in the MNP26 magnet 
as measured by the two MWPC telescopes. The lead-glass calorimeter measures 
the positron energy EC+. The positron identification and the background rejection 
are based on the comparison of the positron energy deposited in the lead glass 
calorimeter and the momentum measured by the magnetic spectrometer. 

In the reconstruction of decay events, the muon entering the decay region is 
correlated with a positron signal in the lead glass calorimeter. This is done by 
applying timing cuts which require the lead glass and shower veto hits to be in 
time within f3 ns. In addition, the summed pulse height in each shower veto 
plane has to be smaller than 1.6 times the average pulse height of a minimum 
ionizing particle. 

We require a single reconstructed track in both the downstream and upstream 
telescopes. In fitting the upstream track, we take into account that the positron 
is emitted with an angle smaller than 2 mrad with respect to the muon direction. 
Three of four planes are required in each PBC beam chamber and two of three 
planes are required in each downstream PPC chamber. The positron momentum 
is determined using the magnetic field map of the MNP26 analyzing magnet and 
is compared to the energy of the shower in the lead glass calorimeter. A very 
efficient method of eliminating this background is to require that the upstream 
and downstream tracks intersect at the center of MNP26. Figure 10 shows the y 
spectrum obtained in 10 hours of data-taking. 

0 0.2 0.4 0.6 0.8 1.0 

Y 

Figure 10: Measured positron spectrum from 100 GeV p+ beam and 

measured e+ background spectrum from p- --t e+. 

To determine the background from radiative energy losses in the material up 
stream of the polarimeter or in the decay region, we have measured the positron 
spectrum from a negative muon beam. An incident p- beam produces a rate of 
background positrons identical to that produced by a p+ beam. However, for our 
experimental set-up, most of the ,u+‘s which produce background positrons also 
fall within the polarimeter acceptance. Two charged particle tracks are detected 
and the event is rejected in the analysis. This is different for negative muons that 
are bent in opposite direction t.o e +. Double tracks corresponding to a correlated 
p- - e+ pair do not fall within the polarimeter acceptance and are not observed. 
The positron spectrum created by a p- beam is therefore an overestimate of the 
corresponding background for a p+ beam. A Monte Carlo study of this difference 
shows that for our experimental conditions, the background of positrons from a 
p+ beam is three times smaller than the background measured with a IL- beam. 
Taking into account this correction, and the difference in the y dependence be- 
tween the p+ and p- background as given by the simulation, leads to a positron 
background of 0.8% shown in Fig. 10. 
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5.2 Determination of P,, “, 0.035 (stat.) is obtained from the corrected spectrum shown in Fig. 13. 

The response function A of the spectrometer is computed from a Monte Carlo 
simulation that also includes first order QED corrections to muon decay.= The 
beam polarization is then determined using Eq. (9), after correcting the measured 
energy spectrum of the positrons for the simulated response function. The propa- 
gation of all particles is simulated using the GEANT program” and the measured 
field map. The output from this Monte Carlo program is processed by the same 
analysis program as that used for the experimental data. The reconstructed spec- 
trum is compared to the prediction of Eq. (9) to determine A(y) (Figs. 11 and 
12). The dashed lines in Fig. 12 indicate the region of acceptance used for the 
determination of P,, from a fit to Eq. 9. Correcting for this response function, one 
obtains the decay spectrum shown in Fig. 13. 

0.8)-‘4 

f---l : ;*. 
0.6 - * 1 : l . 

E ’ . - i 

. : I 
. 

i ‘. ,. I . * 0.4- i .: 
‘I . 

.i ‘1.: : . . 

* 0.2 - 1 Range’ .i . 

1.. offit .I : 

i -.! - -. : i 
- :, 

0. k 1 1.1 4 a i ’ 1%’ - 
0 0.2 0.4 0.6 0.8 1.0 

moor , , , , , , , , , , 

0 0.2 0.4 0.6 0.8 1.0 

Y 
Figure 11: Monte Carlo simulation of the pt -+ etuij spectrum. 

The shaded histogram represents the events reconstructed by the 

analysis program. 

The muon polarization P, is determined by fitting Eq. (9) to the spectrum 
shown in Fig. 13, allowing P and N to vary freely. The fit is restricted to the region 
of the response function A(y) 0.34 5 y < 0.6 for which positrons’ trajectories are 
sufficiently far away from detector edges (Fig. 12). A polarization of -0.820 f 

Y 

Figure 12: Response function A(y) aa determined from the ratio of the 

two histograms in Fig. II. It includes geometrical acceptance, detectors 

efficiencies and QED corrections. 

We have evaluated the systematic error on our measurement coming from the 
uncertainties in p=/p,,, positron background, energy loss, radiative corrections and 
geometrical acceptance by Monte Carlo simulation. 

l The uncertainty in the determination of the pc/p,, ratio of 2 x 10e3 dis- 
cussed in Section 2 leads to a systematic uncertainty in the polarization of 

4PP)P.h” = 0.01. For the 1991 run, this error turned out to be 0.03 due to 

a surveying ambiguity. 

. The positron background shown in Fig. 10 increases the measured polariza- 
tion by 6P,, = +O.Ol. This correction is based on a combination of experi- 
mental measurements and a Monte Carlo simulation and has an uncertainty 
of the same order u(P,&+ = 0.01. 

. We assumed a muon beam polarization of P,, = -0.8 to calculate radiative 
corrections in the csse of a negatively polarized muon beam and Pti = +0.5 

for a positively polarized beam. In the region of our measurement, radiative 
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Figure 13: Corrected decay spectrum. 

corrections are essentially independent of the precise value of the beam po- 
larization. We estimate the contribution to the uncertainty due to radiative 
corrections to be u(PP)hd.corr. = 0.008. 

l Energy losses of the muons and decay positrons can lead to an error in the 
determination of y = EJE,. Ignoring this effect would shift the measured 
polarization by U’, = -0.05. We estimate that we can account for these 
effects to within 10% with our Monte Carlo simulation. Thus, we assume a 
contribution of u(P,,)E”~.~~ ~~~~ = 0.005 to the systematic error. 

l The contribution to the systematic error due to the Monte Carlo calculated 
geometrical acceptance, which includes detector efficiencies, is minimized by 
restricting the fit to the spectrum to the region of A(y) 0.34 5 y 5 0.6. A 
systematic error of u(PP)acceplance = 0.01 is estimated for this calculation. 

Adding these contributions in quadrature, we find (P,,) = -0.82fO.O3(stat.)f 

O.OS(syst.). This measurement agrees with the result of the Monte Carlo calcula- 
tion (P,,) = -0.83 f 0.05. 

d DEUTERON CROSS SECTION 
ASYMMETRIES 

We report here on data taken in 1992, covering the kinematic range 1 Gev < 
Q* < 60 GeV* and 0.006 < 5 < 0.6. Cuts were applied on kinematic variables 
in order to minimize smearing effects, to limit the size of radiative corrections, 
and to reject muons originating from the decay of pions produced in the target. 
After cuts, the data sample amounts to 3.2 x lo6 events with an average target 
polarization PT = 0.35. 

The measured event yields from the two target cells can be expressed in terms 
of the cross section asymmetry Ad: 

N, = n,h,u,,(l - fP,,PuAd) (10) 

N,j = n&h&,( 1 - f PpPdAd), (11) 

where the subscripts u and d refer to the upstream and downstream target cells, n 
is the number of target nucleons, @ the beam flux, a the apparatus acceptance, 00 
the unpolarized cross section, f the fraction of the event yield from the deuterons 
in the polarized target material (dilution factor), and P,, and Pu,d the beam and 
target polarizations. The sign of the polarization of both the target and the 
incident muon is defined to be positive when parallel to the beam direction. With 
this definition, P,, is negative for a p+ beam and P. and Pd are of opposite sign. 
Cuts are applied to ensure that the beam flux Q is the same for both target cells. 
The dilution factor is f II? 0.19 and the raw asymmetry f PpPTAd is of order 10e3. 

The virtual photon asymmetry A: is related to the muon-deuteron asymmetry 
Ad by 

A; = u1/2-u3/2 N $, 
‘7112 + fl33/2 

(12) 

where D is the depolarization factor that depends on the event kinematics.” A 
possible contribution from the transverse asymmetry A2 is constrained by a pos- 
itivity limit which is included in the systematic error. The contribution from the 
quadrupole structure function bl(z) of the deuteron is expected to be small in the 
kinematic range of our data34 and has been neglected. 

The combination of two data sets taken before and after a polarization reversal 
provides four equations for the yields, from which A: can be extracted under the 

, 
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assumption that the acceptance ratio r = &/ad remains constant. The radiative ’ 
corrections to A: have been evaluated from a detailed calculation of higher order 
effects on spin-dependent cross sections. 35 Within the systematic uncertainty, they 
are in agreement with the corrections obtained from the method described in Ref. 
7 and are small with respect to the statistical errors. A: is evaluated in bins of I 
and Q*; however, no Q* dependence of A: is observed within the statistical errors 
and we therefore present the average Ai in each bin of I (Fig. 14). 

0.3 

“4 0 

- 0.3 

-0.6 1 

Figure 14: The virtual photon-deuteron cross section asymmetry A: 8~ 

a function of the Bjorken scaling variable Z. The error bars are statistical 
only. The shaded area indicates the size of systematic uncertainties. 

The dominant systematic uncertainty is a time variation of the acceptance ratio 
r. If a variation Ar occurs between two polarization reversals, the systematic error 
on A: is 

AA: = 
1 Ar 

4fP,PTD? 

To estimate this uncertainty, we have carefully studied the time dependence of all 
detector efficiencies. The largest variations observed were used in the Monte Carlo 
simulation. The same variations were applied to the experimental data. The ac- 
ceptance variations estimated with these two methods agree with each other and 

“, were used to obtain an upper limit AT/T = 2 x 10e3. Further sizable system- 
atic errors arise from the uncertainties on the beam and target polarizations, the 
dilution factor, the radiative corrections, the momentum measurement, the depo- 
larization factor D, and from a small contamination of protons in the target. The 
individual systematic errors are combined in quadrature. 

The longitudinal spin structure function g:(z) is obtained from the asymmetry 
A! by the relation: 

Ai’W ’,d(x, Q*) 
g’(x) = 22[1 + R(z, Q*)]’ (14) 

We adopt here the convention that gf and Fi are the average structure functions 
of the nucleon in the deuterium nucleus. We have taken F,“(z,Q*) and R(x,Q*) 
at Q* = 4.6 GeV*, which is the average Q2 of the data. The values of F$‘(x, Q*) 
were obtained from the NMC parametrization36 and those of R from a global fit 
of the SLAC data.37 Results for gf are shown in Fig. 15. Uncertainties on F2 and 
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Figure 15: The spin-dependent structure function q:(z) as a function 
of the Bjorken scaling variable Z. The error bars are statistical only. 

R are included in the systematic error of gf. 
The integral of gf over the measured range of 2 was calculated from the data, 
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assuming a  scaling behavior of Al: 

J 

0.6 
o,mgi+(s)dz =  0.024 f 0.020 (stat.) f 0.013 (syst.). (15) 

W e  have also calculated the integral assuming a  scaling behavior of 91; this changes 
the result by  5 %  only. To  estimate the integral in the unmeasured region at small 
2, we fit the four lowest data points in I assuming a  behavior g:(z) 0: Y’, with 
-0.5 <  cr <  0.38 This contribution amounts to -0.003 f 0.003. To  estimate 
the integral at z >  0.6, we use a  phenomenological  fit which is constrained to 
g:(s) =  0  at 2  =  1. To  estimate the uncertainty on  this extrapolation, we use the 
bound  Al 5  1. This contribution amounts to 0.002 f 0.004. The  result for the 
first moment  of g:(x) is thus Fig. 16: 

I-f =  1’ g;(s)dz =  0.023 f 0.020 (stat.) f 0.015 (syst.). 

The  systematic errors on  ri’ are detailed in Table 1. 

(16) 

a) As=0 
b) This exp. 

Figure 16: The integral JJm g?(z)& S W  a function of the lower iote 
gration limit z,,,. The error bars are statistical only. The open point 
represents the extrapolation to large z. 

Assuming a  5.8% probability of the deuteron to be  in a  D-state,3g*40 we find 
ry +  II’; =  0.049 f 0 .044 (stat.) f 0 .032 (syst.). The  Ellis-Jaffe sum rules13 

Origin of the error ar: 
Momentum measurement  0 .0005 
Beam polarization 
Target polarization 
Background polarization 
Dilution factor 
Radiative corrections 
Smearing 
R 

F2 

Neglect of A2 

Extrapolation at low-x 
Extrapolation at high-x 
Acceptance variation 

0.0015 
0.0010 
0.0005 
0.0010 
0.0009 
0.0015 
0.0009 
0.0012 
0.0082 
0.0030 
0.0040 
0.0120 
0.0135 
0.0220 

- 

Table 1: Contributions to the error on  r:. 
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predict the first moments of the proton and  neutron spin structure functions to 
be  ry+ri’ =  0.187f0.010, respectively. This is more than two standard deviations 
above the measured value. 

The  value of r: can be  expressed in terms of the matrix elements as and  a0  of 
the axial vector currents.’ Using as = 0.397f0.020derived from hyperon decay,4’ 
we obtain: 

a0 = 0.05 f 0 .16 (stat.) f 0 .12 (syst.), 

in agreement  with the result from the measurement  of I’r6; 

(17) 

Q = 0.098 f 0.076 (stat.) f 0.113 (syst.). (18) 

In the quark-parton model,  au  is proport ional to the sum of the quark contribu- 
tions AX = Au + Ad + As to the nucleon spin. W e  find, 

AC = 0.06 f 0.25 (total) (19) 
As = -0.21 f 0.08 (total). (20) 

Combining our result on  I?: with f’y from EMC,s we can determine the first 
moment  of the neutron spin structure function: 

r; = -0.08 f 0.04 (stat.) f 0.04 (syst.). (21) 

This allows us to test the Bjorken sum rule,*v3 which predicts 

q-r; = fgA [i - :] = 0.191f0.002 

at the Q* of our  experiment. From this experiment, we find: 

r; - r; =  0.203 f 0.047 (stat.) f 0.043 (syst.), (23) 

in agreement  with the prediction of Bjorken sum rule. 

(22) 

‘t, 7 COMBINED ANALYSIS OF PROTON, 
NEUTRON AND DEUTERON DATA 

The conclusions from the SMC experiment on  the deuterons agree with those of 
the earlier proton experiments.5s” 

l The first moment  I’! =  Jar gfdz is smaller than the prediction of the Ellis-Jaffe 
sum rule.r3 

l The fraction of spin carried by quark spins AX is small. 

s  The  fraction of the nucleon spin carried by strange quarks As is appreciable 
and  negative. 

Recently, data on  the neutron have been  publ ished by the El42 collaboration. 
This experiment used polarized electrons with energies between 19  and  26  GeV 
and  a  polarized 3He target for the measurement  of the neutron structure function. 
Different conclusions have been  reached from the analysis of the deuteron and  3He 
data. The results of the 3He data analysislo reports agreement  with the prediction 
of the Ellis-Jaffe sum rule, find AX large and  As consistent with zero (Table 2). 

The  results from the SMC analysis8 confirm the validity of the Bjorken sum 
rule, while E1421°  reports a  two standard deviation difference. 

These results have been  reanalyzed in Refs. 42-44,  where Q* dependence  of the 
sum rules, target mass, and  higher order corrections have been  taken into account.  
Thus,  our  collaboration has focused on  the comparison of the measured structure 
functions and their consistency. W e  have examined the effect of the choice of the 
extrapolation to the unmeasured region of z and  the effect of using the SMC and  
EMC low z measurements to extrapolate the El42 data. 

The  polarized structure functions of the proton, neutron, and  the deuteron are 
related by the following expression:40 

gi’(x> Q*) 2  ;(dh Q*) + g;(x, Q*))U - ;w, (24) 

where wo accounts for the D-state admixture 3g  in the deuteron wave function. 
The  data for d(r), g!(r) and  g:(z) partially overlap in z but for each z bin their 
average values of Q* are different. Therefore, to test the consistency of the different 
experiments, data have to be  evolved to a  common value of Q*. Experimentally, 
the structure function gr (2, Q ’) is determined from the virtual photon asymmetry 
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Data Proton5s6 Neutron’O  Deuteron’ 
x-range 0.01 j 0.64 0.03 f 0.6 0.006 f 0.6 
(Q*) (GeV*) 10.7 2.0 4.6 
Q* range (GeV*) 1  +  70  1e7  I+ 30  
rl(exp.) 0.126f0.018 -0.022f 0 .011 0.023f 0 .025 
AX 0.12f 0.17 0.57f 0.11 0.06f0.25 
As -0.19 f 0.06 -0.01 f 0.06 -0.21 f 0.08 

Table 2: Publ ished results from experiments on  polarized deep  inelastic lepton 
scattering. For the experimental results, statistical and  systematic errors have 
been  added  in quadrature.  

A+ &*I via: 
g1(x &2) = Alb, Q2)F2(z1 Q*) 

22( 1  +  R(s, Q*)) ’ (25) 

Thus, the Q* dependence  of gr (2, Q*) is determined by the ones  of Al(z, Q*), of 
the spin independent  structure function Fz, and  of the ratio R of the longitudinal 
to the transverse virtual photon absorpt ion cross sections. 

The  measurements on  the proton showed that Al(z) are compatible with Q* 
independence within the experimental errors. The  same conclusion can be  drawn 
for A?@, Q*), using both the SMC (deuteron) data and  also the combinat ion of 
the El42 (neutron) and  the El30 (proton) data using Eq.(24). For all the bins in 
z. we find no  evidence for a  Q* dependence  of the experimental asymmetries. 

Theoretically, polarized structure functions can be  calculated by leading order 
perturbative QCD45*46 using parton distributions as input. The  model  distribu- 
tions of Ref. 47  allow predictions to be  made  for &I)(r) and  g:(s) that are in good  
agreement  with experiment. W e  have used the resulting evolutions of &(I, Q*) 
and  g;(r, Q*), together with the parametrizations of Fz(s, Q2)36 and  R(s, Q2),37 
to evolve the experimental asymmetr ies A@) and  A;(z) from their average values 
to the mean  Q*-value of the SMC data in each bin of z. The  QCD-corrected val- 
ues  of Al (2) differ from those obtained assuming no  Q* dependence  by an  amount  
which is always smaller than the experimental errors. 

In the following discussion we assume Al(x) to be  independent  of Q* for all 
targets. 

The  relation between the asymmetr ies for the proton, neutron, and  deuteron 
can be  derived from Eqs. (24) and  (25): 

+  A;F;/F; - (1 - &)(l +  Rd) 
l+R” (I+ @IF;) 

where the x-dependence has been  omitted for clarity. W e  evaluate this expression, 
taking the values for F,“/F,P from the NMC parametrization’5  evaluated at Q* = 5  
GeV*. The  difference of Rd - RP is sma114s and  we further assume Rd = RP = R”. 
A x2 test on  the consistency of the three data sets in the eight common x-bins 
yields a  value of 5.4 for 8  degrees of f reedom which corresponds to a  probability 
of 71%. This is shown in Fig. 17  where the A:(x) data points from SMC are 
compared to the combinat ion of the proton and  neutron measurements using 
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Figure 17: A! as B function ofz. The open circles are SMC values. The 

full circles are obtained from EMCjE8WE130 and El42 data combined 
using Eq. (26). 

Eq. (26). Although the number of bins is small, the data satisfy the Kolmogorov 
test of compatibility at a confidence level of 75%. 

We conclude that the three data sets are consistent. This observation implies 

that the different physics conclusions derived by SMC and by El42 are not due to 

incompatibilities in the measured asymmetries. 

The first moments of the spin structure functions, needed to test the sum 
rules, are obtained by integrating the gl(x) in the I range from 0 to 1. This 
range includes unmeasured regions both at low and high z. The extrapolation 
of 91 to high z is A, = 1 at 2 = 1 and uses the bound 1 A,(r) I< 1 for the 
error calculation. For low x, following the standard practice, we extrapolate the 
spin structure functions with a Regge type functional form, 91(r) a 2-O. The z 
value at which this parametrization becomes valid4gs3s is not explicitly given by 
the Regge theory. a is expected to be in the range -0.5 < a < 0. The errors 
given below include the uncertainty in a. Because of the uncertainties associated 
with this procedure, the extrapolation should be done from the lowest available 

x-region. 
We calculate the structure functions gl(zr) and their first moments rl at a 

common value of Q* = 5 GeV*. We calculate r; by using all the experimental 
results presently available. In addition to the data from 3He,‘o the neutron struc- 
ture function can be determined from the deuteron and the proton data using 
Eq. (24). Figure 18 shows the plot of xg;(x) for both the El42 data and the 
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Figure 18: The spin-dependent structure function of the neutron 

+gi’(x). The El42 results have been evolved to Q* = 5 GeV*. 

combined SMC+EMC data at Q* = 5 GeV *. The dashed and the solid curves 
show the extrapolations to low z using the El42 data and using the combined 
data, respectively. 

8 THE BJORKEN SUM RULE 

The theoretical value of the Bjorken sum rule is given up to the third order in a, 
by the expression: 

1 - 4 + I$(:)* + C3(:)3] = 0.185 f 0.004, (27) 
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where the higher order terms C’s = -3.25, and Cs = -13.85 have been determined 
in Refs. 4, 50. At Q2 = 5 GeV* the higher order corrections amount to 3%, while 
at Q* = 2 GeVs they increase to 5%. We have taken a,(Ms) = 0.113 f 0.004. 
Higher twist effects have also been estimated and they may contribute especially 
at low Q2.51q52 Due to the size of theoretical uncertainties, they are not included 
in our analysis. 

Figure 19 compares the value of the Bjorken sum to the experimental data. 
The corresponding curve is very close to the region where the three results overlap. 
At Q* = 2 GeVZ the experimental value is about one standard deviation below 
the theoretical prediction, at 5 Gev the agreement is better. 

The quark spin contribution AC to the nucleon spin can be determined from 
a combined analysis of all available data. In contrast to the Bjorken sum rule, 
perturbative QCD contributions of higher order in o, have not been calculated for 
the proton and neutron first moments separately. At low Q* the values expected 
for rf and ri’ are also sensitive to the amount of higher twist effects. These 
corrections have been evaluated51*52 and were found4* to modify the magnitude of 
the first moments and, accordingly, the value of AX. The recent work of Refs. 42- 
44 discusses this topic in detail that would be beyond the scope of this contribution 
to the SLAC Summer Institute. 

9 OUTLOOK 

For the first time the spin-dependent structure functions of the deuteron and 3He 
have been determined over a wide s-range. These data are a precious source of 
information on the spin structure of the nucleon. 

The Spin Muon Collaboration has measured this year the spin-dependent 
structure function g: of the deuteron. At small 2 < 0.04, gf is found to be 
negative. The first moment of g:(z) is smaller than the prediction of the Ellis- 
Jaffe sum rules and indicates that the contribution of quarks to the nucleon spin 
is compatible with zero. This is similar to the observation made by the EMC with 
a proton target. Using the existing EMC/SLAC proton data, we have inferred 
the integral of the structure function g:(s) of the neutron. 

l The difference of the first moments of the spin structure functions g1 of 
the proton and the neutron is in good agreement with the prediction of the 

Q2= 5 GeV2 

Figure 19: Data for the moments I’;, ri’ and rf. The hatched areas 

represent the experimental uncertainties. The neutron first moment 
ITi’ was calculated using only the El42 data evolved at &* = 5 CeV*. 

Also shown is the theoretical prediction for the Bjorken sum rule at 
Q2 = 5 GeV2. 
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fundamental Bjorken sum rule. 

l The fraction of the nucleon spin carried by strange quarks As is appreciable 
and negative. The SMC results confirm the EMC conclusions. It should be 
noted that the EMC and the SMC results for AX and As are independent 
and thus can be statistically averaged. 

l The experimental asymmetries from all the available data on the spin struc- 
ture of the nucleon are in good agreement. 

The analysis presented here has determined the proton, deuteron, and neutron 
first moments at a common Q* = 5 GeV*. When evolving the values of g:(r) 
from 2 to 5 GeV2 and adding the information from the muon data at low z, 
the first moment of the neutron changes by more than one standard deviation 
compared to the reported result. lo The combined result from all experiments is 
in good agreement with the Bjorken sum rule, corrected for higher order QCD 
contributions. The apparent discrepancy between the conclusions drawn by the 
SMC and by El42 experiments is, to a large extent, the combined effect of the 
sensitivity to the extrapolation at low z and higher order QCD corrections. Given 
the precision of the available experimental information, we now need an accurate 
determination of theoretical corrections. 

We find no indication of significant discrepancy among the proton, deuteron 
and neutron data, either from electron or muon experiments. Electron data have 
high accuracy in a limited x-range; while muon data have limited accuracy but 
extend to significantly lower x values, and their average Q2 is higher. A combined 
analysis of electron and muon data should provide convincing conclusions. 

One eagerly awaits more precise experimental data to clarify the issues raised 
by the SMC and El42 experiments, particularly concerning the extrapolations 
in the low-x region and the Q* dependence. The compatibility of the CERN 
and SLAC data is encouraging. The complementary targets chosen by the SMC 
and El42 collaborations are of particular interest. From the point of view of the 
nucleon spin structure, the deuteron is not very different from an average nucleon 
while 3He is almost a pure neutron target. 

Two experiments are scheduled to take data this year. The SMC experiment 
at CERN is now taking proton data with a new polarized target and will cover the 
I range from I = 6.003 to I = 0.6 with the aim of significantly reducing the error 
in present proton data. This experiment will continue with further measurements 

‘r 4 on the deuteron in 1994 with the expectation of reducing the error in the present 
deuteron data by a factor of 2. El43 is scheduled to run at SLAC in 1993-1994 
with both a proton and a deuteron polarized ammonia target with a primary 
electron beam energy as high as 30 GeV and hence could cover the I range down 
to 0.02 with Q* > 1 GeV2. There are also proposals to use the SLAC beam at 
50 GeV. 

The new SMC target was commissioned successfully on May 29, and proton 
data-taking started immediately at 190 GeV beam energy with good efficiency. 
Systematic uncertainties have been decreased, target spin is reversed every five 
hours, and feedback loops have been installed for controlling the stability of several 
detectors. Improvements and refinements of the NMR polarization measurement 
will reduce the uncertainty of the target polarization below 2% in the near future. 
A new muon polarimeter, based on muon scattering from the polarized electrons 
of magnetized iron target, has been installed to reduce systematic uncertainties 
in the measurement of the muon beam polarization. These improvements will 
allow us to verify the EMC proton results with significantly improved systematic 
precision at the end of 1993. We also plan to measure the transverse asymmetry 

.42. 

At the next session of this Summer Institute, in 1994, new results from CERN 
and SLAC should provide a clear measurement of the strange quark contribution 
to the nucleon spin. 
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ABSTRACT 

A first measurement of the longitudinal asymmetry of deep 
inelastic scattering of polarized electrons from a polarized 
3He target at energiea ranging from 19 to 26 GeV has 
been performed at the Stanford Linear Accelerator Center 
(SLAC). The spin-structure function of the neutron g? has been 
extracted from the measured asymmetries. 

The Quark Parton Model (QPM) interpretation of the 
nucleon spin-structure function is examined in light of the 
new results. A test of the Ellis-Jaffe sum rule (E-J) on the 
neutron is performed at high momentum transfer and found to 
be satisfied. I 

Furthermore, combining the proton results of the Eur& 
pean Muon Collaboration (EMC) apd the neutron results of 
E-142, the Bjiirken sum rule test is carried at high Q* where 
higher order Perturbative Quantum Chromodynamica (PQCD) 
corrections and higher-twist corrections are smaller. The sum 
rule is saturated to within one standard deviation. 

* Work supported in part by Department of Eneqy contracts DE-FGO346ER40439 (Stanford 
University) and DE&AC03-76SFOO515 (SLAC). 
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1 Introduction 
In his pionee ing work of 1966 and 1970, Bjiirken’ suggested that large 

asymmetries coul d be observed in deep-inelastic polarized-electron scattering off 
polarized-nucleon targets. Furthermore, he derived a fundamental relation known 
as the Bjtirken sum rule. The test of the latter, described by Feynman* as 
one that would have a decisive influence on the future of high-energy physics, 
requires a measurement of both proton and neutron spin-structure functions. 
In the early seventies-given the perceived technical difficulties of polarized tar- 
get developments-a measurement using a polarized-proton target wss viewed se 
feasible, while that of a polarized-neutron target was, if not impossible, at least a 
very complicated task. Theoretical work initiated by Gilman: within the frame- 
work of SU(3) symmetry, focused on writing separate sum rules for the proton 
and the neutron. It was further developed by Ellis and JatIef who assumed that 
the strange sea in the nucleon wse unpolarized, and derived what is known se the 
Ellis-Jaffe sum rule (E-J) for the proton and the neutron. 

Two early experiments performed at SLAC in 1976 (E-80)’ and in 1983 
(E-13O)8 by the Yale-SLAC collaboration on a polarized proton target confirmed 
the suggestion of Bjorken giving grounds for the naive picture of the QPM. While a 
good agreement with the QPM prediction was observed in the z region dominated 
by the valence quarks, no comparison wss possible in the region of sea quarks, 
due to a limited kinematic coverage. A first experimental test of the E-J sum 
rule found it to be fulfilled, but with a large uncertainty due to the extrapolation 
uncertainty of AT in the unmeasured low-z region. The debate on the detailed 
spin structure of the proton wss revived in 1988, when the European Muon 
Collaboration’ reported new results on polarized muon scattering off a po- 
larized proton target, extending the measurements of Ai to low values of z. 
An evaluation of the GJ sum rule on the proton using the new proton data 
displayed a two standard and a half deviation from the predicted value. A QPM 
analysis of the spin structure of the proton in terms of its flavor components 
revealed a small net total spin contribution of the quarks, with a large negative 
strange-sea quarks component. It wss clear that more experiments were needed 
to set limits on various speculations arising from these results, and to improve our 
understanding of the nucleon spin structure. The world results for proton asym- 
metry data are summarized in Fig. 1, with a QPM prediction r” consistent with 
the E-J sum rule. 

0.8 

0 

I I I , I I I I 

0.01 0.02 0.05 0.1 0.2 0.5 1 
,043 X - 

Fig. 1. World results for proton asymmetries AT and the QPM model.” 

We first define the quantities of physics interest, following with a description 
of the 3He (neutron) spin-structure function measurement carried out at SLAC 
by the E-142 collaboration. Finally, in light of the new results, we examine the 
spin structure of the nucleon, and present the crucial test of the Bjiirken sum rule 
with a coherent set of assumptions. 

2 Asymmetries and Sum Rules 
In deep-inelastic scattering, the measured longitudinal asymmetry All can 

be determined experimentally by measuring the difference over the sum in cross 
sections of polarized electrons on polarized nucleons between states where the spins 
are parallel and antiparallel~‘6 

cdl - ,tt Ali = - 
dl + utt 

(1) 
1-e 

= (1 - cR) B’r(Q*,y) [M(E + E’c-4 WQ2,4 - Q*WQ*,~)l . 

Here 1~11 (~11) is the inclusive d*att/dfldv (d%lf/dfidv) differential scattering 
cross section for longitudinal target spins parallel (antiparallel) to the incident 
electron spins. A corresponding relationship exists for scattering of longitudinally 
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polarized electrons off a transversely polarized target where a transverse asymme- 
try is defined:6 

AL = 
.l- - Q  I - 
ul+ + UT+- 

(2) 
WWQ*, 4 + 2EGz(Q*, 4) c”Bl , 

where 

R = 2 ,+lil -1; ( > Q2 
c = [,,,(l+$) kql. (3) 

Here a*‘(~~‘) is the inclusive scattering cross section for beam-spin antiparallel 
(parallel) to the beam momentum, and for target-spin direction transverse to the 
beam momentum and towards the direction of the scattered electron. In all cases, 
Gr and G2 are the spin-dependent structure functions, whereas WI and W2 are 
the spin-averaged structure functions; R is the ratio of longitudinal-to-transverse 
virtual-photoabsorption cross sections; e is the virtual photon polarization; M  is 
the mass of the nucleon; Q* is the square of the four-momentum of the virtual 
photon; E is the incident electron energy; E’ is the scattered electron energy; 
u = (E - E’) is the electron energy loss; and 0 is the electron scattering angle. 

The system of Eqs. (1) and (2) allows for the separate determination of Gr 
and Gz, knowing W2 and Wt. In the scaling limit (u and Q* large), these structure 
functions are predicted to depend only on the Bjiirken variable z = Q2/2Mv, 
yielding 

MW(u, Q*) + R(x) , vWz(v,Q*) + F*(z) , 

M*Gk &*I + a(x) , Mv*Gz(v,Q*) 4 a(x) . 
(4) 

The experimental asymmetries AlI and AL are related to the virtual photon- 
nucleon longitudinal and transverse asymmetries, A1 and A2 respectively, via 

Al’ = D(Al + 74) , A’ = d(A2 -CA1), 

D = (1 - E’r/E)/(l + CR) , q = cm/(E - E’c) , (5) 

d = Ddm, c = fI(l + e)/2c . 

The proton (neutron) spin structure function is extracted in the finite Q* region 
following the relation: 

(6) 

where Fp) is the spin-averaged structure function of the proton (neutron). 
Within the QPM interpretation, F?)(z) and #“j(z) are related to the momen- 
tum distribution of the constituents as 

where i runs over the number of flavors, ti are the quark fractional charges, and 
q!, (q’)i are the quark plus antiquark momentum distributions for quark and 
antiquark spins parallel (antiparallel) to the nucleon spin. Assuming quark current 
algebra, isospin symmetry, SU(3) symmetry in the decay of the baryon octet, and 
zero net polarization for the strange-sea quarks, the Ellis-Katie sum rule on the 
proton (neutron) is expressed to first order correction in a, 88 follows: l1 

pm = J o1 d’%4 dx 
(8) 

where Q, is the QCD strong coupling constant, and F and D are the SU(3) 
invariant matrix elements of the axial vectorlcurrent. From neutron /3 decay, 
we obtain @A/w) = F + D = 1.2573 f 0.6028. Following Ref. [ll], we use 
F = 0.459 f 0.008 and D = 0.798 F 0.008, giving F/D = 0.575 f 0.016. Within 
the QPM interpretation, we rewrite I” in terms of quark polarizations Aq m 
&l dx(qT(x) - ql(x)] at finite Q*: 

Z” = ;(Au-2Ad+As) (1-:)+;(Au+Ad-2As) (1-z). (9) 
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The primary motivation of the EC142 measurement of the neutron spin strut; 
ture function is to make a test of the Bjiirken sum rule. The latter is insensitive 
to the details of n 

“F 
leon structure, depending solely on quark current algebra and 

isospin symmetry. It is expressed ss the difference between the proton and the 
neutron spin structure function gr(x, Q*) integrals. The Bjorken sum rule is ex- 
pressed to first order in Q, as 

ZP-I” = L1 gf(x,Q’)-g;(x,Q”)dx = ;z [1-e] . (10) 

Data were collected using two single-arm spectrometers at scattering angles of 

4.5” and 7’,‘z covering a kinematicalrange of 0.03 < x < 0.6 and Q* > 1 (GeV/c)*. 
In each spectrometer arm, the electrbn detector package consisted of two threshold 

Cerenkov counters, six planes of hodoscopes, and a 24-radiation-length shower 

counter composed of 200 lead-glass blocks. The momentum resolution (rms) from 
hodoscope tracking was AE’/E’ w’ 3%, and the shower energy resolution was 

typically 15%/@@XJ. 

The experimental raw counting asymmetry A was converted to the experi- 

mental asymmetry AlI, using the relation 

Higher order PQCD,‘* as well as higher twist13 corrections, although not 
included in Eq. (lo), are important in the analysis of the Bjorken sum rule, and 
must be considered at low Q*. 

A = (iv’1 - iv”) 
(NT1 + N”) ’ 

Ali = -!!..e. , (11) 
fifif 

3 El42 Measurement 
The El42 experiment used the SLAC polarized electron beam at the three 

“magic” energies 19.4,22.7, and 25.5 GeV, so that the electron spin is longitudinal 
as it enters End Station A. The electron beam helicity was reversed randomly on a 
pulse-top&e basis, allowing for the cancellation of many of the beam systematic 
errors. This was achieved by reversing the laser-beam circular polarization used 
for photoemission from the AlGaAs photocathode in the electron source. The 
delivered beam polarization (PI) was measured by a single-arm MMler polarimeter 
and found to be stable at an average value of (38.8f l.S)%, where the uncertainty 
is dominated by the measurement of the foil magnetization. 

The target was a newly-built 30-cm-long, high-pressure double cell filled with 
a mixture of 3He, rubidium, and ‘* nitrogen. With end windows approximately 
0.012-cm thick, this target operated at a number density of 2.3 x 10” atoms/cm* 
(8.6 atm at 0°C). Polarization of 3He was schieved by optically pumping the 
rubidium vapor, which transfered its polarization to the 3H,e nuclei by spin ex- 
change collisions. The small added quantity of nitrogen (1.9 x 1018 atoms/cm3) 
increased the optical pumping efficiency. The 3He polarization (Pt) was measured 
with a Nuclear Magnetic Resonance (NMR) setup and observed to be varying 
slowly during the experiment, between 30 and 40%, with a relative uncertainty 
Apt/P, of 7%. The polarization of the target was reversed frequently as a means 
to cancel systematic effects. 

where i~rl (NH) represents the rate of scattered electrons for each bin of x and 
Q* when the electron beam helicity is antiparallel (parallel) to the target spin, and 
f is the dilution factor that corresponds to the fraction of events that originated 

from scattering off the neutron in 3He. 

Small corrections for deadtime, pair-electron contamination, and misidenti- 

fied pions were applied. These corrections are z dependent, and dominate in the 

low x region. The largest systematic uncertainty in the measurement of ~11 comes 

from the determination of the dilution factor f. This factor wss measured using 

glass cell runs, with variable pressures of “He to separate the scattering contribu- 

tion of 3He from that of glass, and was found to be 0.11 f0.02. False asymmetries 

were measured to be consistent with zero by comparing data with target spins in 

opposite directions. 
i 

External radiative corrections were evaluated using the MO and Tsai 

method:’ and found to be small becar&e of the relatively thin target (- 0.3% 

radiation length). Internal radiative corrections were more important, and were 
evaluated using the exact procedure of Kukhto and I6 Shumeiko. The total radia- 

tive corrections amounted to a relative change of the asymmetry ranging from 30% 

at low x to 15% at large x. Becent studies by several groups la-*’ have concluded 

that in deep-inelastic scattering, a polarized 3He nucleus target can be regarded 
as a good model of a polarized neutron, provided a small correction for the S’ and 
D states is applied. To extract the neutron asymmetry from the measured 3He 
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Fig. 2. (a) Neutron asymmetries A; and (b) spin-structure function g!, 
as a function of 2. 

asymmetry, we followed the method described in Ref. [19], allowing for a correc- 
tion from the polarization of the two protons in 3He (- -2.7% per proton) and a 
correction for the polarization of the neutron in 3He (- 87%). 

Figure 2(a) shows the results of the physics asymmetry Af ss a function of 
x. Statistical and systematic errors are presented, added in quadrature. Since no 
significant Q2 dependence of the measurement was observed, data at a fixed x bin 
were averaged over different Q2. The extraction of gf used the measurement of 
the transverse asymmetry, Eq. (2), which amounted to AZ = 0.0 f 0.25 over the 
full range in 2. Figure 2(b) shows gi’ ss a function of x, obtained using Eq. (6) 
where Fl was derived from a global fit to the SLAC data21 for R and the recent 
NMC parametrization22 for F2. Although small (- 0.1) there is a clear trend 
towards negative asymmetries A; in the region 0.03 < x < 0.2. 

4 Tests of Sum Rules and Nucleon Spin Structure 
To test the sum rules and interpret the spin structure of the nucleon in terms 

of its constituents spin, I” is evaluated at a fixed average value Q2. All gi’ data 
points are evolved to the average value of Q2, assuming A; to be Q2 independent. 
Integrating the measured range of x, we find 

J 0.6 
gy [(Q2) = 2(GeV/c)2,x] dx 

0.03 

= -0.019 f 0.007 (stat) f 0.006 (syst) . 
(12) 

To evaluate the missing part of the integral, we consider the low- and high-x 

regions separately. For 0 _< x < 0.03, we {assume a plausible form of extrapolation 

of the spin-structure function g:(x) = gT(xs)(x/xs)e, as suggested by Regge 

theory:3 with gr(xo = 0.03) = -0.175 and 0 5 a 5 0.5. For high-x we extrapolate 

Al(x), using isospin arguments and the ‘QPM. We sssume that Al(x) + +l as 

x + 1. After adding the contribution from the unmeasured region, we find an 

experimental value I” = Jjgg,“(x)dx = -0.022 f 0.011 at an average (Q2) of 
2(GeV/c)2. Because of the low average value of the momemtum transfer, a serious 

consideration might be given to the contribution of higher twist effects and higher 

order PQCD corrections. 

To have a consistent comparison with the EMC analysis of the proton, where 

ZP was determined at a much larger average Q2, we choose to evolve our data to 

the same Q2. This was done by assuming once more that the physics ssymmetry 

AT is Q2 independent, which has been observed to some extent on the proton 

data! Equivalently, this implies a common Q2-dependence of both gi’ and FT, 

such that Ai’ is relatively constant as Q2 varies. Although this choice is not unique, 

we feel it is sensible, given the very poor low-Q2 evaluation of higher twist effects 

at the present time. For example, in Ref. (241 it is argued that since the integral 

Jsr $(x)dx is very insensitive to (Q2), a better test of the Bjorken sum rule, ss 

well as evaluation of the quark contributions to the nucleon spin, is performed by 

evolving the EMC proton results to low momentum transfer. Uncertainties due 

to the lack of a reliable calculation of higher’twist effects makes this procedure 

not necessarily attractive. i 

We use Eq. (9) and the E-142 result at Q2 = 10.7 (GeV/c)2 in the QPM 

interpretation. Namely, I” = -0.031 f 0.007 B 0.009, combined with the neutron 

p-decay relation Au-Ad = gA/w = 1.257f0.603 and the SU(3) symmetry in the 

decay of the baryon octet Ad - As = F - D = -0.34 f 0.17 to find the net quark 

polarization Au + Ad + As N 0.5, while As N -0.03. Notice that contrary to the 
proton results of EMC’ and the Spin Muon Collaboration (SMC),26 E-142 results 

agree with the Ellis-JaIfe sum rule, and predict a small strange-quark contribution 

to the net neutron polarization. This result is also consistent with the analysis 

of Ref. 1251 where a hound on the strange-sea polarization ]As] 5 0.021 f 0.001 

is argued. 
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We now turn to the test of the Bjiirken sum rule, at a unified value for Q2 of’ 
10.7 (GeV/c)2, using results from the EMC and E-142 experiments: 

EMC I ZP((Q2) = 10.7) = 0.131 f 0.01 f 0.015 , 

El42 I” ((Q2) = 10.7) = -0.031 f 0.007 f 0.009 ’ 
(13) 

with an “experimentaI” difference ZP - I” = 0.161 f 0.021. Thii difference is now 
12 compared to the theoretical prediction of Bjiirken, corrected for higher-order 

PQCD terms at the same value of Q2: 

- 3.58 (f+)2 -20.4(%)’ . ..] = 0.185f0.004. 

We observe that within approximately one standard deviation, the Bjiirken sum 
rule is verified. 

In conclusion, the Ellis-JafIe sum rule is confirmed by the E-142 results to 
within one standard deviation. The QPM interpretation of E-142 results lead 
to a small (few percent at most) strange-sea quark contribution to the nucleon 
net polarization, but a huge total quark contribution to the spin of the nucleon 
(- 50%). Within the available uncertainty of the existing proton and the new 
neutron data, the Bjiirken sum rule is verified when the comparison is performed 
at high-Q2. A more reliable and precise teat at high-Q2 is desirable. This should 
be achieved as we enter a new generation of proposed experiments that will he 
performed at CERN (SMC), HERA (Hermes), and SLAC (E-154, E-155) on the 
proton, deuteron, and 3He. 
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ABSTRACT 

I present an overview of recent lattice QCD results on h&on spectroscopy and 
matrix elements. Case studies include light quark spectroscopy, the determination 
of crJ from heavy quark spectroscopy, the D-meson decay constant, a calculation 
of the Isgur-Wise function, and some examples of the (lack of) effect of sea quarks 
on matrix elements. The review is intended for the nonexpert. 
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:. 

1 Introduction ‘,, of the partition function in statistical mechanics 

This lecture is an introduction to lattice calculations in quantum chromody- 
namics for the nonexpert “consumer.” Lattice methods are presently the only 
way to perform calculations of masses and some matrix elements in the strong 
interactions beginning with the Lagrangian of QCD and including no additional 
parameters. By “consumer,” I mean a person who might want to use a lattice 
calculation (as an input to a phenomenological calculation or to compare to her 
experiment, for example), and is not really interested in doing the lattice calcu- 
lation herself, but would like to be able to judge the reliability of calculations in 
the literature. 

There are many good reviews and introductions to lattice gauge theory and 
its use in QCD.’ The lattice community has a large annual meeting and the 
proceedings of those meetings (Lattice ‘XX, published so far by North Holland) 
are the best places to find the most recent results. However, as in any large 
community with its own set of problems, most of the papers in those proceedings 
tend to talk to each other in a language which is rather opsque to nonmembers. 
My goal is an impressionistic overview of the field as it presently exists, which 
might be useful to an outsider. 

The bottom line is that for the past one or two years, there have been a lot of 
lattice calculations of masses and matrix elements which agree with experiments 
at the 10 to 15 percent level. 

I will begin with a very superficial overview of how lattice calculations are 
performed. Then I will turn to a set of case studies: spectroscopy of light hadrons, 
of heavy quark systems, and of glueballs; then two case studies of matrix elements: 
the decay constants of D- and B-mesons, a recent calculation of the Isgur-Wise 
function, and some pictures of the effects of sea quarks on simple matrix elements. 

2 How Lattice Calculations Are Carried Out 

Lattice calculations are performed using the Euclidean path integral formula- 
tion of quantum field theory. If we have some field theory with field variables 4 
(4 could be quarks, gluons,. . .) and a Lagrange density L(4), we define an analog 

2 = J[&4x, t)l exp(- Jdxr(0)) (1) 

(here xP = (2, it)). The expectation value of any observable O(4) is given by 

(0) = + j[ddx, t)]O(d) exp(- / dlxL(4)). (2) 

To be able to perform calculations in any quantum field theory, one must introduce 
a short distance cutoff which regulates the ultraviolet divergences. We do that 
by replacing continuous space time by a lattice of grid points I = KC;, where a is 
the lattice spacing, and defining the field on those grid points 4(x) -+ & = 4(Zi). 
Then the functional integrals Eqs. (1) and (2) b ecome ordinary integrals of very 
high dimensionality. One evaluates Eq. (2) using importance sampling: somehow 
one creates an album of snapshots of the field variables #i, where the probability 
that a particular configuration is present in the album is P(4j) = exp(- c, L(&) 
and then 

(0) = f 5 O(dj) + O(h)- 

J=l 

(3) 

The generation of the album is done using Monte Carlo techniques not too different 
in principle from the ones you would use in an experiment to generate Monte Carlo 
events. 

Lattice calculations are hard for several reasons: 
1. The lattice spacing should be smalsmall enough that physics on a 

size scale less than a lattice spacing can be described using perturbation 
theory. 

2. The size of the simulation volume L4 should be greater than the physical 
size of the hadrons. This point is in conflict with Item 1. The number 
of grid points is n = (L/Q)~. A gluon field is a three-by-three complex 
matrix per each direction on each lattice site, or 72 real numbers per 
lattice site. Fermions have four spins and three colors or 24 real numbers 
per site. Typical simulations have lattice spacings around l/10 fermi 
(within a factor of two) and a number of mesh points ranging from 
163 x 32 to 243 x 40 to 324: the end is not yet in sight! 
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3. One needs a lot of statistics-tens to hundreds of uncorrelated lattice 
measurements. 

4. It is very hard to compute with light (u,d) quark masses at their physical 
values. On the lattice calculating, a quark propagator G,(s. z’) involves 
inverting the matrix problem @-m)G,(z, x’) = J4(z-z’) . The matrix 
becomes singular as tns + 0. One typically performs a calculation at an 
unphysical value of the light quark mass and then tries to extrapolate 
to rn.* = 0. 

5. Sea quarks are a problem because of Fermi statistics, which effectively 
introduce long range interactions among the quarks. There are tech- 
niques for dealing with this problem2T3 but they make QCD with dy- 
namical fermions orders of magnitude more difficult than if the sea 
quarks were not there (and the difficulty scales inversely as a power of 
the quark mass). A rather drastic approximation called the quenched 
approximation neglects this problem simply by throwing away all the 
sea quarks. This is an uncontrolled approximation which people do 
mainly because the alternative (keeping light sea quarks) is too time 
consuming for the computer. 

All these constraints add up to a very hard numerical problem. We use the 
fastest supercomputers available. Cray’s are usually too slow. Some groups have 
built their own computers. One of the projects I belong to used half of a Connec- 
tion Machine CM-2 (at a speed of about 3 l/2 Gflops) for about two years. This 
is not considered an excessive amount of resources. 

Finally, there are two more problems to watch out for: 

6. In a lattice calculation, all observables are measured on the same set of 
lattices and are highly correlated. There are methods for dealing with 
correlated data. Some lattice practitioners use them. My advice is that 
if the paper you are reading does not make some attempt to deal with 
the correlations which are present in its data (or is not aware that its 
data is correlated), you should discard the paper. 

7. The major problem facing lattice calculations these days are systemat- 
its. Quenching, is a small enough, is L big enough, is the quark mass 
small enough? Lattice calculations produce as output not a hadron 
mass rn~ but the combination Amy. One finds a by dividing Amy by 

‘Y / a measured rn~ (in MeV). The problem is, which mass to use? Most 
lattice calculations only reproduce mass ratios at the 10 or 15 percent 
level, so the lattice spacing is uncertain at that level. This uncertainty 
propagates into essentially all interesting calculations. 

I would be remiss if I did not provide you with a small glossary of lattice terms 
in order to enable you to read the literature: 

1. Lattice people define 0 = S/g2 w h ere o, = g2/4n. Here g is the color 
coupling constant measured at’s momentum scale & N a/a, so bigger 
@  corresponds to smaller a. 

2. “Link”-the vector potential A,(z) hss an orientation and so, instead 
of being defined on the sites of the lattice, is defined on the links joining 
adjacent points 2 and 5 + an,,. For technical reasons, lattice people use 
the “link variable” U,(z) = exp(igaA,,(zr)) in simulations rather than 
the vector potent.ial. 

3. “Plaquette”-the lattice analog of the gauge action F’“(x) is the prod- 
uct of four links about a unit square or “plaquette” on the lattice. 

4. “Staggered fermions”-on the lattice, the quark energy momentum dis- 
persion relation changes from its continuum value E2 = 9 + m2 to 
sinh’ Ea = sin’ pa + m2u2. This has low energy states near pa = 0 and 
degenerate extra solutions at the ends of the Brillouin zone pa = s. 
With staggered fermions, these extra states are treated as extra spin or 
flavor degrees of freedom. 

5. “Wilson fermions” add extra terms to the action to raise the energy of 
the p = s/u modes and eliminate the extra degeneracy. The physical 
quark mass must be derived from the simulation in terms of an input 
parameter called the hopping parameter tc and a measured parameter 
K,: amq = I/2(1/~ - I/K=). Wilson fermion calculators like to use n in 

their graphs. 

3 Spectroscopy 

All lattice calculations begin with spectroscopy. In order to measure the msss 
of a hadron which has some set of quantum numbers, invent an operator J which 
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has the same set of quantum numbers and compute 

Using the Euclidean version of the Heisenberg equation of motion 

J(t) = exp(tlt)J exp(-Hit) 

and inserting a complete set of energy eigenstates, we find 

C(t) = c l(OlJIn)12 exp(--Ed), 
n 

(4) 

(5) 

(6) 

which at big t goes over to 

C(t) = l(OlJ11)12exp(-E~t) (7) 

where El is the lightest state with the quantum numbers of .I. The exponential 
falloff of the correlator gives us the mass, while its intercept gives us a matrix 
element (OlJIl). 

For bound states of quarks, the operator C(t) is basically the Feynman graph 
shown in Fig. 1. It is made of the appropriate number of quark and antiquark pairs 
propagating in the background of gluon fields in your album of configurations. 

In the old days (pre-1988), the operators J were local currents, like && for 
the pion. Nowadays, we use some big extended operator like C, c, 4(x, y)&z)r5$(y) 
which “looks like” a hadronic wave function. Then the computer has to do less 
work to filter out the lightest state. This means that Eq. (6) takes its asymptotic 
form Eq. (7) at a small t value, while the signal is still large. 

Spectroscopic studies in QCD involve light quarks, heavy quarks, and glue- 
balls, so I will say a few words about each. 

( > a 

FIG. 1. (a) A typical correlator showing good exponential falloff (the correlator 
has periodic boundary conditions in the time direction). (b) Feynman diagrams 
for meson and baryon correlators. 
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3.1 Light Quarks 

Generally in lattice calculations, people try to deal with dimensionless quan- 
tities as much as possible, since they are independent of the precise value of the 
lattice spacing. In spectroscopy, people present their data on so-called “Edin- 
burgh plots,” MNIM, vs. M,/M,, or “APE plots,” MN/M, vs. (MK/Mp)2. 
(The names are after the collaborations which invented the plots). 

The most interesting recent quenched calculation is by a group from IBM 
which built its own computer to do QCD? Figure 2 shows their data plotted 
by me on an Edinburgh plot. There appears to be a small change between the 
data at larger lattice spacing (/I = 5.7, about 0.14 fm) to the smaller lattice 
spacing (p = 5.93, 6.17, a down to about 0.07 fm). The authors of Ref. [4] have 
extrapolated their masses in a and L and present the limits in Fig. 3, as a plot of 
mass divided by MP at M,, = 0. The agreement with observation is spectacular. 

All of these calculations are done in quenched approximation. Simulations 
with dynamical fermions are much more expensive and the data is correspondingly 
more meagre. As an example, I show in Fig. 4 an Edinburgh plot for simulations 
with two flavors of dynamical staggered fermions. I have connected the points 
with the same lattice spacing (same p). Again, the N/p ratio appears to “settle” 
a bit as p increases. The upper curve is an analytic calculation at infinitely strong 
coupling, b = 00, where the lattice spacing is about l/2 Fermi! The lower curve 
is the extrapolation of the p = 5.7 data to zero quark mass. We see that in that 
limit the N/p ratio is still too large. The lattice spacings here are all much larger 
than in Fig. 2-at /I = 5.445 a = 0.22 fm, at /I = 5.6 a = 0.11 fm, and at 
p = 5.7 a = 0.089 fm. (The relation between p and the lattice spacing is different 
at nf = 0 then at nf # 0 because the QCD p-function depends on nf.) These 
calculations have a ways to go. 

3.2 Heavy Quarks 

People have been using the lattice to do calculations of heavy quark systems, 
too. As an example, Fig. 5 is a picture of the fine structure splitting in charmo- 
nium, by me and M. Hecht?O It looks just like the wallet card, although with large 
errors. 

The most interesting application of heavy quark physics recently reported is 
the calculation of Am or m. The idea is that the lattice needs one parameter to 

c -I 

1.2- ? 

l.O- ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ . 
0.0 0.5 1.0 

mlr/mp 

FIG. 2. Edinburgh plot prepared by me from the data of Ref. [4], showing ratios 
at several values of the lattice spacing (different /Is). The octagon shows the 
expected result at infinite quark mass, and the question mark is the real world 
value. 

set the scale. The easiest parameter to determine on the lattice is a mass or mass 
difference and the idea is to use a mass difference to find Am The calculation 
has two parts. First, one must do a long distance calculation to find a mass; 
the lattice spacing comes from a = M&MH(ezpt). Next, one must do a short 
distance calculation on the lattice to connect something perturbative to lattice 
perturbation theory and then to a continuum (MS) number. The calculation has 
been done by two groups: El-Khadra, Hackney, Kronfeld, and Mackenzie!’ and 
Davies, Lepage, and Thacker?2 

The calculation begins by noticing that the mass difference between the light- 
est S-wave and P-wave fJ0 mesons is nearly independent of quark mass (in the 40 
system it is 460 MeV, in the Y, 430 MeV). Since this difference is independent of 
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E+C-N 

FIG. 3. Ratio of lattice masses to the rho mass, after extrapolations to infinite 
simulation volume and zero lattice spacing, from Ref. [4]. Circles are real world 
data, squares from simulations. 

the quark mass, one does not have to tune the quark mass on the lattice in order 
to measure it. So the lattice S-P mass splitting gives the lattice spacing. 

Next, one must determine the coupling constant. This is done through the 
short range QQ potential, 

where q 11 s/a. Lattice perturbation theory does a good job at the lattice spacings 
of the simulation, and so one can measure the short distance potential, extract 
a, on the lattice, and carry out the conversion. Doing so gives oz’(5GeV) = 
0.140(4). 

‘Y 

1.8 

$ 1.6 

L 
g 1.4 

1.2 

0.0 0.5 1.0 
m7r/mp 

FIG. 4. Edinburgh plot from simulations with two flavors of dynamical staggered 
fermions. Data are by Bernard et al. [S] ( cross and fancy square), Bitar et al. 
[7] (square and diamond), F. Butler et al. [8] (fancy diamond), and M. Fukugita 
et al. [9] (fancy cross and burst), while the upper curve is a theoretical prediction 
in strong coupling (from Ref. [5]) and the lower curve is the extrapolation of the 
data at p = 5.7 to zero quark mass. 

The main problem with the calculation as it presently stands is that it is 
done in quenched approximation. One must somehow convert o$T” to osy4. 
The authors of Ref. [ll] do this by running the coupling constant down from the 
upsilon mass to the typical bound state Q with no flavors, then out with four 
flavors. They find that this shifts a, by 25 f 6 percent-that is, the uncertainty in 
the amount of the shift is itself 25 percent. This seems conservative. The bottom 
line is that a>i4(5 GeV) = 0.174(12). A second, completely separate calculation 

using nonrelativistic quarks12 gives o$i4(5 GeV) = 0.170(10). Finally, running 

down to the Z-mass gives 
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FIG. 5. Masses of the four P-wave & states, from Ref. [lo]. 

cg4(MZ) = 0.105(4). 

This result is shown with other determinations of ad in Fig. 7. It is a little bit 
lower than most of the results from LEP. 

At the conference, several theorists wanted to make a big stir that the lattice 
number is somehow better than the other determinations, and that it should 
be trusted more than the other ones. While I feel that the lattice number will 
eventually turn out to be more reliable, since it only uses spectroscopy as an 
input, not jet physics, I don’t think that is the case yet. I would really prefer to 
see checks at smaller lattice spacing and (eventually) the full lattice simulation 
done in the presence of dynamical fermions. Maybe I just don’t know where all 
the bodies are buried in the e+e- analyses! 

Heavy quark systems are better than light quark systems for exploring the 
effects of quenching, because light quarks only modify the potential between the 
heavy quarks. One can play with models to understand their effects. In contrast, 
we don’t really understand the effects of sea quarks on light hadron spectroscopy. 
For example, why are the rho and omega mesons nearly degenerate even though 
the decay width of the rho is so much greater than the omega’s? 

I 1  I 1  r  1  I 1  

lattice S-P -e- 
Z” ev. shape 

(resummed) 
Z” ev. shape r-l 

ob3 
Z”->hadrons 
p&> W+jets 
p&- > b?;X ” ” 
e+e-, shapes u 
e+e-# ohad 
‘k, T decay ” 

~11s (14 
DIS (v) 
R, (LW 
R, (LEP) I 1 I I I 

u 
I I I I 

FIG. 6. The strong coupling constant at the mass of the 2. The lattice number is 
shown along with other determinations from various experiments, from Ref. [13]. 

3.3 G lueballs 

People have been calculating glueball mssses in QCD for many years. Un- 
fortunately, all the high statistics calculations use quenched approximation; you 
would find nothing interesting in any of the calculations which include sea quarks. 
A representative recent compilation’4 is shown in Fig. 7. All of these states are 
above ~71 threshold and so one would worry how these numbers will change when 
sea quarks are included. That’s an open problem. 
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FIG. 7. Glueball masses from the UKQCD collaboration.*’ The blwk symbols 
are measurements and  the open  symbols are just lower limits on  the masses.  

Most of the matrix elements measured on  the lattice are expectat ion values of 
local operators composed of quark and  gluon fields. The mechanical  part of the 
lattice calculation begins by writing down some Green’s functions which contain 
the local operator (call it J(z)) and  somehow extracting the matrix element. For 
example, if one  wanted (OIJ(z)lh), one  could look at the two-point function 

cm(t) =  C(OlJ(x, wo, 0)lO). (10) 
s 

Inserting a  complete set of correctly normalized momentum eigenstates 

l= tA13(Adl 
h  2  SEA 

and  using translational invariance and  going to large t gives 

Coo = emmAt PIJI4W’IO) 
2mA . 

A second calculation of 

Coo(t) =  C(OlO(x, t)O(O, 0)/O) =  e-m,tl(o~~A1)Iz 
.? 

(11) 

(12) 

(13) 

can be  used to extract (O(JIA) (fit two correlators with three parameters) 
Similarly, a  matrix element (h(Jlh’) can be  gotten from 

CA&t’) =  ~(OIOA(t)~(x,t’)Os(0)10). (14) 
I 

(Can you see how?)  
These lattice matrix elements are not yet the cont inuum matrix elements. 

The lattice is a  UV regulator and  changing from the lattice cutoff to a  cont inuum 
regulator (like %??)  introduces a  shift 

(flO”‘(p = l/o)li)m = oD(l+$cm-c,&)+. . .)(flO’““(a)(i)+O(a)+. . . . 

(15) 
The factor oD converts the dimensionless lattice number  to its cont inuum result. 
The O(a) corrections arise because the lattice operator might not be  the con- 
t inuum operator: df /dx = (f (x +  a) - f @))/a + O(a). The Cs are calculable 
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in perturbation theory. There are a number of tricks/deep theoretical ideas for 
achieving a more convergent perturbation expansion?5 

4.1 A Case Study-Heavy Meson Decay Constants 

The decay constant fM of a pseudoscalar meson M is defined as 

(Ol~7075WW = fww. (16) 

reptoduced in Table 1. There are several other lattice predictions of these num- 
bers. (See Ref. [17] for a compilation.) They differ in detail, but all give numbers 
in the range of those of Table I. There are two experimental measurements of fD,. 
They are 232 f 45 f 20 f 48 MeV (Ref. [18]) or 344 f 37 f 52 f 42 MeV?’ The 
error bars are too big for a serious comparison. 

Table 1. Predictions for heavy-light decay constants from Ref. [16], 
showing various uncertainties. 

Decay constants are interesting because some of them (s and K) are measured and 
provide a benchmark for lattice calculations, while some of them are not measured 
and allow predictions (0, D,, and B). They probe very simple properties of the 
wave function. In the nonrelativistic quark model 

fM = g (17) 
4.2 The Isgur-Wise Function 

where $(O) is the qq wave function at the origin. For a heavy quark (Q) light 
quark (q) system, $(O) should become independent of the heavy quark’s mass 
as the Q  mass goes to infinity, and in that limit one can show in QCD that 
fifM  approaches a constant. It is believed that CP nonconserving amplitudes 
are proportional to f& and so knowledge of fB provides information about CP 
nonconservation in the B system. 

One way to compute the decay constant is to put a light quark and a heavy 
quark on the lattice and let them propagate. It is difficult to calculate fB directly 
on present day lattices because the lattice spacing is much greater than the b 
quark’s Compton wavelength (or the UV cutoff is below mb). In this limit, the 
b quark is strongly affected by lattice artifacts as it propagates. However, one 
can make mb infinite on the lattice and determine the combination &fB in 
the limit. Then one can extrapolate down to the B mass and see if the two 
extrapolations up and down give the same result. Until a year or so ago, the two 
methods did not give consistent numbers. However, the present situation is that 
one can reliably compute fD and fe in quenched approximation. 

As an example, results from a recent calculation by Bernard, Labrenz, and 
Sonil is shown in Fig. 8. What is plotted is fMm/( 1 +a,/s log(Ma)) vs. l/M; 
the extra term is a perturba tive correction to the static heavy quark formula. Re- 
moving it allows one to interpolate to infinite quark mass. Their predictions are 

The physics of systems containing a heavy quark and a light quark has a very 
simple limit as the mass of the heavy quark goes to infinity. The physics of the 
light quark becomes independent of the mass or other properties of the heavy 
quark. (For an extensive review, see Ref. [20].) In particular, the form factor in 
B + D semileptonic decay is described by a universal function called the Isgur- 
Wise function <s(u’ . v,~), which depends on the four velocities of the two heavy 
quarks: 

P(+%W(~)) = JGC~(P)~(U’ . V,P)(U + v’)v (18) 

(Ca, is a short distance perturbative factor). One would like to calculate [u(u. u’) 
from first principles. While there has been some discussion of how to do this with 
infinite msss heavy quarks on the lattice:’ another technique is just to calculate 
a form factor on the lattice and fit it to the form of Eq. (18). Bernard, Shen, and 
Soni have recently published a preprint which does just that, by measuring the 
form factor 

(D(~‘)lW~clD(u)) = mD&&)b(u’~ U,P)(U + &. (19) 

The lattice calculation spans the range 0 < u . v’ < 1.2 while real-world data 
ranges over 1.1 < u. u’ < 1.5. 
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FIG. 8. fiMm/(l + od/rlog(ma)) vs. l/M, from Ref. [16]. The results from 
two lattice spacings (/3 values) are shown to give a rough idea of lattice spacing 
systematics. 

‘Y Their results are shown in Figs. 9 and 10. Figure 9 shows lattice <o(v . d) 
’ as a function of (u . u’) for a variety of light and heavy quark masses (see Ref. 

122) for details) and also shows various theoretical predictions: an upper bound 
on the Isgur-Wise function 23 (dashed line), a fit to the lattice data (solid line), 
and one theoretical prediction of the curve 24 (dotted curve). Figure 10 shows a 
comparison with the experimental data from Argus?5 

Of course this is just the beginning of these calculations. The lattice can be 
used to test the universality of the Isgur-Wise function at the B- and D-meson 
masses, and determine the dependence of corrections to it on the heavy quark 
mass. 

4.3 Testing the Quenched Approximation 

All of these calculations are performed in the quenched approximation. There 
is an unknown systematic associated with throwing away the sea quarks. The 
only way I know to really test it is to repeat the simulations with dynamical sea 
quarks. That is very expensive. However, there are a few tests already in the 
market. Figure I1 shows the decay constant of vector mesons parameterized by 

(20) 

from a simulation with Wilson valence quarks and two flavors of dynamical stag- 
gered quarks?6 The two plotting symbols are for two different values of the sea 
quark mass (the lattice spacing is about l/a ZT 2 GeV). Clearly, the effects of 
sea quarks are small. As a second example, we display the pseudoscalar decay 
constant from the same data set against the results of Ref. [lS] in Fig. 12. Our 
data (the burst) is at about the same lattice spacing as the quenched data plotted 
as squares. If there is an effect of sea quarks, it is not very large. 

5 Summary 
Present day lattice calculations are able to produce 10 to 15 percent numbers 

for a wide variety of physical observables. Most of the uncertainties are systematics 
limited (at the cost of large amounts of computing to beat down statistics). The 
major systematic is the lattice spacing. It is just not understood how small the 
lattice spacing should be so that lattice calculations are insensitive to it (or more 
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precisely, so that all physics on scales less than a are perturbative). There are 
claims2’ that heavy quark spectroscopy only needs a N l/5 fm. However, glueball 
spectroscopy at that lattice spacing shows a dependence. The D-meson decay 
constant needs a 3 0.08 fm. The minimum lattice spacing is probably process 
dependent. 

Simulations remain unwieldy. Doing almost anything requires at least a year 
of work on a supercomputer. This project length seems to be an invariant-as 
computers improve, our standards have gone up. Nevertheless, the continued 
improvement in computer hardware allows us to tackle more and more complicated 
(interesting?) projects, so that the field will continue to advance even in the 
absence of new ideas. 

The most interesting new ideas, which might lead to improved calculations 
on smaller computers, are concerned with the question: Can one find a more 
complicated discretization which allows one to work at bigger lattice spacings? 
Doubling the number of terms in the lattice action roughly doubles the amount 
of work, while halving the lattice spacing at fixed simulation volume increases the 
work by a factor of 16. This subject is under active study.2* 

The best way to end the talk is to quote a previous speaker (Prof. B. Frois): 
“You have to fight your way to the numbers.” 
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ABSTRACT 

The radiative decay b -+ s-y is examined in the Standard Model and 
in nine clssses of models which contain physics beyond the Standard 
Model. The constraints which may be placed on these models from 
the recent results of the CLEO Collaboration on both inclusive and 
exclusive radiative B decays is summarized. Fleasonable bounds are 
found for the parameters in some csses. 
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1 Introduction 

The Standard M de1 (SM) of electroweak interactions is in complete agreement 
% with present expe ‘mental data.’ Nonetheless, it is believed to leave many ques- 

tions unanswered, and this belief hss resulted in numerous attempts to discover 
a more fundamental underlying theory. The search for new physics is conducted 
via a three-prong attack: (i) direct production of new particles at high energy 
colliders, (ii) deviations from SM predictions in precision measurements, and (iii) 
indirect observation of new physics in rare or forbidden processes. The first ap- 
proach relies on a discovery via the direct production of exotic particles or obser- 
vation of new reactions. The second and third techniques offer a complementary 
strategy by searching for indirect effects of new physics in higher order processes. 
In particular, the probing of loop induced couplings can provide a means of testing 
the detailed structure of the SM at the level of radiative corrections where the 
Glsshow-Iliopoulos-Maiani2 (GIM) cancellations are important. This talk will 
focus on the latter option, and will examine the radiative decay b + $7. 

Radiative B decays are one of the best testing grounds of the SM due to recent 
progress on, both theoretical and experimental fronts. The CLEO Collaboration 
has observed3 the exclusive decay B + K’7 with a branching fraction of B( B + 
K’7) = (4.5f1.5f0.9) x 10Ts and has also placed an upper limit on the underlying 
quark-level process of B(b + ~7) < 5.4 x lo-’ at the 95% C.L. Using a conservative 
value of the ratio of exclusive to inclusive decay rates based on lattice calculations,’ 
the observation of the exclusive process also implies the lower bound B(b -+ 37) > 
0.65 x lo-’ at 95% C.L. On the theoretical side, the reliability of the calculation 
of the quark-level process b -+ 37 is improving ss partial calculations of the next- 
to-leading logarithmic QCD corrections to the effective Hamiltonian now exists 
These new results have inspired a large number of investigations of this decay in 
various classes of models, which can be summarized by the following list. 

l “Top Ten” Models Constrained by b + 57: 

1. Standard Model 6. Supersymmetry 
2. Anomalous Top-Quark Couplings 7. Three-H&s-Doublet Model 
3. Anomalous Trilinear Gauge Couplings 8. Extended Technicolor 
4. Fourth Generation 9. Leptoquarks 
5. TwoHiggs-Doublet Models 10. Left-Right Symmetric Models 

In what follows, I will summarize the contributions that b + 37 receives in each 
of these models and the constraints placed on the model parameters by the CLEO 
data. 1 

2 Models 

2.1 Standard Model 

In the SM, the quark-level trsnsition b + s7 is mediated by W-boson and t-quark 
exchange in an electromagnetic penguin diagram. The matrix element for this 
process at the electroweak scale is governed by the u,,,@( 1 + 7s) dipole operator. 
The QCD corrections to this process are calculated6 via an operator product 
expansion based on the effective Hamiltonian 

H e/J = -%V;.% 2 ci(P)Oi(P) 3 0) 
i=l 

which is then evolved from the electroweak scale down to /J = mb by the I&normal- 
ization Group Equations. Here‘, Kj represents the relevant CabibboKobaysshi- 
Msskawa (CKM) factors. The Oi are a complete set of renormalized dimension 
six operators involving light fields which govern b --t s transitions. They consist of 
six four-quark operators, Or-s, the electromagnetic dipole operator, Or, and the 
chrome-magnetic dipole operator, 0s. The Wilson coefficients, q, of the b -+ s 
operators are evaluated perturbatively at the W scale where the matching con- 
ditions are imposed and are evolved down to the renormalization scale /A. The 
explicit expressions for cr,s(Mw) = G~gtrn:/M$) can be found in the literature.’ 
The partial decay width is given by , 

l-(b ---, ~7) = gi%&bC7(mb)12. 

To obtain the branching fraction, the inclusive rate is scaled to that of the semi- 
leptonic decay b --* XPu. This procedure removes uncertainties in the calculation 
due to an overall factor of rni which appears in both expressions, and reduces 
the ambiguities involved with the imprecisely determined CKM factors. The re- 
sult is then resealed by the experimental values of B(b + XPv) = 0.108. The 
semi-leptonic rate is calculated incorporating both charm and non-charm modes, 
and includes both phase space and QCD corrections9 The calculation of cr(m() 



employs the partial next-to-leading log evolution equations from Ref. 5 for the co- 
efficients of the b + s transition operators in the effective Hamiltonian, the O(cr,) 
corrections due to glue d bremsstrahlung,10 corrections” for ml > Mw, a running 
crown evaluated at mb, and the three-loop evolution of the running a, which is 
fitted to the global value’ at the 2 mass scale. The ratio of CKM elements in the 
scaled decay rate, Ivtbvt./v&l, is taken to be unity. 

The prediction for the b + 37 branching fraction as a function of the top-quark 
mass in the SM is shown in Fig. l(a), taking ,u = mb = 5GeV. The solid curve 
represents the rate with the inclusion of the partial next-to-leading log evolution 
of the operator coefficients, while the dashed curve corresponds to the leading 
log case. The effect of the known next-to-leading order terms is to decrease the 
QCD enhancements of the rate by - 15%. Figure l(b) displays the dependency 
of the branching fraction (for rn( = 165 GeV) on the choice of the renormalization 
scale for the Wilson coefficients. The uncertainty introduced by the choice of the 
value of m,/mb in calculating B(b + Xv) is also shown in this figure, where 
the region between the curves corresponds to m,/mb = 0.316 f 0.013. We see 
that the b -+ 37 branching fraction increases by - 20% as the renormalization 
scale p is varied from mb to mb/2. The overall variation in the SM prediction for 
B(b + ~7) due to the combined freedom of choice in p and mc/mb can be as large 
as 30 - 40%! Once the full next-to-leading order corrections have been computed, 
this large dependence on the renormalization scale will diminish. For now, this 
dependence represents au additional theoretical uncertainty.12 When determining 
constraints on new physics from this decay, we choose values for these parameters 
which yield the most conservative SM rate; for most of the models discussed here 
p is taken to be 5.0 GeV. Most of the parameter constraints presented here are not 
very sensitive to the remaining uncertainties in the calculation of the branching 
fraction arising from higher order QCD corrections, as B(b -+ s-y) is a steep 
function of the parameters in these cases. 

2.2 Anomalous Top-Quark Couplings 

The possibility of anomalous couplings between the topquark and the gauge boson 
sector has been examined in the literature. l3 Future colliders such as the LHC and 
NLC can probe these effective couplings down to the level of lo-r8 - lo-r9 e-cm, 
but they rely on direct production of topquark pairs, whereas b + s7 provides the 

F 
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l”“1”“l”“l”” 
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Fii. 1. The branching fraction for b + ~7 in the Standard Model (a) M  a function of the 
topquark maps including QCD corrections to the leading log (dashed) and next-t+leading log 
order (solid). (b) Dependency of the branching fraction on the choice of renormalization I&G 
p for various values of the bquark rn~s as indicated with mt -150 CeV. 
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opportunity to probe the properties of the topquark before it is produced directly. 
If the t-quark has large anomalous couplings to on-shell photons and gluons, the 
resulting predicti 

0 
nl’ for the b -+ 37 rate would conflict with experiment. The 

most general form of the Lagrangian which describes the interaction between top 
quarks and on-shell photons (assuming operators of dimension-five or less, only) 
i.6 

L,e = ef I Q:7, + 
1 

I;;;;u,w(~ + ig75)s”] tA” + ha, (3) 

where Q, is the electric charge of the t-quark, and %(&) represents the anomalous 
magnetic (electric) dipole moment. A similar expression is obtained for Ctro. Note 
that a non-vanishing value for f& would signal the presence of a CP-violating 
amplitude. In practice, only the coefficients of the magnetic dipole and chrome 
magnetic dipole b + 3 transition operators, Or and 0s respectively, are modified 
by the presence of these couplings. The coefficients of these operators at the W  
scale can be written as 

OrWw) = Gf”(mf/M$) + Qh(mflM&) + iW2(mflM$), (4) 

cs@fw) = Gt”(mf/M&) + u,Gl(mf/M$) + iZ,,Gz(m:/M$). 

The functions Gi are obtained by inserting the above couplings into the Feymann 
diagrams in which the photon is emitted from the topquark line, and extracting 
the pure dipole-like terms after performing the loop integrations and are given 
in Ref. 14. All other Lorentz structures vanish due to electromagnetic gauge 
invariance and the fact that the photon is on-shell. When the resulting branching 
fraction and the CLEO data are combined, the constraints shown in Fig. 2 are 
obtained. In Fig. 2(a), the 95% C.L. allowed region of the anomalous magnetic 
dipole operator aa a function of ml lies between the curves for the cases ~r = 0 
(solid curves) and so = “r (dashed curves). In Fig. 2(b), the 95% C.L. allowed 
region for the anomalous electric dipole moment lies beneath the curves. The 
bounds on the chrome-dipole moments are found to be weak, since they only 
enter the decay rate via operator mixing. For mt = 150 GeV, K, is constrained to 
lie in the range (-2.6 to 3.4) x lo-l6 e-cm, and 4 < 5.1 x iOwl e-cm. 

2.3 Anomalous Trilinear Gauge Cbuplings 

The trilinear gauge coupling of the photon to W+W- can also be tested by the b -+ 
37 process. Anomalous 7WW vertices can be probed by looking for deviations 
from the SM in tree-level processes such aa e+e- + W+W- and pj -+ W7, or 
by their influence on loop order processes, for example the g - 2 of the muon. 
In the latter case, cutoffs must be’used in order to regulate the divergent loop 
integrals and can introduce errors ,by attributing a physical significance to the 
cutoff.is However, some loop processes, such as b ---) 37, avoid this problem due to 
cancellations provided by the GIM mechanism and hence yield cutoff independent 
bounds on anomalous couplings. The CP-conserving interaction Lagrangian for 
W  W7 interactions is 

Lww, = i (W,!“W ’A” - W;A,W”) + itc,WjWvAIW + I .‘W,,W;A”. + h c 
M& 

. *t 

(5) 
where VP, = i3,Vw - &VP, and the two parameters n7 = 1 + A% and X, take on 
the values A+, X, = 0 in the SM. In thii case, only the coefficient of the magnetic 
dipole b + 3 transition operator Or ia modified by the presence of these additional 
terms and can be written as 

I = GS”(m:/M&) + Aa,Ar(m:/M$) + X,A2(mf/M$). (6) 

The functions Al,2 are obtained in the same manner as described above for the 
anomalous topquark couplings and are given explicitly in Ref. 17. As both 
of these parameters are varied, either large enhancements or suppressions over 
the SM prediction for the b -t 37 branching fraction can be obtained. When one 
demands consistency with both the upper and lower CLEO bounds, a large region 
of the AK, - X, parameter plane is excluded; thii is displayed in Fig. 3 taken from 
Hizzol’ for mt = 150GeV. Here, the 95% C.L. bounds obtained from the lower 
limit on B(b + 37) correspond to the flashed curves, where the region between 
the curves is excluded, while the constraints placed from the upper CLEO limit 
correspond to the diagonal solid lines, with the allowed region lying in between 
the lines. The allowed region in this parameter plane, as determined from UA2 
data’* in the reaction pp + W7, is also displayed in this figure and corresponds to 
the region between the two almost horizontal lines. Combining these constraints, 
an overall allowed region is obtained and is represented by the two shaded areas 
in this figure. We see that a sizable area of the parameter space is ruled out! Note 

The chiral structure of the topbottom charged current is r&o probed by b -+ 
37. It has been determim@ that consistency with the CLEO results restricts the 
potential deviation from the V - A structure of the tbW coupling to be less than 
a few percent. 
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Fig. 2. The allowed range of (a) ~7 and (b) I?; Msuming ns 
(dashed curve). 

(-1 = 0 (solid curve) or (Gi =( ii) 7 

Fig. 3. Allowed (shaded) region of the An, - k, parameter plane from the CLEO upper and 
lower bounds on b -+ ST, assuming ml = 150 GeV, and the WA2 event rate for pp --) w7 aa 
diiuseed in the text. The point in this plane representing the SM is labeled by S. 

that the SM point in the An, - X, plane (labeled by ‘S’) lies in the center of one 
of the allowed regions. 1 

2.4 Fourth Generation 

The implications of a fourth generation of quarks on the process b + 37 have 
been previouslyi examined. The possibility of a fourth family of fermions wan 
a popularm potential extension to the SM before LEP/SLC data’ precluded the 
existence of a light fourth neutrino. However,  one should keep in mind that a 

fourth generation is consistent with the LEP/SLC data aa long (~8 the fourth 
neutrino is heavy, i.e., m, ;L Mzf2, and that such a heavy fourth neutrino could 
mediate2’ a seesaw type mechanism thus generating a small mass for v.,,~. 

In the case of four families, there is an additional contribution to b -) 37 from 
the virtual exchange of the fourth generation up quark t’. The Wilson coefficients 
of the dipole operators are given by 

in the limit of vanishing up and charm quark masses. $ represents the 4x4 CKM 
matrix which now contains nine parameters; six angles and three phsees. We 
recall here that the CKM coefficient corresponding to the t-quark contribution, 
i.e., K&b, is factorized in the effective Hamiltonian as shown in Eq. (1). In 
order to determine the allowed ranges of the nine parameters in the full 4x4 CKM 
matrix we demand consistencyn with (i) unitarity and the determination of the 
CKM matrix elements extracted from charged &rent measurements, (ii) the ratio 
IVdl/lV-~.l, (iii) e, (iv) Bo - Bo mixing. Aa many as lo8 sets of the nine CKM 
mixing parameters are generated via Monte Carlo and subjected to the Constrainta 
(i)-(iv) for ml = 130 - 200GeV and rnp = 2QO - 400GeV. The surviving sets 
of CKM parameters are then used to calculate the range of B(b + 37) in the 
four-generation Standard Model. This branching fraction is displayed in Fig. 4 aa 
a function of rnt where the vertical lines represent the allowed fourth generation 
range as mr is varied in the above region, and the solid curve corresponds to 
the three-generation value. We see that once the above restrictions (i)-(iv) are 
applied, the four-generation b -+ 37 branching fraction is essentially (except for 
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smaller values of m,) within the range allowed by CLEO. 

m-7 t....,....,....,... 120 140 loo 120 200 

Fi. 4. Brmdhg fraction for 6 + ST aa a function of ml. The so&f cum represents the 
three=generation SM value sad the vertical lines are the dhed mnge8 of B(b + q) in the 

four generation r&&l. 
2.6 Two-Higgs-Doublet Models 

Next we turn to twoHiggs-doublet models (2HDM), where we examine two dis- 
tinct models which naturally avoid tree-level flavor changing neutral currents. In 
Model I, one doublet (&) generates mssses for all fermions and the other doublet 
(A) decouples from the fermion sector. In the second model (Model II) QL gives 
mass to the up-type quarks, while the down-type quarks and charged leptons re- 
ceive their msss from &. Each doublet obtains a vacuum expectation value (vev) 
Vi, subject to the constraint that uf + 4 = tag, where u is the usual vev present in 
the SM. The charged Higgs boson interactions with the quark sector are governed 
by the Lagrangian 

where g is the usual SU(2) coupling constant and Kj represents the appropriate 
CKM element. In Model I, A, = cotp and Ad = -cot /I, while in Model II, 
A.=cotPandAd= tan/?, where tan ,fI E -/vi is the ratio of vevs. In both 
models, the H* contributes to b -+ sy via virtual exchange together with the 

topquark, and the dipole b + s operators Or.8 receive contributions from this 
exchange. At the W  scale the coefficients of these operators take the generic form 

, 

where X = -l/tan/I, +l in Model I and II, respectively. The analytic form of 
the functions FT,~ can be found in Hef. 23. Since the H* contributions all scale as 
cot2 /.I in Model I, enhancements to the SM decay rate only occur for small values 
of tan /I. The relative minus sign between the two H* contributions in this model 
also gives a destructive interference for some v&es of the parameters. Consistency 
with the CLEO lower and upper limits excludes% the shaded regions in the rngf - 
tan/3 parameter plane presented in Fig. 5(a), assuming m, = 150 GeV. Here, the 
shaded region on the left results from the CLEO upper bound and the shaded 
slice in the middle is from the lower limit. In Model II, large enhancements also 
appear for small values of tanp, but more importantly, B(b + ST) is always 
larger than that of the SM, independent of the value of tanp. This is due to the 
+ tan p scaling of the F7.8 term in Eq. (9). In this case the CLEO upper bound 
excludes24J5 the region to the left and beneath the curves shown in Fig. 5(b) for 
the various values of ml as indicated. In this case the bounds are quite sensitivei 
to the uncertainties arising from the higher order QCD corrections. We note that 

the H* couplings present in Model II are of the type present in Supersymmetry. 
However, the limits obtained in supersymmetric theories also depend on the size 
of the other super-particle contributions to b + sy and are generally much more 
complexzs as discussed below. 

2.6 Supersymmetry 1 

In the Super-symmetric Standard Model flavor mixing is also present in the squark 
sector and hence flavor changing neutra current processes are sensitive to the 
mssses and mixings of the super-partners. For example, Ks - Z? mixing has 
been shown to plsce2’ stringent constraints on the level of degeneracy for the first 
two generations of squarks (if one assumes CKM-like mixing). One should also 
be reminded, of course, that magnetic moment transition operators, including 
b + s-y, vanish in the exact supersymmetric limit.% 

There sre five classes of contributions to b + sy in supersymmetric theories; 
the virtual exchange of (i) the ugtype quarks and the W  boson in the SM, (ii) 
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Fii. 5. The excluded regions in the mgt - tanp plane resulting from the present CLEO 
bounds in (a) Model I (shaded area is excluded) for ml = 150 GeV and (b) Model II for various 
values of m, a~ indicated, where the excluded regions lie to the left and below each curve. 

the up-type quarks and the H* of Model II above, (iii) the upty-pe squarks and 
charginos, z’, (iv) the down-type squarkfl and neutralinos, ny, and (v) the down- 
type squarks and gluinos, 3. As discussed above, the contributions from (i) and 
(ii) are large and interfere constructively. It has been shownzs*zs that contributions 
(iv) and (v) are usually small in the mini,mal supersymmetric model and are not 
competitive with those induced by W boson and H* exchange. However, the 
chargino contributions (iii) can be large, and for some range of the parameter 
space can cancel the H* contributions to give a value of B(b + sy) at or even 
below the SM prediction. 

Several recent analyses of the chargino contributions have appeared in the 
literature.z”~2B The size and relative sign of these contributions depend on the 
parameters present in the chargino mass matrix and on those responsible for the 
masses and mixings of the squark sector. Assuming unification at a high energy 
scale, we take these parameters to be the common soft-breaking gaugino mass 
rnA, the universal scalar mass no, the supersymmetric higgsino mass parameter 
/.J, the universal trilinear soft-breaking scalar term in the superpotential A, tanPI 
ss well as mt. Here we will consider the case where the up and charm squark 
masses are degenerate, and will examine the effects of the possibly large stop 
squark mass splitting due to the potentially sizeable off-diagonal terms in the 
stop mass matrix. The charginosquark contributions to the Wilson coefficients 
for the b --) s transition dipole operators are given byzsvzz 

(10) 

where r%x+ represents the chargino masses, iir the up and charm squark masses, 
fir, the st)opsquark masses, Uij and V, are the unitary matrices which diagonal- 
ize the chargino mass matrix, and Tkl diagonalizes the stopsquark msss matrix. 
These all are calculable in terms of the supersymmetry parameters listed above. 
The functions H7$ are given in Refs. 26, 28, 29. Contours of B(b -+ ST), includ- 
ing the SM, Hi, and z* contributions, are displayed in Fig. 6 from Garisto and 
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Fig. 6. Contoun of B(b + ST) in units of lo-’ in the rnx - ~1 parameter plane with 
tanP= 10, mt = 140 GeV, m = 100 GeV, taking A = +l, -1 + 2, -2 in (a), (b), (c), (d), 
respectively. AU m- in GeV. 

Ngzs in the rnx - p parameter plane for four values of A = fl, f2 and taking 
ms = lOOGeV, rnr = 140GeV, and tan/J = 10. It is immediately clear from the 
figure, that regions of parameter space do exist where B(b + sy)s”sy is at or 
below the SM value, and is consistent with the CLEO bounds. It is found that 
the stopsquark and chargino contributions have a large destructive interfere with 
the SM and H* contributions when’& is light (i.e., when there is a large stop 
mass splitting), tan0 is large, and 4 < 0. However, if all the uptype squarks 
are degenerate, the chargino contributions exactly cancel due to a SUSY-GIM 
mechanism. In this case, the H* msss is constrained to be large ss shown in the 
previous section. 

2.7 Three-Higgs-Doublet Models 

New CP violating phases are present in models with three or more scalar dou- 
blets. These phases appear in charged scalar exchange and can influence CP 
asymmetries in neutral B decays, even if the Yuk8wa couplings obey natural fla- 
vor conservation.se For example, in a threoHiggs-Doublet model (3HDM) one 
can avoid tree-level flavor changing neutral currents by requiring that a different 
doublet generate a mass for the uptype quarks, the down-type quarks, and the 
charged leptons, respectively. In this case, the interaction Lagrangian between 
the quark sector and the two physical charged Higgs bosons is written as31 

L = & ,g2H,f” [W~.%KM(~ - 7~) + XiMdb/CKH(l + %)I D •t h.c. 9 (11) 
* I 

where X and Y are complex coupling constants that arise from the diagonalization 
of the charged scalar mixing matrix and obey the relation 

Both H: and H2f contribute to b + sy and the Wilson coefficients cr,s at the 
matching scale Mw now become 

with the analytic expressions for the functions F7,8 being the same as in the two- 
H&s-Doublet case.= The XiYi* term signals the existence of a relative phase 
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in the b + sy amplitude. When evolved down to the b-quark scale, the contri- 
butions proportional to %(Xiyi’) d o not interfere with the remaining terms in 
crs(Mw) and do not pix with the Cquark operators. Hence these terms only 
appear quadratically in the expreesion for the 6 4 sy rate. A conservative upper 
limit can be placed on the value of )%n(XY*)I [where Zn(XY’) = Zn(XiY;) = 
-Zn(XeY;) ss given in Eq. (12) above] by letting the imaginary contribution 
alone saturate the CLEO upper bound. These constraints are displayed in Fig. 7 
as a function of the lightest charged Higgs msss m,: for various values of the 
heavier charged Higgs mass m,+, subject to the restraint ma: < msrt. The 
bottom solid curve corresponds to the case where the contribution of the second 
charged Higgs Hzf is neglected. We see that the constraints depend very strongly 
on the value of rnRf and that the bounds disappear when rnA: N rnsz due to an 
exact cancellation between the two H,* contributions. 

In*: (G+V) 

Fii. 7. Constraints on lh(XY*)l .SY a function of the maw of the lightest charged Higgs 
boron, m,,f with rnRk = 100,250,500, 750, sod 1000 GeV corresponding (from left to right) 
to the d-h&, da&do&d, &id, dotted, and dashed carves. The bottom solid curve represents 
the case where the H2f contributions have been neglected. The allowed region lies beneath the 
CUKl-28. 

2.8 Extended Technicolor 

The decay b -+ sy has been investigated within the framework of various classes 
of Extended Technicolor (ETC) models in Ref. 32. These contributions were 
found to be either comparable or suppressed relative to those of the SM, since 
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gauge invariance implies that the photon vertex is corrected only at higher order 
in these models. We note that the Z;boson couplings are modified at leading 
order in these theories and that large rates for the decays B --, ,up and b + spp 
can be obtained.32* The effective Lagrangian for ETC gauge boson exchange in 
these scenarios can be written as , 

where TL is a techni-doublet with the right-handed techni-partners UR and DR, 
rctr, represents the left-handed quark doublets with un and dR being the right- 
handed partners, the matrices Yzd parameterize the symmetry breaking, and i,i 
are generation indices. 

The first class of models considered in Ref. 32 is that of “traditional” ETC, 
which contains the minimal set of interactions necessary to generate the third 
generation quark masses. In this case the ETC gauge boson spectrum is highly 
non-degenerate and the quark mass matrices are approximately given by 

Working in the basis where Y,3” is normalized to unity, gives the relation f2 N 
4aus/ml. The dominant contribution to b 4 sr occurs when the ETC gauge 
boson is exchanged between purely left-handed doublets and when the photon 
is emitted from the technifermion line. Thii results in the magnetic moment 
operator 

Comparing this to the corresponding quantity’in the SM (i.e., cr(Mw)Or) shows32 
that the ETC contribution is suppressed with respect to the SM by’s factor of 

mt/l4*~G(m~/~~)l. ! 
The second class of models considered in this reference are those which incor- 

porate a techni-GIM mechanism which provide a GIM-like suppression of flavor 
changing neutral currents due to a restricted form of flavor symmetry breaking. 
The ETC scale becomes f2 = m&,/g&, where mmo(gmo) represents the 
mass (coupling) of the nearly degenerate ETC gauge bosons. Here, the domi- 
nant contribution to b -P s7 results when the photon is attached to the ETC 
gauge boson line. Assuming Yz”” N V,,, the effective magnetic moment operator 



is estimated32 to be 

. 

<4mb% - b u s eF+’ TR)(YL6 t 4mErc 
(17) 

with & being a mbdel dependent parameter. Thii contribution is expectedsz to 
yield a rate for b + s7 which is within 10% of that in the SM. 

2.9 Leptoquarks 

Leptoquarks are color triplet particles which couple to a lepton-quark pair and 
are naturally present in many theories beyond the SM which relate leptons and 
quarks at a more fundamental level. They appear in technicolor theories, models 
with quark-lepton substructure, horizontal symmetries, and grand unified theories 
based on the gauge groups SU(5), SO(lO), and Es. In all these scenarios lepto 
quarks carry both baryon and lepton number but their other quantum numbers, 
i.e., spin, weak isospin, and electric charge, vary between the different models. 
The scalar and vector leptoquark interaction Lagrangiaru?~ which are renormal- 
izable, baryon and lepton number conserving, and consistent with the symmetries 
of SU(3)o x SCJ(~)L x U(l)r are given by 

Here the subscripts 0, l/2, and 1 represent the SU(2) singlet, doublet, and triplet 
leptoquarks, respectively, the X’s are a priori unknown Yukawa coupling con- 
stants, the L(R) index on the coupling reflects the chirality of the lepton, and the 
generation indices have been suppressed. 

Leptoquarks csn contribute to b + s7 by the virtual exchange of a charged lep 
ton and a leptoquark in a penguin diagram. These diagrams have been calculated 
in Ref. 35, where the leptoquark contributions to cs(A4w) have been neglected. 
Using the approximation that the leptoquark contributions to the b + s7 ampli- 
tude must be smaller than that for the SM, Davidson et a1.% derive the following 
bounds on the relevant combinations of the Yukawa coupling constants for scalar 
leptoquarks, 

xtbxj’ ACbxta < 
L L, R  R  ;;;;w (&)?’ (19) 

where e is a charged lepton of any generation, and Qc(QL~) are the electric charges 
of the exchanged lepton (leptoquark). Similarly, for non-gauge vector leptoquarks, 

(20) 

We note that other B decays, such as B -) P-P’)+, can provide stronger con- 
straintszs on these leptoquark couplings. 

2.10 Left-Right Symmetric Models 

The last scenario of new physics that we will consider is the Left-Right Symmetric 
Model (LRM)zs which is baaed on the extended gauge group sum x Su(2)n x 
U(1). Such theories have been popular for many years, as both a possible gener- 
alization of the SM and in the context of grand unified theories such as SO(10) 
and Es. One prediction of these models is the existence of a heavy, charged, right- 
handed gauge boson WRf, which in principal mixes with the SM Wf via a mixing 
angle 4 to form the mass eigenstates W&. This mixing angle is constrained3’ 
by data in polarized ~1 decay (in the case of light right-handed neutrinos) and 
from universality requirements to be 141 6 0.05. The exchange of a Wi within a 
penguin diagram, in analogy with the SM Wt exchange, can lead to significant 
deviations from the SM prediction for the rate in b -B s7 which are sensitive to 
the sign and magnitude of the angle 4. 

The first class of LFtM we will discuss is one in which the right-handed and 
left-handed CKM mixing matrices are assumed to be equal, i.e., VR = V‘. In this 
csse, Wi searches at the Tevatron collider together with the value of the KL - KS 
mass difference constrainzs the mass of Wi to be at least rnwa > 1.6aTeV, 
where K E gn/gL is the ratio of right-handed to let&handed SU(2) coupling 
constants. In the LRM the complete operator basis governing b L s transitions is 
expanded to include 20 operators. Two &ZW four-quark operators Oe,rs which have 
different chirality structure are also pre&nt,39~‘0 and left-right symmetry dictates 
the existence of a set of operators which have a flipped chirality structure compared 
to the standard set. The latter are obtained by the substitution PL t+ PR in the 
definition of Or-u,, where PL,R = (1 f 7s)/2. We denote the standard set of 
operators as “left-handed,” i.e., Or~-re~, and the chirality flipped operators as 
“right-handed,” Orn-ren. These two sets of operators do not mix under the QCD 
evolution and thus can be treated independently. The expression for the partial 



decay width now becomes 

r(b + s7) = ~~8~‘lvl”vll12 (IC7L,(mb)i2 + Ic7R(mb)12) , (21) 

where crL,z(Mw,) are defined via the low-energy effective Hamiltonian 

‘H.,, = -sSu,,v (CT& + c7RPL) bF’Y . (22) 

The expressions for the coefficients c+~ and Gn are evaluated via the one-loop 
matching conditions at the scale A4 w, and are given in Ref. 39. The branching 
fraction is obtained by scaling to the semi-leptonic decay rate ss usual, except 
that possible Wi contributions’” to b --) CPU must also be included. The resulting 
values for B(b + s7) from the work of Fl,izz~~~ are displayed in Figs. 8(a) and 
8(b) ss a function of the tangent of the WJ - WR mixing angle, tan 4, for Mw, = 
1.6TeV. Figure 8(a) examines the branching fraction for various values of the 
topquark mass assuming n = 1, while Fig. 8(b) iixes mt = 160 GeV and varies K 

between 0.6 and 2. In both cases the solid horizontal line represents the CLEO 
bound. We see from the figures that for n = 1, tan+ is constrained to lie in the 
range -0.02 ;5 tan4 ;5 0.005 and that these bounds strengthen with increasing 
values of K. We also note that b -+ 97 was found not to be sensitive to the exact 
value of the WR mass. 

The assumption that VR = VL is simple and attractive, but one should keep 
in mind that realistic and phenomenologically viable models can be constructed 
where V. is unrelated to VL, and hence the above constraints on the model pa- 
rameters can be avoided. One such example is the model given in Gronau and 
Wakaizumi,42 where B decays proceed only through right-handed currents. Using 
the form of VL and VR given in this reference, consistency with the B lifetime 
provides the bound Mw, 5 416.2~[lV$1/@/~ N 415nGeV. Collider bounds 
from the Tevatron can be satisfiedss in this model if K 2 1.5 and MR 2 600 GeV, 
assuming that the Wi decays only into the known SM fermions as well as the 
right-handed neutrino. The value of B(b + s7) ss a function of tan+ is pre- 
sented in Fig. 8(c) from Ref. 39. Here, n = 1.5 and Mw, = 600GeV is assumed 
and the outer(inner)-most solid line corresponds to ml = 120(200) GeV. It is 
immediately clear that the allowed range of tan4 is much more restricted than 
in the VL = V,q case and that both the upper and lower CLEO bounds will 
play a role. For Mw,, = SOO(800) GeV, the allowed ranges of tan 4 are found 

Fig. 8. B(b + ~7) in the LFIM agluming VR = V’ M a function of the tangent of the 
WL - WR mixing aogle, t+. (a) n = 1 and MwR = 1.6 TeV, with mt = 120,140, 160,180, 
and 200 GeV corresponding to the dotted, dashed, dash-dotted, solid, and square-dotted curves, 
respectively. (b) ml  = 160 GeV sod MwE = 1.6 TeV with K  varying between 0.6 (left-most 
dotted curve) and 2.0 (inner-most dash-dotted curve). (c) Gronsu-Wakaizumi version of the 
LRMwith!c=1.5,M wR = 600 GeV with the outer-moat solid curve corresponding to ml  = 
120 GeV, and is increased in each cue by steps of 20 GeV. 
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to be -0.43 x 10m3 < tan+ c 0, and 0.40 x 10m3 < tan+ < 0.81 x 10-f 
(-0.32 x 1O-3 < tan4 < 0, and 0.29 x 1O-3 < tan4 < 0.60 x 10-3). These 
ranges are highly constrained and a more precise determination of the b -+ s7 
branching fractiod would fine-tune the values of the parameters in this model. 

3 Conclusion 

In summary, we have seen that the process b --t s7 provides powerful constraints 
for a variety of models containing physics beyond the SM. In most cases, these 
constraints either complement or are stronger than those from other low-energy 
processes and from direct collider searches. We look forward to an exciting future 
in B physics! 
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A REVIEW OF THE FERMILAB 
FIXED-TARGET PROGRAM 

Regina Rameika 

Fermi National Accelerator Laboratory 

Batavia, Illinois 60506 

ABSTRACT 

All eyes are now on the Fermilab collider program as the intense search 

for the top quark continues. Nevertheless, Fermilab’s long tradition of 

operating a strong, diverse physics program depends not only on collider 

physics but also on effective use of the facilities the Laboratory was founded 

on, the fixed-target beamlines. In this talk I present highlights of the 

Fermilab fixed-target program from its (not too distant) past, (soon to be) 

present, and (hopefully, not too distant) future program. 

I will concentrate on those experiments which are unique to the tixed- 

target program, in particular hadron structure measurements which use the 

varied beams and targets available in this mode and the physics results from 

kaon, hyperon and high statistics charm experiments which are not easily 

accessible in high pr hadron collider detectors. 
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1 Introduction 

When a machine begins operation at a new energy frontier, as Fermilab’s 

accelerator did in 1972, the prospect of discovering both the predicted and the 

unknown drives the experimental program. As the physics program matures, the 

discovery phase gives way to more programmatic exploration, eventually leading to 

a phase of precision that allows the experimenter to confirm, challenge and 

eventually confront the theoretical explanations for the measurements which have 

been made. Since 1972, the Fermilab fixed-target program has steadily proceeded 

through these phases, crossing several new energy frontiers along the way. Since 

1985, four major fixed-target runs have used the 800 GeV proton beam and the 

experimental facilities known as TeVII. 

In 10,000 hours of operation, more than 20 major experiments and an equivalent 

number of smaller ones have been completed. Typically, a single running period has 

supported nine to 10 experiments and several test beam activities. In the 1990 and 

199 1 runs, 13 experiments collected data and more than twenty detector tests were 

conducted. 

In fixed-target operation, the accelerator is capable of delivering up to 2x1013 

protons per minute, over a twenty second flat-top. On occasion, fast extraction is 

used to deliver high intensity “pings” which are particularly useful for neutrino 

experiments. The Fermilab fixed target facilities include 14 beamlines. Four are 

capable of delivering 800 GeV protons with intensities ranging from 109 to lOI per 

spill. The remainder of the beams are secondary or tertiary and transport a variety of 

particles (dK, e/rc, ‘y, p, p. v...) with energies ranging from 1 to 600 GeV. 

Highlights of the TeVII experimental program include precision measurements 

of hyperon magnetic moments, charmed particle lifetimes, nucleon structure 

function measurements from both muon and neutrino beams, and the spectroscopy 
‘Y 
’ of the charmonium system. 

2 The (Not so Distant) Past 

2.1 Kaons and Hyperons 

For more than fifteen years Fermilab has supported a continuously evolving 

program to study the properties of kaons and hyperons. The copius production of 

these particles, their long lifetimes and simple topologies make them the ideal 

subjects for precision experiments. 

Perhaps the most notable aspect of the kaon program has been the study of CP 

violation. The occurrence of CP violation has been well established in the kaon 

system. K”+p As = 2 oscillations in the mass matrix are measured by the 

parameter E. The deviation of E from zero is a measure of “indirect” CP violation. 

In contrast, CP violation which results from As = 1 transition in the decays 

K” I i? + x+ II- is known as “direct” CP violation and is characterized by the 

parameter E’. Whether or not direct CP violation occurs is controversial. 

E’ can be determined by measuring the ratio of branching ratios in the two x 

decays of the K”~ and the K”s: 

I-(K”, + 279)/l-(K”L + 2~) 
r(K”, + rr’n-)/l-(K”L + n’n-) 

=1+6(&l&). 

The Fermilab program to make this measurement began in 1980 with E617, 

which measured a one sigma non-zero value for E’/E but only to a sensitivity of 

6x10-3. I The second generation of this experiment was E731, which completed 

’ R. Bernstein et al., Physical Review Letters, Volume 54, page 1631, 1985. 
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data taking in 1988.  The  final result from this experiment, shown in the table below, 

is consistent with zero, yet tantalizingly close to still being able to accommodate the 

Standard Model  prediction of a  small amount  of al lowed direct CP violation. In 

contrast a  compet ing CERN experiment NA31. measures a  significant non-zero 

value for I?/& in disagreement with the Fermilab result by  30. 

, 

Table 1. Final results from experiments, FNAL E73 1  and  CERN NA3 1. 

The  apparent  discrepancy between these results has  prompted both groups to build 

third generat ion experiments. 

Along the way to achieving the precision required for the CP violation search, 

the Fermilab group realized that their experiment was ideally suited to search for 

rare decays of the KL, which have predicted branching ratios on  the order of 10-m 

and  below. Decays such as K, +  VF am particularly interesting because,  though 

experimentally difficult, they are theoretically easy to calculate and  have potentially 

large direct CP violating amplitudes. E73 1  has reported a  branching ratio limit for 

the decay K, +  vp. A fol lowup experiment to E731, called E799 Phase I, has  

collected 500  million triggers and  expects to achieve a  factor of four sensitivity to 

this mode.  Already E799 has reported limits for modes  K~L+ rrul+l-. As can be  

seen in Table 2  these results are competit ive with recent results from the 

Brookhaven rare decay experiments. 

* L. K. Gibbons et al., Physical Review Letters 70. page 1203, 1993. 
3 G. D. Barr et al.. CERN-PPIY93-168. Submitted lo Physics Letters B. 

Table 2. Results from rare decay searches.  

Like the kaon program, the Fermilab hyperon program has a  long history, as  can 

be  seen in Table 3. Beginning with measurements of the neutral hyperon product ion 

cross sections to the most recent experiment to measure the magnet ic moment  of the 

Q-, this series of experiments has  led to precision measurements of fundamental  

quantit ies such as magnet ic moments,  asymmetry parameters, and  lifetimes. 

In 1976,  in the midst of studying inclusive strange particle product ion using the 

Fermilab 300  GeV proton beam, Experiment E8 discovered that the A hyperons 

produced at a  non-zero product ion angle had  a  significant polarization. Subsequent  

experiments both at Fermilab and  at other accelerators confirmed this discovery and  

throughout the next decade,  measurements of the polarization as a  function of 

energy,  t ransverse momentum, (pt), and  Feynmann x (xf) revealed that the A 

polarization had  remarkably simple behavior,  and  other hyperons exhibited 

polarization as well. Despite the fact that a  convincing theoretical explanat ion for 

4G. E. Graham et al.. Physics Letters B. Volume 295. page 169. 1992. 
sA. R. Barker et al.. Physical Review D, Volume 41, page 3546. 1990. 
6K. E. Ohl et al.. Physical Review Letters, Volume 64, page 2755. 1990. 
‘D. Harris et al., to he published in Physical Review Letters. EP193-49. University of Chicago Preprint. 
8D. Hat+ et al., to be published in Physical Review Letters. EFI 93-50. University of Chicago Preprint. 
9A. S. Carroll et al.. Physical Review Letters, Volume 44. page 525, 1980. 
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the origin of the polarization would remain a challenge throughout the next decade, 

this discovery would be the cornerstone of the hyperon program.10 See Figure 1. 

Previous pdarization results for 400 GeV protons at 7.5 mrad production angle 

*A *A 

- 0 Anti-h - 0 Anti-h 

AtI- AtI- 

t t 

- rn” - rn” 

0: 0: 

-o.3 r~~~~~l~~~~~~~l~l~ll~~ll~~~~l~~ll~~~~lll~l~I 
0 40 60 120 160 200 240 260 320 

Momentum (CeV/c) 

Figure 1. Inclusive polarization has been observed to be a general 
feature. of hyperon production. 

A beneficial complication to the measurement of hyperon polarization is that 

precession of the polarization vector in a magnetic field allows one to extract the 

particle’s magnetic moment. Until 1992, the most precisely measured baryon 

magnetic moment, other than the proton and neutron, was the A hyperon. The A 

magnetic moment was measured to a precision of 0.0047 nuclear magnetons by the 

‘OL. G. Pondrom. Physics Reports, Volume 122, Numbers 2 and 3, 1985. 

Fermilab Neutral Hyperon Group in 1977. 11 In 1992, using a sample of 4.4 million 
‘r / E- hyperons, the E756 collaboration published a precision measurement of ps- = 

-0.6505f 0.0025.12 See Figures 2 and 3. 

Figure 2. 

t....t . . . . t....r....1,...1....~ 
0 5 10 15 2.0 25 30 

BDL IT-m\ 

Precession angles of the E- polarization vector as a function of the 
field integral in the sweeping magnet. 

-4700 LP 400 

Momentum (G&/c) 

Figure 3. The E- magnetic moment as a function of momentum. 

’ lL. Schachinger et al., Physical Review Letters. Volume 41, Number 20. 1978. 
j2J. Duryea et al.. Physical Review Letters, Volume 68, Number 6, 1992. 
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1974-76 E8 300 GeV Cross-sections 

Elastic Scattering 

PA;PA;PEO 

1977 E440 400 GeV PAWA 

1977 F441 400 GeV p,:p,;jL, 

1978 E49S 400 GeV P, from H, target 

1979 E361 400 GeV A, decay 

1979 E620 400 GeV ‘~-.X-.X+ ~~z-.~z-,~u,+ 

1980 E497 400GeV p~-,r-.~+ * p~-,pr-.p~+ 

1982 E555 400 GeV P, at high p, 

1982 E619 400 Gev 4°+A 

1984 E715 400 GeV Z-p - decay 

1987 E756 800GeV ; p--p,-(?) + Pa-,Pn- 

1990 E761 800 GeV Z’ -+ p yasymmetry 

1991 E800 800 GeV PO. -3 P*- 

Table 3. Hyperon Experiments at Fermilab. 

From 1978 through 1984 the evolution of the Fermilab hyperon program 

produced many successful measurements of magnetic moments and other 

properties. However one hyperon remained elusivethe R- . For the most part this is 

because the fX is the rarest of the hyperons, being produced only at the rate of 

about l/l00 of the Z. Yet the R- is an ideal particle to study since it is an 

extremely simple system - three strange quarks with aligned spins. In the simple 

quark model both fin and pA provide direct measures of the strange quark moment. 

In 1979 Fermilab Experiment E620 collected a sample of 2000 R-, which were 

analyzed but statistically below the threshold for a significant measurement of the 

p+rization. Coupled with the difficulty in obtaining events it was worried that 

producing polarized R-’ s might not be trivial. Though polarization seemed to be a 

general feature of hyperon production, the anti- A, which, like the R-, contains no 

quarks in common with the incident proton beam, was unpolarized up to a pt of 2 

GeV/c.ts With the general lack of understanding of the polarization mechanism, 

whether or not the fi- could be produced polarized remained an open question. 

In 1987 E756 answered that question. As suspected, when the Q- were 

produced by the 800 GeV proton beam, the polarization was insignificant. This is 

particularly obvious when the fX “polarization” is plotted in comparison to the 8- 

and the anti- A, as shown in Figure 4. Not to be daunted by the mysteries of nature, 

the E756 group modified the a- production method to produce the R-‘s using a 

neutral beam composed of neutrons, A ‘s, and E”s. In this way, the R’s which were 

produced from the incident neutral hyperons now did have quarks in common with 

the incident beam. Additionally, the neutral beam was produced at a 2 mrad 

production angle such that the A’s and so’s were polarized along the x direction. 

The experiment collected 22,000 Q- in this mode which was called “spin-transfer” 

because of the expectation that some fraction of the neutral hyperons’ polarization 

would transfer to the R-. Though the statistics were not compelling, a magnetic 

moment could be calculated from the asymmetry measured in the A decay thus 

indicating that the parent R- was indeed polarized. If the polarization was assumed 

real, the resulting moment was p, = -2.02 Of.16.14 

13B. Lundberg el al., Physical Review D, Volume 40. Number 11, 1989. 
14H. T. Diehl et al., Physical Review Letters, Volume 67, Number 7, page 804, 1991 
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Figure 4. Polarization of R- produced by protons. 

A fol lowup experiment to E756, called E800, completed data taking in January 

1992.  This experiment collected a  total of 400.000 R-, 200,000 of which were 

potentially polarized. Approximately 50,000 were taken in the spin transfer mode,  

and  150,000 were produced in an  inclusive product ion mode  where the neutral 

beam was produced at a  zero mrad product ion angle so that the neutral hyperons 

were. unpolarized, but were, however,  incident on  the Q- product ion target at a  non-  

zero productio’n  angle. The  analysis of this data is nearly complete, and  both neutral 

beam product ion methods give both polarization and  magnet ic moments consistent 

with the E756 result. The  final answer is expected to be  publ ished in 1994.ts 

An interesting twist to the hyperon polarization picture was uncovered when 

E756 collected a  sample of 70,000 anh--  ’ =-Is. While the folklore and  anti- A’s 

indicated that the ant i-hyperons would be  unpolarized, as  were the Q-s, it was 

discovered that the anti-3 had  a  significant polarizationts The anti-E- polarization 

is plotted in Figure 5  as a  function of pt, a long with the signal from 400  and  800  

GeV 3’s. Though puzzling, the agreement  was striking and  wanting of 

t5N. Wallace et al., Proceeding of DPF Meeting, Fermilab. 1992. 
I%. M. Ho et al., Physical Review Letters, Volume 65, Number 14. 1990. 

confirmation by yet another hyperon.  That confirmation was to be  found in 
‘u  
I another Fermilab hyperon experiment, E761, as  a  by product of the data taken for 

their primary goal of measur ing the radiative decays of the C+. See Figure 6. ‘7  

0.0 I T  
I f 
B 

~.3L.*..‘.,..‘..‘.““““” 0.4 0.6 0.8 1.0 1.2 1.4 

# 
$4 4 4  

l z’ 800 GeV/c 

cl s- 800 GeV/c 
A se 400 GeV/c 

Pt @V/c) 
Figure 5. Compar ison of polarization for 5  and  anti-Z hyperons.  The  800  

GeV data is from E756. The  400  GeV data is from E620. 

t7A. Morelos. Ph.D. thesis, CINVESTAV, Mexico, 1992. 
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Figure 6. Data from E761 showing that the anti-X- has  a  significant 
polarization. 
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Figure 7  shows the invariant mass distributions for X+ decays collected in 

E761. The  final sample of 67,000 X+ + p  y decays were used to determine the 

decay asymmetry parameter UT = -0.720 f 0 .086 f 0.04S.ta As a  by-product of 

this experiment the collaboration was able to use the very large sample of 

X+ + p  ICY decays to resolve an  outstanding discrepancy between the E497 and  

E620 determinations of the I? magnet ic moment.  The  results are summarized in 

Figure 8. The  now complete set of hyperon magnet ic moment  measurements are 

summarized in Table 4. 

M :o (GtV 2 /e4) 

Figure 7. Missing mass distributions for Z+ decays in E761. The  bottom 
plot shows the 67K events selected for the C+ mode.  

18M. Foucher et al., Physical Review Letters, Volume 68. page 300% 1992. 
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c+ 

1993 world average +-a-- 

1993 E761 -a+ 

1993 Ankenbrandl v * 

1992 PDG 

1987 Wilkinson 

1963 Ankenbrandl _ , , 

1979 Settles 

2.29 131 1 33 2 35 1.31 2 JO 2 II 2.43 2.45 2.47 2.40 2 51 

Magnetic Moment (fl N  ) 

Figure 8. Summary of the S+ magnetic moment measurements. The 1993 
E761 measurement definitively resolves the long standing 
discrepancy in the measurements. 

Source Baryon CI Precision 
PDG (1992) P 2.79284739 0.A 0.02 ppm 

PDG " -1.91304270 0.00000050 0.26 ppm 

PM; A0 -0.6130 0.0040 0.7% 
1993 ti 2.458 0.010 0.4% 

PDG -1.160 0.025 2.2% 

PDG - 1.250 0.014 1.1% 
PDG -- E -0.6507 0.0025 0.4% 
PDG R- -1.94 0.22 11.3% (E800+2%) 

PBD44. 1962 1 I I 
(1991) A++ 1 4.52 0.67 1 14.9% 

PLX 1 XA 1 -1.61 0.08 1 4.0% 

Table 4. Current status of baryon magnetic moments. 

Precision measurements such as those which have come from both the Fermilab 

hyperon and kaon programs are the payoff for the investment made in supporting a 

focused program from exploration to completion. 

2.2 Heavy Quarks - Charm and Beauty 

Unlike the programs in kaon and hyperon physics, which have had many years 

to mature and establish themselves, Fermilab’s contribution in the area of heavy 

quark physics has been fast paced but no less impressive. Charm production is not 

nearly so copious as kaon and hyperon production. The particles have short 

lifetimes and complex decay topologies. However, in ten short years the study of 

charm production and decay using both photon and hadron beams has produced 

physics results that are both competitive and complimentary to the charm programs 

undertaken at e+e‘ machines. The technical achievements in the areas of silicon 

microstrip vertex detectors and high speed data acquisition systems along with the 

high energy and intensity available from the Tevatron has made this possible. 

Many experiments to study charm have been undertaken at Fermilab. Most 

study both production dynamics and decay physics. Measurements of total cross 

sections as a function of beam energy and particle type as well as the differential 

cross sections as a function of xF and pT can he compared with next to leading 

order QCD predictions. A recent review of such results from hadroproduction 

experiments has been published. 19 At Fermilab experiment E769 studied charm 

production from a 250 GeV x/K beam; E653 used 600 GeV x’s and 800 GeV 

protons: and E743 used 800 GeV protons as well. The A-dependence of charm 

production has also been studied. Results from E769. shown in Figure 9, yield a P 

1 for both charged and neutral D production. 

19J. Appel, Annual Review of Nuclear Particle Science, 1992. 
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The A-dependence of D  meson production as measured 
in the hadro production experiment E769. 

A 350 GeV wide band photon beam was used by E687. Though 

photoproduction is an excellent way to produce high signal-to-background data 

samples, studies of the production mechanism itself are more difficult. In particular, 

being able to measure the incident flux is required but quite difficult. Recent results 

from E687 show a comparison of distributions from 325 (S3) fully reconstructed 

D - 6 pairs and QCD predictions. See Figure 10.20 

20 P. L. Frabetti et al., “Studies of DE Correlations in High Energy Photoproduction.” 
Fermilab-P&-90/072-E. 1993, accepted for publication in Physical Letters 9. 
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Figure 10. Fully reconstructed D” - 6 pairs from the photo production 
Experiment E687. 

Charm particle decay modes can be categorized as hadronic, semi-leptonic. and 

leptonic. The most accessible of these is the first - hadrons in the final state. 

Because they can be fully reconstructed, these modes are used to determine 

lifetimes, masses, and branching ratios, though further physics about the decay is 

complicated by the unknown nature of the hadronic vertex. In contrast, though more 

difficult to reconstruct because of the missing neutrino, study of the semi-leptonic 

decays offer more information about the dynamics of the interaction. Finally, the 

fully leptonic decays, which are rare and difficult to reconstruct, offer the most 

predictable physics interpretation and hence valuable insight into our understanding 

of the weak force. 

Precision measurements of masses, lifetimes, branching ratios, and angular 

distributions are commonplace for the now completed second generation 
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experiments. From these measurables the physics extractables include 

measurements of the CKM matrix elements and weak decay form factors. 

In the 1990-91 run, two experiments, E687 and E791, moved into the category 

of high statistics experiments. E687 results are being presented from a sample of 

100,000 fully reconstructed charm decays. Recently this experiment reported 

results of the Df and DO and Ds lifetimeszt-2s’ 

These are summarized in Table 5. 

G) 1.048~Kl.015Hk011 ps 

@3 0.4 13ZtO.004Hr.003 ps 

Wk) 0.475iO.02tMO.007 ps 

@Yw9 2.54d~O.04 

Ws) 1.15fo.05 

Table 5: Summary of D lifetime measurements for E687. 

When it has been fully analyzed, E791 will have more than 200,000 fully 

reconstructed events. Physics results from the first 30% of this data are expected 

early in 1994. Both E687 and E791 experiments will also have samples of hundreds 

of charmed baryon events from which significant measurements of the lifetimes of 

these particles can be made. Of interest is the hierarchy of the lifetimes from which 

the relative importance of exchange and annihilation diagrams and light quark 

interference can be compared to the predictions of a simple spectator mode1 of the 

decay process. 

21P. L. Frabetti et al., “A Precise Measurement of the @  Meson Lifetime,” Fermilab-Pub-93/030-E, 

submitted to Physical Review Letters. 
**P. L. Frabetti et al., Physical Letters B. Volume 300, Number 190, 1993. 
23P, L. Frabetti et al., Physical Review Letters, Volume 70. Number 1381, 1993. 
24P. L. Frabetti et al., Physical Review Letters, Volume 70. Number 1755. 1993. 
25P. L. Frabetti et al.. Physical Review Letters, Volume 70, Number 2058, 1993. 

‘Y 
’ 

In the area of semi-leptonic decays, results from E687 and E653 have been 

presented for the ratios of the weak form factors, RV = V/F1 and R2 = F2/Fl, for 

the decay D+ -> K*o p v. See Figure Il. 26 

RV=bF, R2=F,/F, 

Figure 11. Ratios of the weak form factors Rv and R2 from E687, E653 and a 
first generation charm experiment, E69 1. 

In addition to the Fermilab Tevatron providing the facilities for a strong and 

active program of studying open charm, the Anti-proton Accumulator ring has 

provided the opportunity to use p-bar interactions to produce and study states of 

charmonium which are not directly accessible in e+e-interactions. In 1991 E760 

collected 3 1 pb-t of data, the highlight of which was the long-sought discovery of 

the lPl state which is shown in Figure 12.2’ 

*6Figure taken from Fermilnb Report, Spring 1993. 
27T. A. Armstrong et al., Physical Review Letters, Volume 69. page 2337, 1992. 
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Figure 12. Results from E760 indicating the discovery of the IP, state of 
Charmonium. 

The desire to study the b-quark using Fermilab’s fixed target facilities has not 

been nearly as straightforward as the progression of the charm experiments. 

However, despite the technical difficulties which accompany experiments trying to 

measure rare processes in the midst of overwhelming backgrounds, several 

experiments have achieved a measure of success in what best can be described as an 

experimental tour de force. These experiments have the advantage that the particles 

containing b-quarks are boosted greatly in the lab reference and so decay a 

measurable distance away from their point of creation. E653, which completed data 

taking in 1988, used a hybrid emulsion spectrometer to reconstruct charm and 

beauty decays. Following the tedious analysis which accompanies an emulsion 

experiment, the group has reported production cross sections and lifetime 

measurements for both charged and neutral b’s reconstructed in nine beauty pairs.28 

“K. Kodama et al., Physics Letters B. Volume 303, page 359, 1993 29Fermi[ab Research Program Workbook. 1993. 

iY A second experiment, E672, which had a primary goal of studying the 

production properties of x states, also collected 73 events with a J I r originating 

from a well separated decay vertex, 26 It IO of which they estimated are due to 

B + J I VX .z9 The total cross sections for b-quark production from pions is 

shown in Figure 13. 

100 

Beam mofnentum Gew 

Figure 13. Total cross section for fixed target b-quark production, as a 
function of energy. 

Despite this success, it is likely that the future of b physics is at the colliders. 

The cross section for producing beauty at the Fennilab collider is a thousand times 

greater than in the extracted beam experiments, and the development of advanced 

charged particle vertex detectors at CDF have provided a way for collider 

experiments to compete in the b market. Figure I4 shows data from both the 1989 
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and the 1992 CDF runs. b-quark production has been measured with electron, 

muon, and JI w  data. CDF has also reconstructed exclusive final states for 

B + J I w  K, J I w  K * and has measured B” mixing.30 

10’ 

lo! 

lo: 

10: 

- NLO OLkY n=4.75 Gd. A,=215 MeV 

1989: Open Symbol, 

1992: Fdkd Symbols 

CDF Preliminary y---p-..... 
Same measurement erron are correlated 

20 
pImi (Gev) 

Figure 14. b-quark production from CDF. 

Hadron Structure 

From the early development of the SU(3) quark model to the currently accepted 

Standard Model, the search for simplicity has played a major role in setting the 

course of the experimental program in High Energy Physics. However, despite the 

success with which these theories have been able to predict new particles and 
‘Y 
1 describe their interactions, we remain faced with many questions when it comes to 

really understanding the structure of the hadron. The gauge theory of Quantum 

Chromodynamics, QCD, has met with remarkable success in imparting that 

simplicity to the study of hadronic interactions. Over the past ten years, Fermilab 

has embarked on a number of major experimental programs to exploit the capability 

of the Tevatron as a source of high energy hadronic probes. These programs have 

included the study of deep inelastic scattering, Drell-Yan and direct photon 

production, and polarization measurements. 

Historically, the most precise measurements of the internal structure of hadrons 

have come from deep-inelastic electron, muon, and neutrino scattering. At 

Fermilab both neutrinos and muons have been used to probe inside the proton. 

Experiments E744/E770 (CCFR), using the Fermilab quadrapole triplet neutrino 

beam line, have made high statistics measurements of the neutrino charged-current 

structure functions F2 and xF3, which rival in precision previous charged lepton 

measurements. These new structure functions have resolved disagreements 

between previous measurements and have allowed detailed tests of QCD such as the 

GLS sum rule.3’ See Figure 15. 

“S-X A. Yagil, “Status of CDF,” this conference. 3’W. C. Leung et al., Physics Letters B, Volume 317, page 655, 1~3. 
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Figure 15. F2 structure functions as a function of Q2, for four values of x. 

E665, using 500  GeV muons interacting with protons, neutrons, and  heavy 

nuclei (carbon, calcium, xenon and  lead), has  studied the hadrons emerging from 

high energy,  deep-inelastic interactions. From data taken with a  deuter ium target, 

this experiment has  presented the cross section ratio O&p in the very small XBj 

range down to below 104.32 See Figure 16. W ith center of mass energies up  to 30  

GeV, E665 is able directly to observe multi-jet final states and  has recently 

presented results using two versus three jet events to extract the 42  dependence  of 

as.33 See Figure 17. These rates are also sensitive to QCD predictions and  afford 

another way of testing the theory of strong interactions. 

Q 1 

-? 0.8 

0.6 

0.4 

0.2 

0 

- 0 This experiment - 0 This experiment 
: 0 NMC : 0 NMC 

x BCDMS x BCDMS 
Systematic uncertainty Systematic uncertainty 

Figure 16. g  I a, from E665 (which can be  approximately interpreted as 
F” / FJ extends the measurements from earlier experiments 
to very low values of s,’ 

--o,(cevj- ‘0  ‘0 ‘O- @(cd) 
Figure 17. E665 jet analysis to measure the Q2  dependence  of the strong 

coupl ing constant. 

Complement ing the deep-inelastic measurements are experiments which study 

direct photon product ion (E706, E705). Measurements publ ished in 1992  by E706 

are currently being used to constrain our  knowledge about  g luons inside the 

32M. Adams et al.. Physical Review Letters, Volume 68, page 3266. 1992. 
j3M. Adams et al., Physical Review Letters. Volume 69, page 1026, 1992. 
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proton.J4 The data presented in Figure 18 show the comparison between the direct 

photon cross sections as a function of pr compared to a number of theoretical 

predictions. 

In yet another attempt to understand the composition of the proton, E772 has 

compared the yields of high-mass muon pairs produced from 800 GeV protons on 

isoscalar targets (deuterium and carbon) with those from a heavy nucleus 

(tungsten). The ratio of such yields is directly sensitive to the ratio of up and down 

sea quarks within the proton.35 With these processes, and many more not 

mentioned, Fermilab experiments are expanding our knowledge of “what’s inside a 

proton,” while at the same time testing QCD, the Standard Model’s theory of the 

strong interaction. 

p+Be+y+X 

NLL QCD 

- ABFOW. P M S  

- ABFOW, Q’ = h’l4 

- M R S  SO. Q.‘ = fi.‘/4 

- MT H2. Q’ = ,‘,.‘I4 

IO’ 

IO 

3 4 5 6 7 8 0 

Figure 18. Direct photon cross-sections from E706, compared to Next to 
Leading Log QCD predictions. 

I, 3 The (Soon to Be) Present 

As we look to the future, the nature of the physics to be done and the reduced 

funding available compel us to envisage a new era for the fixed-target program. 

Though rich and diverse in its scope, the upcoming run will operate fewer 

experiments than previous fixed-target runs. Although two of the experiments are 

building new apparatus, the others are modifying and upgrading previously used 

detectors. This trend toward a smaller fixed-target program will continue as the 

goals of the Fermilab program become focused on using both our collider and 

fixed-target facilities to pursue some of the most challenging-as well as difficult 

and expensive-questions in particle physics. 

Each major experiment that will take data in the upcoming fixed-target run. now 

scheduled to begin in late 1995. will emphasize precision measurements of 

parameters revealed in the past decade as key to our understanding of the Standard 

Model of particles and interactions. Most notable will be E832, a measurement to 

the level of 10e4 of the parameter &l/E, a measure of direct CP violation in the 

neutral kaon system. This measurement, along with a continuation of the rare decay 

experiment E799 II, will constitute a program which has been named KTeV. Rare 

decay sensitivities down to IO-11 are expected. The key ingredients in this new 

experimental program will be a Cesium Iodide calorimeter which has high 

resolution and is radiation hard and a high performance veto system to eliminate 

backgrounds. 

Another experiment, E815, will use a new Sign Selected Quad Triplet beam 

capable of producing both neutrinos and anti-neutrinos to measure precisely the 

electroweak mixing angle, sin2flW and p, a standard model parameter sensitive to 

deviations from one in the number of Higgs doublets. This measurement is 
%. Alverson et al., Physical Review Letters, Volume 68, page 2584, 1992. 
35P. L. McGaughey ei al., Physical Review Letters, Volume 69, page 1726. 1992. 
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accomplished by measuring neutral current and charged current cross sections from 

both the neutrino and anti-neutrino beams. 

Two experiments will exploit the copious production and acquisition of 

charmed particles achieved by combining the high fluxes of photon (E831) and 

hyperonlpion (E781) beams available from 800 GeV protons with high-speed 

*triggering and data-acquisition capabilities. E83 1 is being designed to achieve a 

goal of reconstructing 106 charmed particles. With such a data sample, precision 

measurements of CKM matrix elements from semi-leptonic decays will be possible. 

Searches for doubly Cabbibo suppressed decays as well as D” - D mixing should 

also be possible. Both of these experiments anticipate large samples of charmed 

baryon events from which precision measurements of lifetime hierarchies will be 

made. 

A continuation of experiment E760, now called E835, will use the p-bar source 

in conjunction with a hydrogen gas-jet target to produce resonant states of 

channonim. With the new data, this experiment should be able to conclusively 

confirm the 1P; state and measure its properties as well as continue the search for 

the Q’ state. 

Finally, E866, a followup experiment to E772, will measure the antiquark 

content of the proton using Drell-Yan events. 

4 The (Hopefully, Not Too Distant) Future 

The Standard Model of electroweak interactions provides a theoretical framework 

in which the fundamental particles, quarks, and leptons, are arranged into pairs and 

generations [(u, d), (c. s), (t. b); (e, ve), (p, VF), (T, VT)]. Experimentally, the 

neutrinos appear to be massless, and the assumption that they are exactly so is built 

into the minimal Standard Model. However, despite the incredible success of the 

ex’ 
P 

rimental verification of the model, we know that it is incomplete. In particular, 

the’major outstanding challenges in particle physics today concern the question of 

mass. For example, we ask, Why is the top quark so heavy? Is the Higgs the origin 

of mass? Are the neutrinos really massless ? Other questions persist in cosmology 

and astrophysics: Where are the missing solar neutrinos? Are there missing 

atmospheric neutrinos as well? What makes up the mass of the universe? As we 

approach the next millennia, several of these questions may offer one of the most 

exciting fixed-target opportunities for Fermilab experimenters. Massive, flavor 

changing neutrinos are a possible answer to these last questions. This phenomenon, 

i.e., vp <-> VT, is known as neutrino oscillations. 

From the earliest discussions of the Fermilab Main Injector project, it has been 

clear that this new machine would provide the opportunity to produce a very high- 

intensity, moderate-energy neutrino beam. A beam of 120 GeV could be extracted 

at least every two seconds at an intensity of up to 6x10’3 protons per pulse. The 

first proposal submitted to the Laboratory to use such a beam was P803, an 

appearance experiment capable of seeing the short lived r lepton from the process 

vp --> V~ + N -> z. With such a beam, the P803 experiment would have significant 

reach in parameter space over existing and planned limits. As a demonstration of 

the capability to identify F interactions, the proposal P872 has been submitted to 

directly measure v. production from beam dump neutrinos produced by 800 GeV 

protons. Such an experiment could be performed during a Fixed Target run prior to 

the completion of the Main Injector. 

The detector for an experiment like P803 would be located relatively close to 

the source of neutrinos, i.e., between 100 and 300 meters downstream of the end of 

the decay pipe in which the neutrinos are produced. This is known as a short 

baseline experiment. 
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Because they are close to the source where the neutrino flux is hightest, short 

baseline experiments are designed to collect high statistics and are sensitive to large 

values of Am2 and small values of the mixing angle. Conversely, an experiment 

where the detector is located very far away from the source of the neutrinos and has 

a large value of the ratio L/E is known as long baseline experiment. Though the 

flux of neutrinos through such an experiment will be greatly reduced, the L/E ratio 

can make the experiment sensitive to very small values of Am2, albeit at a larger 

value of the mixing angle. 

Over the past few years, it was realized that the idea of being able to do both a 

short and long baseline experiment along the same beamline would be an ideal 

strategy for exploring the question of neutrino mass. Several options for the long 

baseline site were considered including the site of the IMB detector in Cleveland 

Ohio, the DUMAND detector in Hawaii, and the Soudan II detector in Soudan 

Minnesota. Members of the Soudan II collaboration have submitted a proposal 

which could use the existing Soudan II detector to probe the region of parameter 

space suggested by the atmospheric Neutrino Deficit. The possibility of 

significantly increasing the size of this detector is also under consideration. Issues 

such as granularity versus cost play an important role in the development of such a 

proposal. Likewise the cost of constructing such a beam has been a major 

consideration in the development of this program. Balancing cost with the potential 

payoff is a different task. Absent a crystal ball, one must rely on sensible planning, 

realistic expectations for funding, and an enduring physics motivation. To be sure, 

the standard model may survive yet another intrusive probe; neutrinos may really be 

massless. If they do have mass, however, Fermilab is the ideal place to make that 

important discovery. Note Added: [P803 received Stage I approval in November, 

1993.1 
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1 Introduction 

I The first run at the Tevatron with the DO detector was completed in June of 
this year after fourteen months of successful operation. Commissioning of the 
detector had begun in March 1992, and data taking started in late August and 
continued until the end of May 1993. Tevatron performance improved steadily 
from late August until November 1992. During the last six months of operation 
the Tevatron delivered 1 pb-’ of integrated luminosity per week, and reached a 
peak luminosity of 9 x loss cmm2 set-‘. Approximately 60% of the delivered 
luminosity was successfully utilized, resulting in data recorded to tape. More 
than half the beam loss resulted from blanking imposed to eliminate background 
associated with the passage of the main ring beam through the outer layer of the 
calorimeter. By the end of the run, data recorded to tape corresponded to 16 pb-’ 
of integrated luminosity. 

After a brief description of the DO detector, we summarize progress in the 
analyses of the data in the areas of electroweak and QCD physics, and in the 
search for the top quark. We expect to quadruple the current data sample during 
a second run with the detector scheduled to begjn later this year. 

2 The DO Detector 

In this section and the next, the main features of the DO detector are summarized, 
and the identification and measurement of high PT leptons, photons, and jets 
in the detector are briefly described. A more detailed description may be found 
elsewhere.‘ The three major detector systems of DO are shown in Fig. 1, a cutaway 
isometric view of the detector. Clearly visible in the figure, and furthest from the 
beam pipe, is the wide angle muon system: three layers of proportional drift tubes 
assembled around magnetized iron toroids. The three cryostats containing the two 
end calorimeters and the central calorimeter are located just inside the toroids. 
The central calorimeter is 2.6 m long and occupies the cylindrical shell extending 
in radius from r = .8 m to r = 2.2 m. The central tracking system is situated 
inside the shell, filling the region r < .78 m and ]z] < 1.35 m. 

Figure 1: The DO Detector. 

The central tracking system consists of four separate detector subsystems: a 
vertex drift chamber (VTX), a transition radiation detector (TRD), and central 
(CDC) and forward (FDC) drift chambers. These are shown in Fig. 2. The 
vertex detector and central drift chamber are barrel detectors with sense wires 
parallel to the beam (z-axis). The r# cydinate is measured with a resolution 
of 40 - 100 pm-depending on the drift distance-in the vertex detector, and 
with an uncertainty of 150 - 200 pm in llhe central drift chamber. Delay lines in 
the central drift chamber and charge division in the vertex detector are used to 
provide a measure of the z coordinate-tith a resolution of 3 mm in the CDC and 
1 cm in the VTX. The acceptance of the CDC is matched to that of the central 
calorimeter, and covers the region in pseudorapidity, n [q = -ln(tan(e/2))], from 
n = -1.2 to 17 = 1.2. The two FDCs, located at z = f 1.2 m, extend the coverage 
to within 5” of the beam axis, or 1.2 < ]q] < 3.2. The sense wires in the FDCs are 
orthogonal to the beam axis, and measure the polar and azimuthal angles with a 
position resolution of 150 - 200 pm. 
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Figure 2: The Central Tracking System. 

The uranium liquid argon calorimeter consists of a central barrel detector, and 
two identical end calorimeters. Together they provide complete angular coverage 
to within 2O of the beam axis, or for 171 5 4.2. 

In depth, the calorimetry is organized into an electromagnetic section of 20 ra- 
diation lengths (.8 A.), followed by a fine hadronic (3-4 A,) and a coarse hadronic, 
or leakage, section (3-4 A,). The energy deposited is sampled every radiation 
length in the EM section by 4.6 mm of liquid argon, and the total energy de- 
posited in the four layers of thickness, 2X,, 2X,, 7X,, and 10X, read out. In the 
fine hadronic section there are three to four layers, with readout occurring ap 
proximately every interaction length. There is (typically) one additional readout 
layer in the coarse hadronic section. The calorimeter is segmented transversely 
into 67 x &$ = .l x .l towers which project to the center of the interaction region 
as shown in Fig. 3. The third EM layer in each tower is more finely segmented, 
67 x 64 = .05 x .05, to improve the spatial resolution near the EM shower maxi- 
mum. . 

Figure 3: Side view of the calorimeter showing the projective towers along lines 
of constant pseudorapidity. 

The response of the calorimeter has been studied in a test beam at Fermilab.* 
Electron energies were measured there with a resolution dominated by sampling 
fluctuations, a(E)/E = 15%/a, and with a small (.3%) constant term. In 
the experiment, studies at thr Z-mass suggest a somewhat larger (l-2%) constant 
term. Nonuniformity of response over the large detector acceptance would increase 
the resolution in this way. Pion energies are, measured in the detector with a 
resolution of 50%/a, and jets with a resolution of 70%/a. The linearity 
is better than .5% for pious and electrons wl’th energies between 10 GeV and 
150 GeV. The measured resolution in missing ET is described by the formula: 
uR= 1.08 + .019 (C ET) GcV, where the S&I extends over all the cells in the 
calorimeter. 

The muon detect.ion system is built around five separat,e magnetized iron 
toroids. The central toroid extends f 3.8 m along the beam axis. In the plane 
transverse to the beam, it occupies the region between the two squares with sides 
located 3.18 m and 4.25 m from t,he beam axis. The magnetic field in the iron is 
approximately azimut,hal with magnitude 1.92’. There are three layers of muon 
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detectors mounted around the central toroid. Layer A is located just inside the. 
toroid. Layers B and C are outside and separated by 1.6 m. Layer A consists of 
four planes of propytional drift tubes and layers B and C each contain three. The 
basic detector is a proportional drift tube of rectangular cross section, 5 cm high 
by 10 cm wide, with a 50 /J diameter anode wire down the center and cathode pad 
strips at the top and bottom. The wires are oriented along the direction of the 
field to provide good resolution in the bend plane. 

Two end toroids are located at 4.5 m  < 1.~1 < 6.0m. They are square, picture- 
frame magnets centered on the beam axis. The inner and outer surfaces are .9, 
and 4.2 meters from the beam axis. The A, B, and C layers are orthogonal to the 
beam axis here, but are otherwise as described above. 

in two or three layers, depending upon which muon’detection system is involved. 
The minimum muon PT is about 5 GeV/c. The decision time in Level 1 is less 
than the 3.5 pets between beam crossings. The reduced rate from the Level 1 
trigger (- 100 Hz) is passed to a farm of VAXstation processors where software 
event filtering on a time scale of several hundred mill iseconds reduces the rate to 
the desired level for data logging. ’ 

Particle identification begins at Level 1, where PT requirements may be im- 
posed separately on the hadronic and electromagnetic portions of the .2x .2 trigger 
towers. Additional selection criteria are imposed at Level 2 and in the ofhine anal- 
ysis. Clusters of energy in the EM calorimeter are retained as candidate photons 
and electrons if three requirements are met: 

The central and end toroids provide continuous muon coverage to InI < 2.5. 
Multiple scattering in the toroids limits the momentum resolution to 1 20%. The 
calorimeters and toroids together provide 14-18 interaction lengths of material be- 
tween the interaction region and the outer muon layers, making pion punchthrough 
unlikely (10v4). 

Situated within and to the rear of the 1.8 m  square holes of the two end toroids 
is the small angle muon system, which extends the muon coverage to InI < 3.2. 
We refer the interested reader to Ref. (11 for a detailed description of this system. 

(i) the energy penetrating beyond the 21 X, of the EM calorimeter to the 
hadronic section is less than 10% of the total, 

(ii) the shower shape is consistent with that expected from measurements made 
with momentum-selected electrons in a test beam, and 

(iii) the energy cluster in the calorimeter is isolated, E(.4)/EM(.2) - 1 < .15, 
where E(R) is the total energy, electromagnetic plus hadronic, and EM(R) 
is the electromagnetic energy within a cone of radius R = dm. 

3 Triggering, Particle Identification 

Electrons are required to have a track in the CDC or FDC pointing to the EM 
calorimeter cluster. In the direct photon analysis, no track is allowed to point to 
the energy cluster and the energy in the hadronic section is further restricted to 
< 4%. Also, the transverse energy withidthe R = .4 cone and outside the R = .2 

To avoid repetition in the physics sections which follow, we summarize here the 
selection criteria for electrons, photons, muons, and jets. Three levels of triggering 
are used in D0 to reduce the approximately 200 kHz of interaction rate (43 mb of 
inelastic cross section) to the 2 Hz rate recorded to tape. The Level 0 trigger uses 
scintillation counters arrayed around the beam pipe to signal an inelastic collision. 
These counters also measure the luminosity and provide vertex information to the 
Level 1 trigger. The Level 1 calorimeter trigger uses the energies in 6nx &#J = .2x .2 
towers (see Fig. 3) to signal the presence of large Pr photons, electrons, and jets. 
High PT neutrinos are identified through the missing ET in the event. The Level 1 
muon trigger looks for muons in 60 cm roads requiring at least two hits per layer 

cone must be less than 2 GeV. 

A muon candidate is required to have hits in all three layers along a track which 
projects to the vertex in both the bend land non-bend views. There must be a 
matching track in the central detector and energy deposition in the calorimeter 
consistent with that expected of a minimum ionizing particle. To reduce the 
background from cosmic rays, muons with 191 < 1 must be detected within a 100 
nsec time-window coincident with a beam crossing. 

Jet identification begins with the location of all towers with transverse energy 
greater than 1 GeV. The ET in contiguous towers is added to the central one and 
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the Er weighted q,d center of the cluster calculated. The ET in an R = .7 cone 
centered on the ‘I, I$ of the cluster is computed and a new center calculated, now 
using all the towers in the R = .7 cone. This process is repeated and converges 
quickly to yield the q, 4 loordinate of the jet axis and the jet ET. Jets are merged 
if the shared ET exceeds .5min(Er,, ETA). Jets with ET greater than 8 GeV are 
retained for analysis. 

4 Comparisons with QCD 

4.1 Inclusive Jet and Photon Production 

At order a:, the dependence of the inclusive jet cross section, du/dPl-dq, on the 
choice of the renormalization scale is small (- 5%), and the main theoretical 
uncertainty for PT > 50GeV/c comes from the parton distribution functions. 
The cross section has been calculated with careful consideration given to the 
dependence on the experimental jet definition and cone size.” These detailed 
theoretical considerations should make possible close comparison with the large 
amount of data now becoming available from both the CDF and D0 experiments. 
Departures from the predictions based on QCD are expected in models in which 
the quarks have structure. In these models, contact interactions generated by 
constituent exchange enhance the inclusive jet cross section at large PT.‘* 

In DO, jets are defined using the fixed cone algorithm described in Section 3 
with a cone size R = .7. Triggers with five different thresholds in jet Pr were used 
to acquire the data, with the triggers at low PT prescaled to avoid saturating the 
available trigger bandwidth. The jet energy scale is fixed to the electromagnetic 
scale by forcing Pr balance in dijet events in which one of the jets consists almost 
entirely of electromagnetic energy. This jet could be a direct photon, or a parton 
jet in which the jet energy is carried mostly by n’s and appears overwhelmingly 
in the EM calorimeter. The electromagnetic scale is then set by comparing the 
ee invariant mass in 2 -+ ee decays to the Z-mass measured at LEP. Corrections 
are made also for ou&Scone showering and for random energy deposition in 
the cone under the jet. These corrections, appropriate in comparisons to the LO 
theory, must be carefully considered in light of the NLO calculation. The resulting 

jet energy scale correction is plotted in Fig. 4 as a function of the jet energy for two 
values of the pseudorapidity. The dashed’ lines indicate the band of uncertainty, 
which is approximately 15% (full width) at 7 = 0. Th e correction is insensitive to 
the jet PT for PT > 30 GeV/c The diff erential cross section, averaged over lr~l < .9, 
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Figure 4: Correction to the jet energy scale at 7 = 0 (upper plot) and 7 = 2.5 
(lower plot). 

is compared to the NLO prediction of Ellis, Kunset, and Soper in Fig. 5(a).” The 
CTEQlM structure functions are used as inppt to the theoretical calculation.s 
The data sample contains six million events, and the plot spans eight orders of 
magnitude as a function of the jet P r. Figure 5(b) extends the comparison with 
theory to the large 171 region, 3 < 171 < 2. $he NLO prediction describes the 
data well in both regions, at least within the errors currently dominated by the 
uncertainty in the jet energy scale. This uncertainty should become smaller as 
the analysis progresses, permitting a more detailed comparison with the theory 
over a wide range of jet Pr and pseudorapidity. 

Direct photons are made at order au. by the annihilation and Compton pro- 
cesses, qij + 97 and qg -+ 47. They are also produced at effectively the same 
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Figure 5: Inclusive jet cross section for (a) 171 < .9 and (b) 2 < \n( < 3. Error 
bars represent statistical errors only. Dotted bands indicate the energy scale 

uncertainty. There is also a 12% normalization error from the uncertainty in the 
luminosity. 

order in any two-to-two parton subprocess in which ‘a final state parton (quark 
or gluon) fragments into a photon. These bremstrahlung processes differ from 
the annihilation and Compton procespes in that the photon is accompanied by 
a nearby jet, and is not well isolated in the sense required by many of the ex- 
periments. They are particularly important at small values of ET = 2P~/fi. 
Theoretical calculations to order aa: have been made by including, in addition to 
the one-loop corrections to the annihilation and Compton diagrams, two-to-three 
subprocesses in which one of the final state particles is a photon.rg The brem- 
strahlung contributions to these processes, although of the same order, are not 
calculated. 

Direct photon production is of interest as a test of QCD and as a probe of the 
gluon structure function at small Feynman x. Care is needed in the comparison 
to theory. How much of the bremstrahlung contribution remains when isolation 
requirements are imposed on the detected photon depends on the exact nature 
of the cuts and must be well understood. This is not unlike the problem of 
understanding the role of jet cone size and algorithms in the study of inclusive jet 
production. Such (nonperturbative) issues cannot be avoided entirely by detecting 
photons, rather than jets, in the final state. 20*21 Also, for direct photons, the 
backgrounds from a”s and highly electromagnetic jets must be measured and 
subtracted. These considerations are more important at low z N zr, where one 
would like to probe the gluon structure function. Indeed, the agreement between 
theory and experiment in the low zr region has not always been good, with 
the measured cross sections falling more steeply with pr than with the theoretical 
prediction.” 

I 
As in the jet trigger, several thresholdq in photon Pr were used to acquire the 

data, with the lower Pr triggers prescaled. Photon candidates are required to 
pass the criteria described in Section 3. These include an isolation requirement. 
Background from x”s is estimated by codparing the candidate sample to a “con- 
version sample,” in which a track is required in the CDC that is twice minimum 
ionizing and points to the calorimeter energy cluster. This doubly ionizing track is 
presumed to originate from a photon converting to an e+e- pair in the beam pipe, 
or in the material of the VTX or TRD. The conversion probability is estimated 
at 12 f 2%. Neutral pions convert with approximately twice the probability of 
single photons. The fraction of direct photons is obtained from the number of 

-498- 



events in the candidate and conversion samples, using the calculated conversion 
probability. The photon fraction in the candidate sample is greater than 60% for 
Pr = 30GeV/c, and is larger at higher PT. The background overwhelms the sig- 
nd at low PT, - 15 G#/c, where the fraction of direct photons is approximately 

20%. 

In Fig. 6, the measured inclusive cross section for direct photon production 
is plotted as a function of the Pr of the photon. The data are compared to the 
NLO theory using the CTEQlM structure functions.23 The error bars represent 
statistical and systematic errors, added in quadrature. Systematic errors include 
uncertainties in the background subtraction (30%), PT scale (15%), and luminosity 
(12%). The agreement with the theoretical prediction is quite good. There is no 
evidence, from this preliminary analysis of the data, of a steeper slope,at small 
PT, than predicted by the theory. 

Of3 Preliminary 
-0.9 < ?) < 0.9 

0 M2TripgrP.>6w/c 
0 LmvdlT~rP.> !4W/c 
A Lm(ZT~uP,>MC#/c 

-- EtZZZ-V-k 

Figure 6: Inclusive photon cross section. 

4.2 Inclusive Muon and J/ II, Production 

Heavy flavor production is another process which depends sensitively on initial 
state gluons at small x. Again, there is some disagreement between experiment 
and theory, with the measured cross sections systematically larger than the order 
a3 theory.’ The source of the disagreement could be the data itself, the (unmea- 
sured) gluon structure function at small x, or a flawed theory in which the order 
a3 corrections are as large as the u: Born graphs.” More data and improved 
theoretical calculations are needed to shed some light on this subject. 

The inclusive muon and J/$ cross sections reflect the b& production cross section, 
since B decays dominate the production of these particles at high PT. Figure 7 
shows the inclusive muon cross sections measured in DO for centrally produced 
muons, (n( < 1, and for muons at larger (n1, 1.0 < InI < 1.6. Data were collected 
in these regions for integrated luminosities of 89nb-’ and 127~5~’ respectively. 
The analysis of seventy percent of the data has been completed. In Fig. 7, the 
measured cross sections are compared to an Isajet Monte Carlo simulation which 
includes muons from bb, c&and T /K production. These contributions are shown 
separately in Figures 7(a) and 7(c). The larger error bars indicate the systematic 
uncertainty in the measurement, including the error in subtracting the background 
from cosmic rays and the 12% luminosity error. The data agree well with the Isajet 
simulation, but more work is required to unfold the b& cross section from the rate 
of inclusive muons. 

J/$‘s are reconstructed from dimuon eve t ts in which both muons are cen- 
trally produced, lql < .8, and have a combined PT(~+,c(-) greater than 8 GeV/c. 
The muon transverse momenta are limited to ‘< 25 GeV/c to ensure proper sign 
determination. Penetrating cosmic rays are rejected as a source of dimuons by 
imposing angular cuts, A4 < 160” and A0 d 170”. The cross section plotted 
in Fig. 8 is determined from 3.5pb-’ of integrated luminosity, about 25% of the 
data available. The number of J/~/J events is 135 f 8. The data lie above the 
Isajet prediction, which includes contributions from both x and direct production 
(labeled CPM in the figure), and from B decay (BPM). As in the inclusive muon 
study, work is in progress to understand the implications of this measurement for 
the 66 cross section. 
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F igu re  7:  Inc lus ive m u o n  cross  sect ion,  (a )  a n d  ( b  )  wi th  1 ~ 1  <  1,  (c)  a n d  (d )  wi th  
1 .0  <  1 ~ ~ 1  <  I.6 M u o n s  f rom b h  (sol id) ,  c E  (dash) ,  a n d  n /K  (do t ted)  a r e  s h o w n  
separa te l y  in  (a )  a n d  (c); ( b )  a n d  (d )  h  s o w  the  s a m e  d a t a  c o m p a r e d  wi th  the  s u m  
of  the  t h ree  cont r ibut ions.  

F igu re  8:  Inc lus ive .I/$ c ross  sect ion.  

4.3 w  + J e ts 

W  +  jet p roduc t i on  p rov ides  a n o t h e r  test of  pe r tu rba t i ve  Q C D  a n d  is sensi t ive to 
the  va lue  of  the  s t rong  coup l i ng  a,. It a l so  h a s  b e e n  the  sub jec t  of  cons ide rab le  
s tudy  as  the  m a j o r  sou rce  of  b a c k g r o u n d  in  the  sea rch  for  the  top  quark .  In Fig.  9,  
t he  n u m b e r  of  W  +  jet even ts  o b s e r v e d  in  1 4 . 3  p a - ’ of  i n teg ra ted  luminos i ty  is 
p lo t ted  ve rsus  the  jet mult ipl ic i ty for  di f feynt jet e n e r g y  th resho lds .  T h e  W ’s a r e  
ident i f ied in  the  usua l  w a y  ( s e e  Sec t ion  6) ,  wi th  P T  >  2 5  G e V /c a n d  $ r  >  2 5  G e V  
r e q u i r e d  in  the  o i l l ine analys is .  N o  jet ‘r e q u i r e m e n t  is i m p o s e d  at  the  t r igger  
level .  OR l ine ,  the  s t a n d a r d  D O  jet a lgo r i thm is u s e d  wi th  R = .7. ‘T h e  n u m b e r  of  
o b s e r v e d  even ts  fal ls rap id ly  wi th  jet mul t&dic i ty,  t he  ra te  of  fal l  i nc reas ing  wi th  jet 
E T  th resho ld .  T h e s e  fea tu res  a g r e e  qual i ta t ive ly  wi th  theore t ica l  expec ta t ions .24  

A  m o r e  quant i ta t ive  c o m p a r i s o n  wi th  theory  h a s  b e e n  m a d e  of  the  ra t io  of  the  
n u m b e r  of  even ts  in  wh i ch  a  W  is p r o d u c e d  wi th  o n e  jet a b o v e  s o m e  E p  to the  
n u m b e r  wi th  n o  jets a b o v e  the  E F ” th resho ld :  
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Number of Jets 

Figure 9: Number of events vs. jet multiplicity for different thresholds in jet ET. 

This ratio is sensitive to a,(M&). The Monte Carlo simulation used in the com- 
parison, DYRAD, incorporates directly the DO jet definition and resolutions.” It 
has been modified to give directly the parameters 

&, AI,. . . ;Bo,&,... 

defined by the equations: 

uw+ojet(LO) = AO 

ow+oj.t(NLO) = do + a.A1(@“) 

aw+tjet(LO) = a,&(@ “) 
aw+l+(NLO) = a.Bo(EF) + ~EBI(E~“,AR) 

These equations may be understood, at least qualitatively, by comparison to 
familiar processes in QED. For example, the order a corrections to elastic electron- 
electron scattering must include, in addition to the radiative corrections, the con- 
tribution from the bremstrahlung of soft photons with energy below the detector 
threshold. Similarly, in the second of the above equations, the next to leading 
order contribution to W  + 0 jet production has a term of order a, which depends 
on the jet threshold ET’“. The NLO cross section for W  + 1 jet production has a 
term of order a3 which includes real dijet production in which the second jet falls 
below threshold or is not isolated from the first. It depends on both EFin and 
the jet cone size AR. The ratio Fl may be expressed in terms of the theoretically 
calculated parameters. In next to leading order: 

R(NL0) = 
a.B,(EF + a~B,(E,“‘“,AR) 

A, + a.At( I@“) 

This equation directly provides a test of QCD ‘in W+ jets, or may be solved for 

a,. 

In Fig.10, the measured value of R is plotted as a function of Ep and com- 
pared to both the leading order and next to leading order theoretical calculations 
for two values of a,. The errors shown on the data points include both statis- 
tical and systematic uncertainties. The theoretical prediction uses the Martin, 
Roberts, Stirling 1992(DO) parton parameterizations implemented in the pro- 
gram DYRAD. The NLO theory adequately describes the data when a value 
for a. consistent with the world average is used. The value of the coupling 
constant obtained from this analysis, assumi 
0.124 f O.OOS(st,t)~~-~~G,(jet scale). 

ng the NLO theory, is a,(M$) = 
Varying the structure functions used in 

the theoretical calculation changes the answer by 3~0.008. There is an additional 
3~0.006 statistical error from the Monte Carlo generation of the theoretical param- 
eters. The error is currently dominated by the 15-20% (full width) uncertainty in 
the jet energy scale. Both the scale uncertainty and the statistical error should 
be reduced appreciably as the analysis progresses and data become available from 

Run l(b). 
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Figure 10: The ratio R compared to theory. 

, 

4.4 Rapidity Gaps 

It has been suggested by Bjorkenz6 and by Dokshitzer et a1.27 that rapidity gaps, 

extended regions in pseudorapidity in which no hadrons are produced, might serve 
as a tag for interesting physics at high energy. Figure 11 illustrates the experimen- 
tal consequences of these ideas. Dijet production through electroweak exchange, 
or any colorless exchange, could result in the n - b lcgo plot shown in Fig. 11(a), 
with no hadrons produced in the n-region between the jets. Color exchange, on 
the other hand, is unlikely to result in such a gap [Fig. 11(b)]. 

It is instructive to compare, somewhat more quantitatively, dijet production 
by three mechanisms: single gluon exchange, double gluon exchange with the two 
gluons in a color singlet state, and electroweak exchange. These are expected 
to be in the ratio 1 : -.l : 5 x 10m4. Requiring a gap, Au, between the two 

jets reduces the cross section for production through single gluon exchange by 
a large factor, e-“*v, with p x 3 - 4.’ All three processes are suppressed as 

well by a common factor, S 5 .l, because the spectator quarks may produce 

Figure 11: Rapidity gaps. 

hadrons in the region between the jets. For a gap An = 3.4, the resulting cross 
sections are in the ratio lo-’ : lo-* : 5 x lo-‘. Colorless exchange dominates 

the dijet-plus-gap cross section, and even the electroweak processes are larger 
than single gluon exchange. This primitive analysis assumes that the dependence 
of the dijet cross section on the jet separation in u is similar for the different 
processes. Figure 12 reproduces the crosqsections calculated in Ref. 5 for dijet 
production by electroweak exchange and by single gluon exchange (QCD). They 
are plotted as a function of the jet separati:n in 7. The ratio, electroweak to QCD, 
rises slowly with jet separation, confirming the assumption in this particular case. 
These considerations suggest that colorles!s exchange will prevail for large gaps. 
The expected behavior is sketched in Fig. 13. 

Because of its large coverage in pseudorapidity, the D0 detector is well-suited 
to a study of rapidity gaps. In the current run, the jet trigger extended to (71 = 
3.2, permitting a search for gaps as large as An = 6.4 - 1.4 = 5.0. In Run 
I(b), the high luminosity run expected to begin at the end of this year, the 
range will be extended to An = 6.6. To test the ideas just presented, dijet 
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Figure 12: (a) Dijet cross section by siugle gluon exchange compared to elec- 

troweah contribution from t-channel y, Z, and W  exchange. Pr > 40GcV, (91 < 3.5 
for each jet (after Chehime,et ol.). (b) Th e ratio of the electroweah and QCD cross 
sections. 
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Figure 13: Expected behavior of the ratio of the dijet cross sections with and 

without the gap requirement. 

cross sections with and without the requirement of a gap between the jets were 

compared. A gap is defined experimpntally by the requirement that no EM towers 

with transverse energy exceeding 200 MeV be found in the 9 region between the 

two jets. Measurements in a test beam at Fermilab have established that a neutral 

pion, or electron, with energy greater than 2 GeV leaves 200 MeV in the EM 
calorimeter 96% of the time. Charged pious with energy 2-10 GeV are detected 

with N 50% efficiency using this requirement. 

Figure 14 shows a plot of the number of dijets as a function of A9 = 191 - ‘hi- 1.4, 

the separation in rapidity between the jet cone edges. The data in the low A9 

region, iA91 < 2.6, were recorded with an inclusive jet trigger, Er > 7 GeVat 

Level 1 and & > 30 GeV at- Level 2. This high rate trigger was prescaled. The 

121,000 events plotted correspond to an integrated luminosity of 60 nb-‘. The 

data shown at large IA91 were acquired with a special trigger which required two 

jets (ET > 7 GeV in Level 1 and Er > 25 GeV in Level 2) well separated in 9. 

Forty one thousand events are plotted in this A9 region, corresponding to an 

integrated luminosity of 7 pb-‘. In Fig. 15, the fraction of dijet events with a gap 

is plotted as a function of iA91 for jet energy thresholds of 30 GeV [Fig. 15(a)] 

and 45 GeV [Fig. 15(b)]. The fraction f(A9) shows the expected rapid fall at 

small A9, and becomes constant for A9 > 3.0 at a value which does not depend 

sensitively on EF”: 

f(A9) = 3.2 f O.t(stot) x 10m3 (Ep = 30 GeV) 

f(A9) = 3.6 f O.‘l(stat) x 10m3 (ET = 45GeV). 
I 

These values are not final. Corrections h,ave yet to be made for multiple interac- 

tions, noise in the calorimeter, and detector inefficiencies-all of which aRect the 

measured value of f(A9). To summarixe the experimental situation, dijet events 

in which there is little or no calorimeter L tivity in the rapidity interval between 
the jet (gaps) have been observed. Events with gaps A9 ~3.0, and jet separation 

A9 + 1.4, are a constant fraction, f(A9) 5 l%, of all dijets produced with the 
same jet separation. The fraction f(A9) would be expected to continue to fall 

beyond A9 = 3 if the dijets were produced by color exchange and the gap events 

resulted from uninteresting fluctuations. 
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Figure 14: Number of events collected vs. A9 = 19, - 9rl - 1.4. 
inclusive trigger (solid) and high A9 trigger (dotted) are shown. 

Data from the 

f(Aq) vs A? E, of jets > 30 GeV, lzl<30cm f(An) vs AT E, of jets > 45 GeV ,““I““r’-~‘~‘I”“ysrrrF(.“‘,““,, -,.“,“..,....I,...,....,....,....,,..- 

(b) I EM lovers = 0 

Figure 15: Ratio of dijet+gap to dijet cross section vs.A9. 

5 Top Quark Search, 

In the search for top, a Standard Model top quark with mass greater than the 
W-mass is assumed; i.e., it is assumed that top is produced via associated (tfl 
production and that t + W + b is its dominant decay mode. Different event 
topologies result depending on the decay modes of the two Ws. These are given 
in Table 1 along with the relative rates expected for each ttdecay channel. Prelim- 
inary results are given here for the channels in which both Ws decay leptonically, 
tt 4 ep + J$r + 2 jets and tf -+ ee + J?r + 2 jets. The data sets used in these 
searches correspond to integrated luminosities of 7.5 pb-’ and 7.3 pb-’ respec- 
tively, or approximately half the data available from the current run. We report 
also on the status of the search in the channel e + 4~ + 4 jets, in which the full 
data sample, 16 pb-‘, is used. 

In the ee channel, 1159 events are found having two isolated electrons with 
PT > 15 GeV/c. A track match is required in the central detector for at least one 
of the electrons, but is not required of both. Requiring two jets each with PT > 
15 GeV/c eliminates all but 69 events from the sample. If events with invariant 
mass in the region of the Z-mass are excluded, I& - MrI < 14 GeV/c’, 29 events 
remain; no events are left if one requires, in addition, missing ET > 20 GeV. In 
Fig. 16(a) the missing ET is plotted vs. the ee invariant mass for the 69 events 
which survive before the msss and missing ET cuts. The events are predominantly 
at low PT and cluster at the Z-mass. Plotted in Fig. 16(b) is the distribution in 
these variables expected from the decay o$a 140 GeV/c* mass top quark. It shows 
clearly that a sizeable fraction of the tf decays to ee would pass the imposed cuts. 

There are just 77 events having a muop and an isolated electron with PT > 15 
GeV/c, and 27 of these remain if the muon is required to be well-separated from 
jets in the event, A@ -jet) > .5. This cut removes, for example, background 
from muons which are the decay products of B mesons in b-jets. The electrons in 
these events need not have an associated track in the central detector. Requiring 
two jets, missing ET > 20 GeV, and cuts to eliminate events in which the electron 
might originate from muon bremsstrahlung leaves just one event. Figure 17(a) 
shows a plot, of PT, vs. PTe before the missing ET muon bremsstrahlung and jet 
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**Dileptons 1 BR 

(Both Ws decay ta leptons) 

e,u + Ij?r $ 2 b-jets 2.5% 

ee + %  + 2 b-i&s 1.25% 
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0 

(a) 

(b) 

t~...l....I....l.~..l.,..j 
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M, (W/c3 
Figure 16: Me. vs. 4~ (a) Collider data: 7.3 pb-‘. (b) Monte Carlo: 2840 pb-1, 
m(top) = 140 GeV. 

2 b-iets 1.25% 

**Single lepton plus jets 

(One W  decays to leptons) 

e + &+ jets 
jets 

**Decays involving 7s 21% 

**AU jets 

(Hadronic decays of the W) 

- 6 jets 44% 

Table 1: Top Search. Different final states result depending on the decays of the 
ws. 

requirements, and Fig. 17(b) is the corresponding plot for events originating from 
140 GeV/c’ mass top production. The one event which passes all the selection 
criteria stands out strikingly in the plot. Its properties are given in Table 2. In 
addition to a muon and an electron with Pr well above the cuts, there are three 
jets in the event and a missing ET of 74 GeV. 

Figure 18 is a lego plot of the event in whit! the ET in a calorimeter tower is 
plotted as a function of its (n,e5) coordinates. Only towers with ET greater than 
200 MeV are plotted. The electron and muon are roughly 180” apart in azimuth 
but with an invariant mass well in excess of tfie Z mass even after allowing for 
resolution smearing. The lepton pair could not have come from 2 --t TT decay. 
The missing ET vector points in a direction orthogonal to the electron and muon 
directions; its large magnitude is not an artifact of a mismeasurement of either of 
the lepton momenta. 

W and Z production in association with jets; WW, ZZ, and WZ production; 
and QCD processes (b& production in particular) were studied as potential sources 
of background. Included in these studies are cases in which the missing ET results 
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Figure 17: Pg vs. PG (a) Collider data: 7.5 pb-’ (b) Monte Carlo: 2416 pb-‘, 
m(top) = 140 GeV. 

Electron 

I 
A.R”‘“(e -jet) 1 

Jets 
Ei 
ES 
E3 T 

Y 
29.5 f 5.3 GeV 
27.6 f 5.0 GeV 
13.6 f 2.4 GeV n 

Muon 

PT 1 101 GeV (measured) 
> 43 GeV Q 90% CL 

Track Fit x2 .14 

CDC Track Match 

E/mip 1.3 

XY Impact 
I .27 cm 

AR”‘“(p -jet) t 2.0 
Missing & 

FT 174 GeV (measured) 
> 66 GeV Q 95% CL 

Table 2: Event in pe channel which survives all the cuts. 
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Figure 18: Lego plot of pe event which survives all the cuts. 

00 4.8 11 2.7 ; )*I 9 8.1 
100 1.3 18 l.7 2.1 1s 2.2 
120 0.1 28 1.0 1.0 22 t.7 
140 0.2 32 0.s 0.1 26 1.0 

I I L = 7.3 pb-’ I L = 7.5 pb” 

Table 3: Expected t? + ee and ep yields. 

from a mismeasurement, while high PT jets are’misidentified as electrons because 
a large fraction of their energy is electromagnetic. The number of events expected 
from these sources which pass all the selection criteria is .65 in the ee channel and 
.25 in the ep channel. The one event observed in the ep channel is unlikely to 
have come from any of the backgrounds considered. 

The number of events expected in the ee and ep channels as a function of the 
top quark mass is given in Table 3. The uppeq limit on the cross section for the 
production of top, based on the one event obyed in the ee and ep samples, is 
given as a function of the top mass in Fig. 19. Using the theoretical prediction for 
the cross section of Berends et al.,3 the cross-section limit can be translated into 
a limit on the top quark mass of approximatel] 100 GeV/c’ (99 GeV/c2 with no 
background subtraction, 103 GeV/c’ if the background is subtracted). 

In a preliminary look at t? --t e + jets, four jets are required with PT > 
25 GeV/c and cuts are imposed on the transverse momentum of the electron, 
&(e) > 20 GeV/c, missing ET, & > 20 GeV, and on electron quality. Just three 
events survive these cuts. One event is eliminated by an additional cut in the 
sphericity-aplanarity plane, intended to project out the more spherical tt events 
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1 event observed 

99GeV/c’ ot 957. C.L(no background subtraction) 

10X&/c at 953: C.L(background subtracted) 

Phys. Lett. B(9 1)492 

Top tAoas 

Figure 19: DO preliminary: limit on the top mass. 

from the (planar) background. The signal expected for a top mass of 140 GeV/c* 
is 1.2 events. The background anticipated using the program VECBOS with 
ISAJET used to hadronize the partons is - .75 events. 

The lego plot of one of the two events found is shown in Fig. 20. In addition to 
an electron with a Pr of - 28 GeV/c, one counts six jets in the event, five above 
the 25 GeV ET cut and a sixth with 16 GeV ET. The missing ET is 20 GeV. 
There is also a muon associated with one of the jets, a feature that is characteristic 
of b-jets and is being implemented in the analysis as a tag to further reduce the 
background. 

Figure 20: Lego plot of event which survives cuts in channel e + $r + 4jets. 
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6 Electroweak Physics 

I 

The W width is determined from a measurement of the ratio of the W + 1 u and 
Z + 1 i cross sections, 

where the ratios a@p --t W)/o(pp --f 2) = 3.26 f .08 and F(W + Iy)/F(Z + 
Ii) = 2.70 f .02 are obtained from theoretical calculations,4s8 and F(Z) = 2.487 f 
,010 GeV is the Z-width measured at LEP. The ratio l?(w)/I’(w + Iv) can be 
obtained with only the ratio of the cross sections as theoretical input, since both 
l”(Z) and P(Z --t Ii) = 83.24 f .42 MeV/ c* are well-determined experimentally.g 
Any deviation of l?(W) from the Standard Model value calculated with mtap > mw 
would be evidence for new physics. Within the framework of the Standard Model, 
electroweak experiments at LEP cannot accommodate a top mass less than mw, 
requiring instead mr = 169 f 19 (exp) f 20 (Mn) GeV/c*.‘O 

In the selection of candidate W + ev and Z -+ ee events, electrons are defined 
by the selection criteria of Section 3 and are required to have I+ > 25 GeV/c and 
1~1 < 3.2. In addition, events are discarded in which an electron is close to a 
central calorimeter module boundary in 4 or in the intercryostat region, 1.2 <InI 
<1.5. W + ev events are required to have & > 25 GeV/c. 

The muons in candidate W -+ JJV and Z + pp events are required to satisfy 
the standard selection criteria. For W + pu, the muon must have PT > 20 GeV/c, 
and the missing ET must be greater than 20 GeV. In candidate Z + #CL- events, 
one muon with PT > 20 GeV/c and a second with PT > 15 GeV/c are required. 
Tables 4 and 5 summarize the number of events found, estimated backgrounds, 
detection efficiencies, and acceptances for the electron and muon samples respec- 
tively. These partial data samples are based on integrated luminosities of 3.5pb-’ 
(electrons) and 7.3pb-’ (muons). The preliminary DO results are summarized in 
Table 6. The ratio r(W)/I’(W + Iv) obtained from the measured value of R may 
be used to set a limit on the msss of the top quark, since a light top would alter 
the W width and this ratio. The 95% confidence limit, based on this partial data 

sample, is mr > 43 GeV/c*. As pointed out above, the existence of such a light 
top, < Mw, would require a modification of the Standard Model. A summary 
of all measurements of R, including a preliminary CDF result for the 92/93 run, 
are given in Fig. 21. The results are consistent with each other, and their average 
value leads to r(W)/r(W --t Iv) = 9.26 f,.29, a value consistent with the Stan- 
dard Model expectation, 9.23 f .02, for a top quark with mass greater than the 
W mass. 

It should be emphasized that the determination of I’(W) through R differs 
significantly from a direct measurement of the width. For rnr > Mw , the width 
depends on the top mass through one-loop radiative corrections. R depends on 
branching ratios, and is largely independent of these corrections. The dependence 
of the W width on the top mass is mainly through the W mass (F N GF Mw3), 
and changes by 3% as the top mass varies from ,100 GeV/c* to 200 GeV/c*. The 
ratio I’(W)/l?(W + Iv) N 9 (1 + 2 a,/3 rr) changes by less than .2% for the same 
variation in the top mass. *s In DO, with the full data sample from the current 
run, the ratio R will be measured in the combined e and p channels with an 
uncertainty of f 5%. 

6.2 W-y Production 

In qrj interactions, Wy production can proceed through quark exchange or, more 
interestingly, through an intermediate virtual W,with amplitude depending on the 
WWy coupling. Radiative W decay, W + e v -y, also depends on this coupling, 
and can occur as well through radiation by the fir&l state electron. These processes 
cannot be distinguished for a real W, of nonzero width, and the amplitudes for 
the two processes must be added together. Ne*ertheless, it is possible to select 
kinematic regions in which the contribution from terms involving the WW 7 vertex 
is greatly enhanced. 

We have searched for the evy final state in D0 by looking for events con- 
taining an electron, a photon, and large, missing transverse momentum. The 
transverse momentum of the electron and the missing transverse momentum 
are both required to be greater than 20 GeV/c, characteristic of W + ev de- 
cay. The photon PT cut is set at 10 GeV/c. The electron and photon are re- 
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/ Ldtpb-’ 

Candidates 

Background 

Signal 

Acceptance 

Tkigger 

Etliciency 

u x BR(nb) 

W  + eu 
3.45 f .41 

2 -+ ee 

2824 172 
102 f 31 18 f 5 

2722 f 54 f 31 154f14f5 
.51 f .04 .42 f .04 
.92 f .03 .99 f .Ol 
.68 f .05 .46 f .07 

2.48 f .05 f .26 f .30 .235 f .019 f ,040 f ,028 
(stat) (sys ) (lum) 

10.55 41 .87( slat) f l.O7(sys) 

Table 4: DO preliminary results for R(e) based on a partial data sample of the Table 5: DO preliminary results for R(,u) based on a partial data sample of the 
1992-1993 run,. 1992-1993 run. 

quired to be in the central region, 1~1 < 1.1, and well-separated in q, C#J space, 
A R = ,/m > .7. This last requirement reduces the contribution 
from decays in which the photon is radiated by the final state electron. The 
twelve events which survive these cuts are shown in Fig. 22(a), where the number 
of events is plotted as a function of the photon transverse momentum. Figure 22(b) 
shows the distribution in PT of jets in events in which one or two jets is produced 
in association with a W. A small fraction of the events of this type, those in which 
a jet is misidentified as a photon, is the major source of background. Dijet events 
are used to measure the probability that a jet will lose most of its energy in the 
electromagnetic calorimeter and otherwise pass all the cuts required of a photon. 
This probability is found to be (1 .O f .4) x 10e3. Scaling the jet data in Fig. 22(b) 
by this factor results in the background shown by the dotted Curve in Fig. 22(a). 
The background estimated in this way is 2.1 f 1.0 events. Subtracting this back- 
ground, the observed signal is 9.9 f 3.4 events for an integrated luminosity of 14.5 
pb-‘. Figure 23 shows a comparison of the data to the prediction of Baur and 
Berger” using the WW-, coupling expected in the Standard Model. The data 
are plotted versus photon PT in Fig. 23(a) and the photon-electron separation 

AR(e -7) in Fig. 23(b.) The number of events expected is 8.5 f 1.0 f 1.0 where 
the first error is due to the systematic error in the electron and photon detection 
efficiencies, and the second reflects the uncertainty in the integrated luminosity. 
The Standard Model prediction is consistent with the observed signal. 

6.3 MwjMz 
i 

i 
The W  mass is determined from a fit to the shape of the spectrum in transverse 
mass, I 

The energy scale is fixed by comparing the e+e- invariant mass measured in 
Z -+ e+e- decays to the mass of the Z precisely determined at LEP. The neu- 
trino momentum is obtained from the missing ET in the event. Other methods of 
extracting the W  mass are possible and may become advantageous in future mea- 
surements when systematic uncertainties become the dominant source of error. 

, c 

n / Ldtpb-’ 1 7.3 f .9 (ll)l < 1) 5.9 f .7 (1 I Iv1 I 1.7) 
w --f ji” I z + clcc 

x Trigger 
EWciency .495 f .092 .428 f .099 

u x BR(nb) 2.00 f .07 f .41 f .24 .20 f .02 f .05 f .02 
(stat.) (sys. ) (lum.) 

U(W-bWl 
a(Z+ec) 10.0 f l.l(stat) f 2.4(sys) 
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11 E = 10.55 f .87 f 1.07 3.5&’ 11 
11 W  = 10.0 f 1.1 f 2.4 7.3nb-’ II 4 
II’ . . Re+” = 10 42 f 123 II 
II r(W) = 2.08 f .25 GeV II 

H l -W 2 ; 1 = 9.3 f 1.1 
m,“,; 43 Gel/Is 

Table 6: Preliminary results from the 1992-1993 NIL 

The W  msss depends on the msss of the top quark through radiative correc- 
tions. In the Standard Model, a f 10 GeV/c* change in the top mass at mtop = 
160 GeV/c* results in a f 60 MeV/c* change in the W  mass, with little depen- 
dence on the Higgs msss.‘* 

Direct measurements of the W  mass have been made most recently by the 
CDF and UA2 experiments. “&s The results, M W  = 79.91 f .39 GeV/c* (CDF) 
and M W  = 80.35 f .37 GeV/c* (UA2), are each based on approximately 2000 
W  + eu decays. Determination of the W  msss with an uncertainty of 5 300 
MeV/c* requires high statistics, a good measurement of missing ET, and control 
over systematic uncertainties. The spectrum shape in transverse mass must be 
well-simulated, with all instrumental effects included properly. We report here our 
progress in the analysis of W  -+ ev and 2 --t ee decays aimed at a determination 
of the W  mass. We also discuss briefly the prospects for improving upon the 
existing measurements in this and upcoming runs at the Tevatron. 

In W  -+ eu decays, the electron and the neutrino are both required to have 
PT > 25 GeV/c, and the W  transverse momentum must be less than 30 GeV/c. 
In candidate 2 --t ee events, both electrons are required to have PT > 20 GeV/c. 
As in the previous analysis, events with electrons near module boundaries in CC 
and in the intercryostat region, 1.2 < 1~1 < 1.5, are eliminated. There are 9,860 
candidate W  + ev events which survive all the cuts, 6,621 with the electron de- 
tected in the central calorimeter. 2 --t ee events total 608,373 with both electrons 
in the central calorimeter. These event samples correspond to an integrated lumi- 
nosity of 15 pb-‘. Figure 24 shows the ee invariant mass for the CC sample. The 
darkened area at the base of the plot is the background obtained by extrapolation 

UAl a+~ 

VA2 0’ 

CDF e 

CDF p’ 

DO s 

DO P 

CDF a 

83/89 5.1 pb-1 

88/90 13.0 pb-1 

88/09 4.4 pb-1 

N/89 3.5 pb-1 

92/93 3.5 pb-1 

92/93 7.3 pb-1 

92/93 18.4 pb-1 

cR>=10.30+-0.32 

L-‘JI*“‘I”‘J 
5 10 15 20 

Figure 21: Measurement6 of R = o(W --t Iv)/a(Z + 11). The UAl and UA2 
measurements are at a lower cm energy. 

from control regions to either side of the Z msss. The background is about 7%. 
A maximum likelihood fit to extract the Z mass is made to a skewed relativistic 
Breit-Wigner shape, broadened by the electroa energy resolution. The skewing 
is introduced to account for the small variatioy with msss of the Z production 
cross section. The solid line drawn through the data is the resulting $t at the 
maximum likelihood msss = 85.37 f .17 GeV/c*. It describes the data well. The 
fitted mass is low compared to the precision debrmination of the mass made at 
LEP, Mz = 91.187f .007 GeV/c*. The electromagnetic scale in this analysis is 
set entirely by measurements made in an FNAL test beam on one CC-EM mod- 
ule, a module not in the DO detector. The energy scale and its impact on the W  
measurement are addressed below. 

The simulation of W  production and decay begins with the double differential 
cross section in P$’ and PLw, calculated in next to leading order by Arnold and 
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Figure 22: (a) W  + 7 events. Dotted curve is background estimate. (b) Er shape 
of background from W  + jet events. 

12 W+y events from 14.5pb-1 
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Figure 23: W  + 7 events compared to MC (dashed curve). Dotted curve is 
estimated background. 

Figure 24: DO preliminary. 2 -+ ee decays. 

I<auffman.13 The W  mass is chosen according to a relativistic Breit-Wigner line 
shape and the W  decayed in its rest system and boosted to the laboratory frame. 
Both W  + ev and W  + rv decays are generated. The transverse momentum 
of the W  is balanced by a single jet. The electron and jet energies are smeared 
with resolutions determined from test beam messurements. A larger constant 
term (1%) is included in the electron resolution function to make the resolution 
consistent with the measured Z width. The W  and the electron are then su- 
perimposed upon minbiss events, which $imulate the energy in the calorimeter 
underlying the W  event. The number of minbiss events is adjusted to produce 
the same calorimeter CET and profile in I&P deposition as a function of 7 as in W  
events. The simulation of the detector response relies on data whenever possible. 
Z events are used to fix the hadronic energy scale, important in the determination 
of PF, to the electromagnetic scale. This is accomplished by comparing the PT 
of the Z measured with the decay electrons to that determined from the energy in 
the calorimeter recoiling against the Z. The resolution in missing ET, the shift in 
the neutrino energy scale caused by the fluctuations in the energy underlying the 
W, and the electron energy offset caused by energy deposition under the electron 
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shower are obtained by this approach. Pileup is also incorporated naturally in this 
way, including both the residual energy left over from earlier crossings (electronic 
pileup) and the extra en&y from multiple interactions in the’same crossing. This 
feature will be especially important in future runnings at high luminosity. 

The spectra in transverse mass and Pyare shown in Fig. 25. They are com- 
pared to the Monte Carlo simulation at the maximum likelihood W  mass. Only 
W  --t ev decays with electrons detected in the central calorimeter are included. 
A good fit to the transverse mass in the region of the Jacobian peak is obtained 
(x’/DOF = 178/158). The Monte Carlo generated PTspectrum agrees with 
the data except at small P,“(< 4 GeV/ ) c , w  h ere the data rises less rapidly with 
increasing PT than the Monte Carlo. 

The energy scale is set by measurements made in a test beam using momen- 
tum selected electrons. The measurements were made primarily in one CC EM 
module and transferred to DO by making a 2% correction for differences between 
the electronics in the test beam and at DO. The test beam measurement and 
the electronics calibration have been revisited in recent months because of the 
discrepancy between the measured Z mass and the LEP value. Possible sources 
of the discrepancy have been investigated. These include errors in the messure- 
ment of the test beam momentum, differences in liquid argon purity and density 
(temperature), and differences in the detector operating voltage at DO and in the 
test beam. The electronics calibration was also reexamined. After all corrections 
are made, the measured Z mass in the central calorimeter is still 4% low when 
compared to the LEP value. 

The uniformity of response of the EM calorimeter is also under study us- 
ing data acquired in a special collider run. Three-and-a-half million events were 
recorded, triggering on a single EM tower with ET > 7 GeV. There are 32 EM 
modules in the central calorimeter, each covering x .2 radians of the azimuth and 
extending 2.6 m  along the beam axis. Located symmetrically about the beam axis, 
the modules should all see the same physics. In an analysis of a subset of the data, 
f 2% variations are found among the modules, with deviations from the mean as 
large as 3%. These unexpected module-to-module variations are confirmed by a 
measurement of the dependence of the W  mass on the module in 
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Figure 25: (a) Measured Py spectrum and (b) spectrum in transverse mass com- 

pared to MC simulation. 



Event Type 

ECN-ECN 

ECN-CC 

ECS-EC.9 

ECS-CC 

# of Events 1 Scale Uncertainty 

1 .OO2 1 CC Scale 

23 1 .OO7 1 ECS Scale 

135 I .oo7 I .ooso 

Event Type Est error [stat. $ scale(stat.)] Est error (combined) 

cc 1 150 MeV @I 150 MeV I 210 MeV 

11 ECN or EC!3 I 270 MeV $ 365 MeV I 450 MeV 

11 EC (tot4 1 I 315 MeV II 
11 EC + CC I I 175 MeV II 

Table 7: Projected error in W-mass from statistical and scale (stat.) uncertainties. 

which the W-decay electron is detected. The variation with module number is 
one possible source of the discrepancy with the test beam calibration. 

The energy scale is fixed in the end by scaling the measured Z-mass to LEP. 
Given the well-measured linearity of response of the detector, and the small ex- 
trapolation from Z to W energies required, the error introduced by this scaling 
should be largely the statistical error in determining the Z msss. This will be true 
if the energy offset is small, as expected from teat beam and Monte Carlo studies 
or can be independently measured. The energy offset can be determined by mea- 
suring the maas of a low energy state, the J/Q!J or T, and tying it to its well-known 
value. Calorimeter nonlinearities at the low electron energies involved do not in- 
f luence the result greatly. A precision measurement is not required. The analysis 
of J/ll, data is in progress. The approach appears promising despite low statistics 
and large backgrounds in this low-energy regime. Table 7 summarizes our current 
understanding of the expected uncertainty in the W msss measurement coming 
from statistics and scale. The number of 2 + ee events found within the current 
tight fiducial cuts are given in the second column. The events are listed according 
to the location in the calorimeter of the two decay electrons: both in the central 

calorimeter (CC), one in CC, and one in the north-end calorimeter (ECN), etc. 
The energy scales of the three calorimeters are determined with the errors listed in 
the last column. The scale error is .2fl for events with both electrons in CC. The 
error in the W mass is then estimated from the statistical error in extracting the W 
mass from the spectrum in transverse mass, 150 MeV/c* in CC and 270 MeV/c* in 
each of the ECs, and the error introduced by the scale uncertainty. The results are 
given in the lower half of the table. The error from these two sources is expected 
to be 175 MeV/c*. In addition, there will be a systematic uncertainty in fixing the 
energy offset of approximately 100 MeVJct added in quadrature with the above. 
Summarizing the status of the W analysis: there is agreement between the Monte 
Carlo simulation and the central calorimeter W + ev data; work is proceeding 
to improve our understanding of backgrounds and systematic uncertainties; and 
it appears that statistics and scale errors alone will result in a zz 200 MeV/c* 
error in the W mass measurement in Run l(a). In Run l(b), scheduled to begin 
later this year, we expect to quadruple the data sample, N 36,000 W + ev de- 
cays, and reduce the statistical error in the measurement of the W mass to under 
100 MeV/c*. 

7 Summary 

The first run at the Tevatron with the DO detector was completed in June of 
this year with data corresponding to 16 pb-’ of integrated luminosity recorded to 
tape. 1 

In the search for the top quark in the dibpton channels, one ep event wss found 
which is unlikely to have come from any of the many backgrounds considered. 
Approximately half the data have been an&lysed. In a first look at all the data in 
the channel e + $r + 4 jets, two events survive all the cuts imposed. The signal 
expected for mr = 140 GeV/c* is 1.2 events and the background above the cuts 
is estimated to be .75 events. 

Comparisons of the Standard Model to inclusive jet, photon, muon, and J/$ 
production have been made and will improve as more data become available and 
scale and systematic errors are reduced. The measurements should also lead to 
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are being studied as a tag for new physics at super high energies, and also as a 
signature for interesting diffractive processes. 

I 
Ten thousand W  + ey events were recorded during the run within tight 

kinematic and fiducial cuts. Considerable progress has been made in the analyses 
of the data to obtain the W  mass and width. Results should be available soon 
which are competitive with the best existing measurements of these parameters. 
Improved measurements, based on four times the data from the current run, are 
expected by the end of next year. 
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ABSTRACT 

We have studied quantum-mechanical suppression of bremsstrahlung 

of low-energy I-500 MeV photons from high-energy 25 GeV electrons. 

We have measured the LPM effect, where multiple scattering of 

the radiating electron destroys coherence required for the emission 

of low-energy photons, and the dielectric effect, where the emitted 

photon traveling in the radiator medium interferes with itself. For the 

experiment, the collaboration developed a novel method of extracting a 

parasitic low-intensity high-energy electron beam into the fixed target 

area during normal SLC operation of the accelerator. The results agree 

quantitatively with Migdal’s calculation of the LPM effect. Surface 

effects, for which there is no satisfactory theoretical prediction, are 

visible at low photon energies. For very thin targets, the suppression 

disappears, as expected. Preliminary results on dielectric suppression 

of bremsstrahlung are in qualitative agreement with the expectation. 

‘Supported by DOE contracts DEAC03-76SF00515 (SLAC) and W-4705-ENG-48 (LLNL), arid 
NSF grants NSF-PHY-9113428 (UCSC) and NSF-PAY-9114958 (American University). 
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1 
1 Theoretical Expectation 

Bremsstrahlung has been well understood since Bethe and Heitler’s work in 1935.’ 

The process is shown in Fig. l(a). An electron of momentump, (with 7 = E,/m,) 

traverses a radiator characterized by atomic number 2, density p, and radiation 1 

length Xa, emitting a photon of energy E and momentum k. To balance energy 

and momentum, a virtual photon 4 has to be exchanged with a nucleus from the 

radiator. The main results of Bethe and Heitler which are relevant here are: the 

spectrum of emitted photons is dN,/dE o( l/E, and the typical emission angle 

is 8 = 1 Jy, 

A semi-classical argument* for quantum-mechanical suppression 

of bremsstrahlung can be made by considering the longitudinal momentum ~11 of 

the virtual photon: 

Qll = PC - Pi - k = 
m:E E 

2E,(E, - /c) = 2yz 

For example, for a 100 MeV photon emitted from a 25 GeV electron, qll is 0.02 eV/c. 

The uncertainty relation requires that any process with such a small momentum 

transfer take place over an extended distance, which we call the formation zone, 

with length 

LF = h/ql, = 2y=ch/E, (2) 
or smaller if it is limited by other effects at low photon energies. For the above 

numeric example, the length of the formation zone is 60 pm. In the semi-classical 

picture, the emission of the bremsstrahlung photon and the exchange of the 

virtual photon take place over the whole formation zone, but only if both the 

electron and the emitted photon remain undisturbed and coherent over L.C. 

Quantum-mechanical suppression of bremsstrahlung occurs if the coherence of 

either is destroyed. 

1.1 LPM Effect 

The most common example of an interaction which can destroy this coherence is 

multiple scattering. In the semi-classical picture, bremsstrahlung is suppressed 

if the electron multiple-scatters by an angle larger than the photon emission 

angle 0. The typical multiple-scattering angle is OhS z (21 MeVIE,)’ (Lp/Xs). 

4-92 75E3K2 0 N 0 N 

Figure 1: Feynman diagram for bremsstrahlung (a) and pair creation (b). 

Comparing this to Eq. 2 shows that bremsstrahlung is suppressed for E < 

E~/EL,DM, where ELPM = m:Xsa/4nttc is a material-dependent constant. 

For example, for 25 GeV electrons in a uranium target, suppression occurs 

for E < 265 MeV. This effect was first suggested by Landau and Pomeranchuk 

in 1953,3 and the full quantum-mechanical scattering theory was worked out by 

Migdal in 1956.’ In the energy region in which this suppression occurs, the photon 

spectrum is modified to dN/dE IX 1 /a. 

1.2 Dielectric Suppression 

Even though the LPM effect modifies the emitted photon spectrum at low energies 

to be proportional to I/&?, the bremsstrahlung process is still infrared-divergent, 

with an infinite number of photons of very low energy. Another mechanism cures 

this: dielectric suppression, ’ also known as the longitudinal density effect. 

In the above semi-classical picture, the bremsstrahlung photon which is being 

emitted also needs to be coherent. It is, however, moving in a medium with a 

non-unity index of refraction, and the contributions to it will be phase-shifted 

along the length LF. The criterion that the photon not interfere destructively 

with itself yields suppression for E < ywp, where wp is the plasma frequency 

of the radiator, which is not very material dependent. For example, in the case 

of 25 GeV electrons this suppression occurs for photon energies below 3.5 MeV 

in carbon targets. Below that energy, the spectrum is modified to dN/dE CC E, 

which cures the infrared divergence. 
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1.3 Thin Targets 

For thin targets, the above reasoning needs to be modified. For a target 

much thinner than LF, the above argument shows that there is neither enough 

multiple scattering nor photon phase shift to disrupt bremsstrahlung; therefore 

the Bethe-Heitler spectrum should hold. S‘ lnce LF cx l/E at the photon energies 

considered here, any target eventually becomes thin on the scale of LF. 

Targets of intermediate thickness can be treated as bulk material in the center 

plus two surfaces of thickness U(LF). The difficulty lies in how to account for 

surface effect,s. The first and last LF of the target should not show the full 

effects of LPM and dielectric suppression, using the same argument as for the 

thin target case. Therefore, surface effects will modify the expected spectrum at 

low photon energies. Unfortunately, there is no satisfactory theoretical treatment 

of the surface effects; the only available calculation6 yields unphysical results. 

1.4 Expected Spectrum 

In order to make it easier to histogram the bremsstrahlung phot.on spectrum, 

which is mostly steeply falling, we plot dN/d log E, since it is constant if dN/dE 0: 

l/E. Figure 2 shows a sketch of the overall expected spectrum based on the 

above semi-classical arguments for a heavy target material. At high energies, 

Bethe-Heitler holds, and dN/dE cx l/E. Below a threshold, LPM suppression 

sets in, modifying the spectrum to 0: l/a. Below a second (lower) threshold, 

dielectric suppression modifies the spectrum to 0: E. Note that for low-Z targets, 

the threshold for the dielectric effect can be higher than the threshold for the 

LPM effect, in which case no LPM suppression occurs. The total number of 

photons emitted is finite. At the upper end of the photon spectrum, as the 

photon energy approaches the energy of the incoming electron, the spectrum falls 

off again, as predicted by Bethe-Heitler. 

1.5 Monte Carlo Prediction 

A Monte Carlo calculation of the expected bremsstrahlung spectrum is required 

to compare with the data. Migdal’s formulae for the LPM efTect4 are recursive, 

and do not yield results in closed form. WC instead USC the formalism developed 

by Stanev and collaborators,’ but with the table of numeric values from Migdal’s 

Figure 2: Sketch of the expected bremsstrahlung spectrum, with LPM and 
Dielectric suppression. 

paper.4 The dielectric effect is simulated with a multiplicative factor.’ Both 

LPM and dielectric suppression can be turned off, which allows calculation of an 

unmodified Bethe-Heitler spectrum. 

The Monte Carlo correctly simulates the case in which a single electron 

emits more than one bremsstrahlung photon, and allows for pair-conversion and 

Compton scattering of the produced photons. It also contains a simple but 

adequate model of calorimeter resolution. 

2 Rationale for the Experiment 

Perhaps the most important justification for doing an experiment to study these 

phenomena is that it is a macroscopic application of quantum mechanics in a 

regime not previously studied. It is rare that one can experimentally observe 

fundamental properties of quantum mechanics in a direct fashion. 

2.1 Previous Experiments 

Cosmic ray experiments have attempted to verify the LPM and dielectric 

suppression; they all suffer from a lack of statistics.g An experiment at 

Serpukhov in 1975 attempted to measure LPM suppression and found qualitative 

agreement.” IInfortunately, that experiment suffered from several technical 
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problems, and the results are not convincing. An Armenian group studied i 

dielectric suppression as the by-product of a series of experiments which measured 

transition radiation;” the results are at best qualitative. 

2.2 Related Effects 

Magnetic supression is another effect which can modify the bremsstrahlung 

spectrum: if the electron is bent in a magnetic field by an angle larger than 0 

over a length LF, bremsstrahlung is again suppressed. We have not studied 

this in the current experiment, since very high magnetic fields are required. An 

application of magnetic suppression is in high-energy e+e- colliders, where it 

suppresses beam-beam bremsstrahlung.” 

LPM suppression also occurs in pair creation, where a photon converts to an 

e+e- pair in the Coulomb field of a nucleus; the process is shown in Fig. 1 (b). 

Due to the different kinematics, however, the effect is only visible at very high 

energies. 

A number of effects are analogous to LPM suppression in QCD and 

nuclear physics. The best-known example is color transparency, where gluon 

bremsstrahlung from quarks traversing a nucleus is suppressed.‘3 

2.3 Applications 

As shown above, LPM suppression of low-energy photon bremsstrahlung is already 

large enough for 25 GeV electrons to be easily observable. For electrons with 

energies 0( 1 TeV), a significant fraction of bremsstrahlung is suppressed in heavy 

media. Therefore, electromagnetic showers from such electrons are longer and 

more grainy than would be expected if one ignored the LPM effect. Such 

high-energy electrons will be commonly observed with shower calorimeters in the 

next generation of accelerators such as the SSC, LHC, and e+e- colliders. 

In natural particle physics, it is expected that the DUMAND experiment will 

observe deep-inelastic neutrino interactions on the Glashow resonance at 6.4 PeV: 

v, + N 4 W- + N’ 4 e- + N’. Neutrinos of this energy are expected to be 

produced by active galactic nuclei. l4 The characteristics of an electro-magnetic 

shower of several PeV in water are greatly changed by the LPM effect.15 

The LPM suppression of pair-creation is significant for EeV cosmic ray air- 

shower studies and gamma-ray astronomy, in which photons of energies 2 10” eV 

‘I 25 GeV 
-+ e- 

TWQd 

Figure 3: The layout of SLAC E146. Electrons entering End Station A traverse a 
thin target and are bent downward by a spectrometer magnet into a set of wire 
chambers and a lead glass block array. Bremsstrahlung photons emitted in the 
target continue downstream into a BGO calorimeter. 

interact through pair-creation, and the resulting electromagnetic shower is 

observed on the ground. The LPM effect increases the graininess of the shower, 

and modifies the relationship between particle density distribution measured on 

the ground and the energy of the primary particle.16 

3 Experiment and Analysis 

3.1 Setup 

The experimental setup was quite simple and is shown schematically in Fig. 3. 

The beam entered End Station A and traversed thin target foils mounted in a 

movable target holder. “ The targets are listed in Table 1. The materials were 

chosen to span a wide range in 2 and Xa, so as to have targets which display 

varying amounts of LPM suppression in the energy region under study. The 

target thickness was chosen to minimize both surface effects (for thin targets) and 

multi-photon pileup (for thick targets). For most materials, two target thicknesses 

were used, which allowed us to study thickness-dependent effects. One position 

in the target holder contained no target, and was used to measure backgrounds. 

After the target, the electrons were deflected by a magnet with B . dL = 

3.25T m into a wire chamber used to measure the electron momentum. The 

2 mm wire spacing of the chambers provides a 100 MeV momentum resolution, 

‘i 
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Table 1: Targets used in Experiment E146. The last column is the semi-classical 
threshold energy for the LPM effect, E,Z/ELp,,,. 

X0 Thickness 

(cm) (% X0) 
18.8 2%, 6% 

8.9 3%, 6% 

1.76 3%, 6% 

0.35 2%, 6% 

0.34 O.l%, l%, 6% 

0.56 2% 

0.32 3%, 5% 
- 

LPM Threshold 

WV) 
4.4 

9.2 

47 

235 

240 

147 

265 

good enough to suppress backgrounds. Three lead-glass counters behind the wire 

chamber allow determination of the number of electrons in each beam spill. 

Bremsstrahlung photons produced in the target continued downstream to the 

BGO calorimeter. The calorimeter was built in 1984 and consists of 45 BGO 

crystals, each measuring 2 x 2 x 20cm3, instrumented with photomultipliers.‘* 

Calorimeter information was digitized by a 1Zbit LeCroy 2280 ADC. Data was 

read out for each accelerator pulse, so there is no trigger bias. The electron and 

photon flight-paths visible to the calorimeter were kept in vacuum to minimize 

backgrounds and prevent bremsstrahlung photons from converting. 

3.2 Beam 

High electron energies are required to observe the LPM effect at reasonable photon 

energies. The cross section for bremsstrahlung is very large, so a beam of very low 

intensity is required. It is difficult and inefficient to operate the linear accelerator 

at beam intensities of typically 10” e-/pulse and obtain intensities of about 

one e-/pulse with good momentum resolution. The collaboration employed a 

technique not previously used at SLAC” for obtaining a secondary beam;20 it is 

illustrated in Fig. 4. During normal SLC operation, about 10% of the 50 GeV 

beam is removed by collimating scrapers at the end of the linac in sectors 28-30; 

this creates a flux of high-energy photons traveling down the linac. After the 

Figure 4: A diagram of the parasitic beam generation. High energy photons 
produced in the collimators of sectors 28-30 travel downstream, past the bending 
magnet that directs electrons and positrons into the SLC arcs, and onto an 
e+e- production target in the beam switchyard. Electrons produced in the target 
are captured by the A-line and transported to End Station A. 

high-energy electrons and positrons have been magnetically steered to the SLC 

arcs for delivery to the SLD experiment, these photons continue into the beam 

switchyard. To convert some of the photons into electrons, a 0.7X0 copper 

production target was inserted into the dump line. The End Station A extraction 

line (consisting of a set of pulsed extraction magnets and the bending arc) then 

selected electrons of a specific energy, collimated them, and delivered them to the 

experimental area. 

The performance of the parasitic beam was very good. The beam was easy 

to set up and straightforward to optimize, adjust, and steer. We took data at 

25 and 8 GeV, at intensities averaging one e-/pulse, at 120 pulses per second. 

This intensity was achieved with the momentum-defining slits in the A-line at 

Ap/p 5 0.1%. To study bremsstrahlung from the very thin gold target, we 

increased the flux to an average of 10 e-/pulse. The spot size at the target was 

less than 10mm2, measured by scanning the beam with a movable silicon diode 

in the target holder, while the divergence was 5 2. IO-‘. A flux on the order of 

hundreds of e-/pulse could be achieved by opening the momentum-defining slit to 

Ap/p w l%, We also verified the operation of the parasitic beam at other energies 

in the range 6 GeV and up. For calibration, we ran the beam line at energies of 

400 and 500 MeV, albeit with much reduced flux and larger spot size. 

Clearly a parasitic beam with these characteristics can be used for many 

purposes. Immediately after Experiment El46 took data, SLAC Experiment El44 

-523- 



used it to study a prototype of their calorimeter. Plans to create a test-beam L 

facility at SLAC based on this beam are currently under study. 

3.3 Calibration 

The only part of the experiment which requires significant effort to calibrate is the 

BGO calorimeter. To measure the LPM effect, its gain was set such that the usable 

energy range is ~5-500 MeV; to measure dielectric suppression, the high-voltage 

was increased so that the usable range was x0.5-50 MeV. The calorimeter had 

been extensively studied previously, is at energies ranging from 40 MeV to 8 GeV. 

Its non-linearity is estimated to be 5 2%. 

In order to calibrate the BGO calorimeter during running, we continuously 

acquired cosmic ray events traversing the calorimeter close to vertically, at a rate 

of about 0.1 Hz. Those are used to correct the relative gain of the channels in the 

calorimeter. 

We used dedicated runs at 400 MeV and 500 MeV to calibrate the absolute 

energy scale of the calorimeter, by directing the low-energy beam directly at the 

BGO calorimeter. Figure 5 shows the pulse height spectrum obtained at 500 MeV 

beam energy. To prevent the spectrum from being distorted by energy leaking out 

of the side of the calorimeter, we require that the center of gravity of the energy 

deposition be within the center crystal for this calibration. The FWHM of the 

peak is S%, compatible with resolution measurements made on this calorimeter 

in 1984.is To calibrate the absolute energy scale for the dielectric-effect running, 

we currently use cosmic ray events. We also took calibration data with a 6oCo 

source, which emits photons of 1.173 and 1.333 MeV, but the analysis has not yet 

used this information. 

We have checked the absolute energy scale by comparing the photon energy 

measured in the calorimeter with the electron momentum measured with the wire 

chamber; Ebeom - c. p should equal E. The relatively low momentum resolution 

of the wire chamber and the steeply falling bremsstrahlung spectrum renders this 

not very accurate, but useful as a cross-check. 

The light output of BGO is known to vary with temperature; during the 

experiment, the temperature of the calorimeter was monitored and recorded. This 

information is not, however, used in this analysis. We therefore estimate that the 

‘Y 
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Figure 5: BGO pulseheight spectrum using a 500 MeV electron beam directly on 
the calorimeter. 

calibration (both absolute and relative) of the calorimeter is accurate to 10%; we 

expect to improve this by at least a factor of two in the final analysis. 

3.4 Backgrounds 

There are two fundamentally different types of backgrounds to consider. The first 

one is multi-photon pileup, in which a single electron traverses the target and 

creates more than one bremsstrahlung photon. Given the angular resolution of 

the calorimeter, all the photons get lumped into one cluster of energy deposition. 

This effect is correctly handled in the Monte Carlo program, and we consider it 

to be simply a part of the expected spectrum, not background. 

Then there are real backgrounds. Those which are not associated with 

the target are synchrotron radiation from the A-line and from the electron 

spectrometer magnet, and mis-steered particles hitting the target holder or the 

beam pipe. These were studied by measuring the bremsstrahlung spectrum with 

no target every few hours, and found to be small enough to neglect. Typically we 

find less than one background photon in the calorimeter per 1000 e-, compared 
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to several hundred observed bremsstrahlung photons per 1000 e-. Therefore, 

these backgrounds are irrelevant for the study of the LPM effect. The remon 

that synchrotron radiation is small is that the spectrometer magnet had a very 

significant fringe field, which initially bends the electrons slowly; by the time 

the magnetic field reaches full strength, the electron beam does not point at the 

calorimeter any longer. The critical energy for photons hitting the calorimeter is 

5 100 keV. However, these backgrounds are significant for the study of dielectric 

suppression and have to be reduced further, as Section 4.3 discusses. 

Target-related backgrounds include transition radiation and photonuclear 

interactions of the electron. Transition radiation creates on average 14 keV of 

photon energy per electron, with the energy limited to < ywp, so it is again 

irrelevant for the study of the LPM effect. The photonuclear cross section is 

much smaller than the bremsstrahlung cross section, so it does not contribute 

significantly either. Furthermore, most of these backgrounds create photons with 

an angular distribution much wider than bremsstrahlung. The absence of tails on 

the observed angular distribution indicates that backgrounds are insignificant. 

3.5 Analysis 

The analysis of the data is comparatively simple. Good events are selected; they 

are defined as beam spills containing exactly one electron, as observed in the 

lead-glass blocks, and no additional low-momentum tracks. Events with multiple 

electrons, currently neglected, will be used in the final analysis to enhance the 

statistics. The energy deposited in the BGO calorimeter is calculated with 

a cluster-finding algorithm, reducing contributions from electronic noise. As 

mentioned above, the energy scale is known to better than 10%; the energy 

resolution of the calorimeter varies from about 8% at 50 MeV to 6% at 500 MeV. 

The photon energies are then histogrammed logarithmically as dN/dlog E, 

with 25 bins per decade. The histogram is normalized to 1000 single e- events, 

which gives the resulting histogram entries of a convenient single-digit magnitude. 

The observed spectrum is compared to the two Monte Carlo spectra for the same 

target. In the current preliminary analysis, the data is normalized so it matches 

the Monte Carlo spectrum at the highest energies under study, at which we expect 

no LPM suppression. We find that this re-normalization always agrees with the 

experiment t,o better than 7%. 

‘Y 
‘In order to determine the expected flux of bremsstrahlung photons, the 

densities and thicknesses of the targets have to be accurately known. This is 

not as simple as it might appear. The density of graphite varies considerably; 

we determined bot.h the geometric dimensions and the weight, and calculated 

the density from those measurements. Metallic uranium is soft and malleable, 

and the targets are thin, precluding an accurate mechanical measurement of their 

thickness. We instead measured the area and weight of the uranium targets, and 

determined the thickness from the accurately known density. We estimate that 

the uncertainty of target thicknesses contributes 2% to the systematic error on 

the absolute bremsstrahlung cross section. 

Other effects that contribute to this systematic error include the absolute 

normalization of the number of good single-electron events (3%), and the 

above-mentioned uncertainty of the absolute energy scale, which translates into a 

2.5% systematic error on the flux, depending on the slope of the bremsstrahlung 

spectrum. We believe that Monte Carlo approximations represent Migdal’s 

formulae4 to within 3%. 

For the current analysis, only a part of the data taken at a beam energy 

of 25 GeV has been analyzed. We have further data at 8 GeV, which will enhance 

the analysis of dielectric suppression, because synchrotron radiation backgrounds 

fall off much faster than the dielectric effect. 

At this preliminary stage in the analysis, we have studied only the carbon and 

uranium targets for the LPM effect, the three gold targets for bremsstrahlung 

from thin targets, and one carbon target for dielectric suppression. The data for 

the other targets and beam energies are currently being analyzed. 

4 Results 

The following sections compare the observed bremsstrahlung photon spectrum 

to Monte Carlo predictions. In the figures, the data is shown by the crosses, 

with the height indicating the statistical error per bin. The top dotted line 

is the Bethe-Heitler Monte Carlo prediction which ignores both LPM and 

dielectric suppression, and the bottom dashed line is the Monte Carlo prediction 

including both LPM and dielectric suppression. 

‘i 
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Figure 6: The observed bremsstrahlung spectrum dN/dlog E (crosses) for two 
carbon targets, in units of photons per bin per 1000 electrons, for a 2% Xs (a) and 
6% X0 (b) thick target. The dotted line (top) shows the Bethe-Heitler Monte Carlo 
expectation, whereas the dashed line (bottom) is the Monte Carlo expectations 
including the LPM effect. The solid line (top) in (a) is the Bethe-Heitler prediction 
ignoring multi-photon pileup. 

4.1 LPM Effect 

Figure 6 shows the observed spectra for the two carbon targets; part (a) is 

for a target which is 4.1 mm N 2%X0 thick and part (b) for a target which 

is 12.7mm N S%Xs thick. The first thing one observes is that the predicted 

spectrum is not flat, even if one ignores the two quantum-mechanical suppression 

effects. This is due to multi-photon pileup. The solid line at the top of Fig. 6(a) 

shows the Bethe-Heitler spectrum ignoring multi-photon pileup. Clearly, the data 

exhibits a small suppression at energies below 20 MeV, which is predicted by 

Migdal’s calculation of the LPM effect. 
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Figure 7: The observed bremsstrahlung spectrum dN/dlog E (crosses) for two 
uranium targets, in units of photons per bin per 1000 electrons, for a 2 %X0 (a) and 
5 %Xo (b) thick target. The dotted line (top) shows the Bethe-Heitler Monte Carlo 
expectation, whereas the dashed line (bottom) is the Monte Carlo expectations 
including the LPM effect. 

Figure 7 shows the corresponding spectra for the two uranium targets, part (a) 

for a 79pm N 3%X0 target and part (b) f or a 147 pm N 5%Xo target. Since LPM 

suppression turns on at the highest energies shown in the figure (the semi-classical 

threshold is 265 MeV), the two expected spectra are very dissimilar. For energies 

above 220 MeV, the data follow the spectrum predicted by the LPM effect, and 

rules out the Bethe-Heitler spectrum. Below that energy, the data diverge from 

the expected spectrum. This is likely to be due to surface effects discussed above: 

at lower and lower photon energies, as the formation zone approaches the thickness 

of the target, LPM suppression no longer occurs fully. 

One can remove these surface effects from the data by subtracting the spectra 

for two targets of different thicknesses, at the price of a larger statistical error. 

In principle, the subtraction should leave 68pm N 2%Xo of bulk uranium in the 

‘i 
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Figure 8: The difference between the bremsstrahlung spectra for the two uranium 
targets, with observed and predicted spectra. Obtained by subtracting Figure 7(a) 
from Figure 7(b) bin-by-bin. 

middle of the target, without any surface effects. Figure 8 shows the difference 

between the spectra for 5%X0 and 3%X0 uranium targets. The data follow the 

LPM effect prediction very closely, and only diverges slightly below IO MeV. The 

likely reason for this disagreement is that the multi-photon pileup in the expected 

spectrum is calculated without taking the surface effects into account. 

4.2 Thin Targets 

To study how the LPM effect disappears for thin targets, we measured the 

bremsstrahlung spectrum for three gold targets; gold was chosen because it is 

dense and readily available in very thin foils. The results are shown in Fig. 9: 

part (a) for 203pm rr. 6%X0, part (b) for 25pm z 1%X0, and part (c) for 

4pm N 0.1%X0 thick foils. The 6%X, target shows behavior similar to the 

uranium targets: the data follow the curve expected for the LPM effect nicely, 

but exceed it slightly below 220 MeV. The 1%X, target shows much more of 

an excess below ~50 MeV and seems to flatten out as would be expected for a 

Rethe-Heitler spectrum. The bulk of the data for the thinnest of the gold targets, 

0.1%X0, has not been analyzed yet; only a small data set is used here. The 

spectrum is clearly compatible with the Bethe-Heitler spectrum and not with 

LPM suppression. linfortunately, our t,heoret,ical knowledge does not enable us to 

6 ,,ll, I II 

_ ,.... p . . . . ..Z. I 
4- 

_,_,,,_.......I.... 2--.-. 

e”* +..-- - 
-+e- 

2 - *-.,---- --- -- *_..*- 
,_,_.-. --- 

m 

(a) - 

0 Itlll’ I I1111111 I II 

i -. .- - .--z- 
_ *..-I-’ (b) _ 

, .a- -. - 

I I IllI I I I I11111 I II 

.i=- 
0 1 IIll’ I I I IllIll 4 II 

10’ 102 
11193 EY WV) VSWAS 

Figure 9: The observed bremsstrahlung spectrum dN/dlog E (crosses) for three 
gold targets, in units of photons per bin per 1000 electrons, for 6%X0 (a), 1%X, (b) 
and 0.1%X, (c) thick targets. The dotted line (top) shows the Bethe-Heitler 
Monte Carlo expectation, whereas the dashed line (bottom) is the Monte Carlo 
expectations including the LPM effect. 

calculate the expected spectrum in the intermediate case, in which the formation 

zone length is comparable to the target thickness. It is clear from these figures 

that quantum-mechanical suppression effects vanish for thin targets, restoring the 

flat Bethe-Heitler spectrum. 
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4.3 Dielectric Suppression 

For this study, the gain of the calorimeter was increased by a factor of about 

10, so the usable range of energies is 0.5-50 MeV. These data contain significant 

contamination from synchrotron radiation. In order to suppress it, we exploit 1 

the fact that the spectrometer magnet creates a synchrotron radiation fan that 

starts at the center of the calorimeter and extends down; this is clearly visible 

in the observed angular distribution of bremsstrahlung photons. To suppress 

the synchrotron radiation, all energy clusters with centers in the bottom half of 

the calorimeter are discarded. Since the dielectric effect depends much less on 

density and Xe than the LPM effect, it is most easily observed in light target 

materials, where LPM suppression is minimized. Preliminary results from this 

analysis on the 6%X0 carbon target at 25 GeV beam energy are shown in Fig. 10. 

There are three Monte Carlo spectra in this figure: Bethe-Iieitler (dotted) at the 

very top, LPM suppression only (dot-dashed) in the center, and both LPM and 

dielectric suppression (dashed) at the very bottom. The Bethe-Heitler spectrum 

is clearly ruled out. Also ruled out is the observed data consisting of the 

LPM effect spectrum plus a background contribution. The figure is very suggestive 

4 

EY W W  

Figure 10: Bremsstrahlung spectrum from a 6%X, carbon target, for the energy 
range 0.5-10 MeV. Three Monte Carlo expectation lines are shown, dotted at the 
top for Bethe-lfeitler, dot-dashed in the middle for LPM suppression only, and 
solid at the bottom for LPM and dielectric suppression. 

‘Y , of dielectric suppression with a significant background contamination. A more 

detailed analysis of dielectric suppression, using the 8 GeV data, is in progress. 

5 Conclusions 

We have performed an experiment to study the bremsstrahlung of low-energy 

photons from 25 GeV electrons, in which quantum-mechanical suppression is 

predicted. The analysis is still in progress, and all results presented here are 

preliminary. A final precision of a few percent in both energy scale and absolute 

cross-section measurement is expected. 

The data show quantitative agreement between the observed photon spectrum 

and the theory of LPM suppression for photon energies between 20 and 500 MeV. 

Below 20 MeV, surface effects modify the spectrum for heavy target materials, 

as is to be expected. In very thin targets, LPM suppression disappears, and the 

Bethe-Heitler spectrum is restored. The data is strongly suggestive of dielectric 

suppression occurring at about the predicted level. 

In the process, we developed a method to generate a low-intensity high-energy 

parasitic electron beam while the SLAC accelerator operates in SLC/SLD mode. 

This beam is stable, controllable, and can be used for many purposes. 
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I REPORT FROM THE ZEUS 
COLLABORATION AT HERA 

Halina Abramowicz 
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Rehovot, Israel 

ABSTRACT 

This is a short overview of the results obtained by the ZEUS Col- 
laboration with data collected during HERA’s first year and corre- 
sponding to an integrated luminosity of 25 nb-‘. Included are the 
measurement of the total, partial, and p photoproduction cross sec- 
tions, a study of high msss diffractive photoproduction, new results 
from hard photoproduction where a clear signal of a direct photon con- 
tribution has been established, the measurement of the proton struc- 
ture function F2, and first results on diffractive dissociation of the 
virtual photon in the deep inelastic electron proton scattering. Limits 
on leptoquarks and excited electrons are also presented. 
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ZEUS is one of the two large experiments at the electron-proton collider HERA, 
now in operation at DESY in Hamburg. The physicists collaborating in ZEUS 
come from 46 institutions in 12 countries. 

Over the next decade HERA will provide the particle physics community with 
a unique experimental facility. The high center-of-mass energy (296 GeV) extends 
the kinematic domain of lepton-proton scattering, so far studied at fixed target 
experiments, to much higher Q* (- 5. lo4 Gev) and to much lower I (- 10W4). 
Sensitive tests of QCD and Electroweak theory, detailed studies of diffractive 
physics, and searches for new physics will be made. 

In this report I describe the operation of HERA and ZEUS in their first one 
and a half years and give an overview of the significant physics results obtained 
so far, based mostly on the analysis of the 1992 data. 

1 HERA and ZEUS 

1.1 Introd ction 
‘t 

The specific lumiuosity (referring to single bunch collisions) has already exceeded 
the design value by almost a factor of two. ZEUS has collected an integrated 
luminosity of over 500 nb-’ at the itime of this writing in mid-October, about 20 
times that collected in 1992. 

The proton current per bunch is limited to about one third of design but should 
reach design current in 1994 after ihe installation of longitudinal and transverse 
feedback sytems in the pre-accelerator DESY 111 and in HERA, respectively. The 
design current per bunch for electrons has been achieved, although not routinely. 
In 1994 we expect another large increase in integrated luminosity from increased 
currents per bunch, more bunches, shorter filling times and improved reliability 
of operation as this complex machine is better understood. 

The performance of HERA to date strongly supports the belief that the full 
physics pot,ential of ZEUS will be realized in the coming years. 

1.3 The Status of ZEUS 

1.2 The Status of HERA 

HERA is designed to collide 30 GeV electrons with 820 GeV protons. The design 
luminosity of 1.5 x 103’ cm-*s-l requires currents of 58 mA and 163 mA in the 
electron and proton beams, respectively. The beams are bunched into 210 bunches 
with an interbunch spacing of 96 ns. 

In 1992, the first year of data taking for the experiments, HERA delivered an 
integrated luminosity of about 30 nb-‘, colliding 820 GeV protons with 26.7 GeV 
electrons in nine bunches. In addition, single unpaired “pilot” bunches of elec- 
trons and protons circulated, which permitted a measurement of beam associated 
backgrounds. The maximum luminosity achieved was about 4 x lo*’ crn-‘s-l. 

In 1993 HERA has been running with the same beam energies but with 84 
colliding bunches, 10 proton pilot bunches and six electron pilot bunches. Typical 
currents at injection are 16 mA in the electron beam and 14 mA in the proton 
beam. The proton beam lifetime is longer than 100 hours. Usually one proton fill 
can be used for several electron fills before the emittance has grown sufficiently to 
require a new proton fill. The electron beam lifetime in good conditions is 7-10 
hours. 

The maximum luminosity reached so far by HERA is about 1.6 x 103’ cm-*s-l. 

The ZEUS detector, shown in Figure lj was designed to exploit the physics po- 
tential of HERA by emphasizing high precision tracking, hermetic calorimetry 
with the best possible energy resolution for hadrons, and excellent electron and 
muon identification. Protons enter from the right and electrons from the left in 
the figure. The coordinate system, centred on the nominal interaction point, is 
defined with positive z along the proton direction and positive y upwards. 

Charged particles are tracked by the inner tracking system, consisting of a ver- 
tex detector (V>(D), a central cylindrical tracking detector (CTD), planar drift 
chambers in the forward and rear directions (FTD, RTD), and transition radia- 
tion detectors (TRD) in the forward direction. A thin superconducting solenoid 
surrounding the inuer tracking system produces a magnetic field of 1.43 T in the 
centre. A uranium-scintillator calorime,ter (FCAL, BCAL, RCAL) encloses the 
solenoid and inner tracking detectors. The magnetized iron yoke surrounding the 
calorimeter is instrumented for use as a backing calorimeter. Inside and outside of 
the yoke are large chambers for measuring muons (BMUON, RMUON).  In the for- 
ward direction, iron toroids and additional tracking chambers (FMUON) improve 
the measurement of the forward going muons, which have high momentum. 

The CAL, the CTD, and the VXD were the main central components used for 
the analysis leading to the physics results described below. 
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Figure 1. A side view of ZEUS. 
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E  

The CTD has nine superlayers (five axial and four small angle stereo), each 
with right layers of sense wires read out by a high resolution FADC system. This 
FADC system was not ready in 1992 but was fully installed for the 1993 running. 
The three innermost axial layers (1, 3 and 5) are instrumented with z-by-timing 
rlectronics, which are mainly intended for+ triggering purposes. We used the z-by- 
timing information to reconstruct tracks ip the 1992 data. With these electronics 
the z coordinate of a track “hit” is measured with a resolution of about 4.5 cm 
from the difference in the time of arrival of pulses at each end of the wire, and 
the r - 4 coordinate is measured with a resolution of about 900 pm. The FADC 
system has operated reliably in the 1993 running. Currently the spatial resolution 
is about 250 /lrn; this will improve steadily as the CTD calibration becomes better 
understood. The VXD gives 12 additional hits per track with a resolution down 
t,o 40 jim. 

The calorimet,er consists of three parts: RCAL covering the backward pseudo- 
rapidity range in the HERA reference frame (-3.8 < q < -0.75), BCAL covering 
the central region (-0.75 < r] < l.l), and FCAL covering the forward region 
(1.1 < q < 4.3). Scintillator tiles form towers that are longitudinally segmented 
into electromagnetic (EMC) and hadronic (HAC) cells. Characteristic transverse 
sizes are 5 cm x 20 cm for the EMC cells of FCAL and BCAL and 10 cm x 20 
cm for those in the RCAL. The HAC cells are typically 20 cm x 20 cm in the 
transverse dimensions. Holes of 20 cm x 20 cm in the center of FCAL and RCAL 
accommodate the HERA beam pipe. The resulting solid angle coverage of the 
calorimeter is 99.7% of 4*. 

The calorimeter readout provides precise e&ergy and time measurements for 
the 5918 cells, each of which is instrumented with two photomultipliers. On 
average, less than 0.1 percent of the cells are without operational readout. As 
measured in test beam conditions, the energy refolution is lS%fi (E in GeV) for 
electrons and 35%&for hadrons. The timing resolution of the cells is 1.5/G@ 
0.5 11s. 

It has been shown in test beams’ that the calibration of the calorimeter can 
be maintained at, the l-2% level using the signal from the depleted uranium (DU) 
radioactivit,y. The DU calibration, which is monitored continuously, has been 
st.at)lr at t,hr few percent, level since t,he beginning of operational experience in 
ZEUS. The calorimpt,er noise, which is dominated by the uranium radioactivity, 
is t,ypically 15 McV in t,he EMC cells and 25 MeV in the HAC cells. A cut of 
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60 MeV for the EMC cells and 110 MeV for the larger HAC cells reduces the 
influence of noise on the measurement of kinematic variables. 

Inside the cal+imeter is the Hadron Electron Separator (HES), a silicon pad 
(3 x 3 cm*) system located at the depth of the electromagnetic shower maximum 
to improve electron identification. The RCAL has been partially equipped with 
the HES, although some of the readout electronics are missing. The RHES will 
be completed during the 1993/94 winter shutdown. 

Close to the beamline downstream in the electron direction, photon and elec- 
tron calorimeters (LUMI) are installed to determine the luminosity by measuring 
the rate of bremsstrahlung, ep --t epy. The LUMI detectors are also used in 
the physics processes of interest, the electron calorimeter to tag photoproduction 
events and the photon calorimeter to detect initial state radiation. A set of scin- 
tillation counters (C5) partially surrounds the beampipe behind the rear part of 
the calorimeter to measure the timing of both beams and to detect background 
events generated upstream of the detector by the proton beam. A further rejec- 
tion of these background events is provided by the VETOWALL, two large planes 
of scintillator counters separated by a 1 m  thick wall of iron. A small tungsten- 
silicon calorimeter (BPC) to tag electrons scattered with Q* up to 1 GeV* has 
been installed recently next to the beampipe in the region of the C5 counters. 

Downstream of the main detector in the proton direction, a leading proton 
spectrometer (LPS) consisting of six measuring stations of silicon strip detectors 
is installed in the proton ring to detect forward-scattered protons. About half 
of the detectors are installed and have been commissioned. A Forward Neutron 
Calorimeter (FNC) will also be installed to detect leading neutrons both in diffrac- 
tive and charge exchange interactions. By measuring the latter reaction, it should 
be possible at HERA to determine the DIS structure function of the pion. Already 
a prototype FNC has been operating in 1993, and we have observed high energy 
forward neutrons in many interesting events, including diffractive photoproduc- 
tion and DIS rapidity gap events. 

Further installation during the 1993/94 winter shutdown will include: the 
readout electronics for the FTD, RTD, and TRD; the final RTD chamber (a 
prototype chamber is currently installed); the remaining silicon detectors of the 
LPS; and some further trigger electronics for the CTD. 

The ZEUS detector has been functioning well with no serious problems. In 
1993 the data-taking efficiency, defined as the ratio of the luminosity recorded 

by ZEUS and that delivered by HERA, has ranged up to 90%, depending on the 
beam conditions. A steady improvement in the efficiency of operation reflects the 
reliability of the subsystems and software. 

1.4 Trigger 

The high background and 96 ns bunch spacing makes triggering at HERA a chal- 
lenging task. The major source of background, proton interactions with the resid- 
ual gas and the beampipe, called beam gas, must be eliminated without losing 
efficiency for deep inelastic ep scattering and possible new physics processes with 
very low cross section. Not all of the large photoproduction cross section can 
be recorded, so the trigger system must select the more interesting sub-processes 
such as hard scattering and heavy quark production. ZEUS has a three level 
trigger system, with increasing sophistication at each level. Because of the short 
time between bunch crossings, both the data and the trigger decision logic are 
pipelined at the first level to avoid deadtime. The second level trigger uses a 
network of transputers. At the third level, full event reconstruction is performed 
in a 1000 MIP farm of commercial RISC computers (SGI 35s). 

In 1992 the trigger was quite loose. We triggered on an energy deposit above 
a threshold in calorimeter trigger towers of 20 x 40 cm*. A photoproduction 
trigger used the same calorimeter trigger, but with lower thresholds, and required 
a scattered electron in the LUMI detector. Events were rejected if the timing in the 
C5 counters or the RCAL was consistent with an upstream beam gas interaction. 
Particles from such events arrive at the RCAL about 10 ns before particles from 
ep interactions. 1 

In 1993, with higher luminosity, the, trigger requirements are more stringent 
at all three levels. We trigger on the total transverse energy ET, missing ET 
and combinations of tracking and calori;leter energy information at the first and 
second levels, make tight timing cuts at the second and third levels, and run many 
physics filters at the third level. 

The excellent timing resolution of the CAL is one of the most powerful tools 
we have to reject proton beam gas background. Even tighter cuts on the time are 
made in a more refined analysis in the offline physics filters. 
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2 Photoproduction at HERA 

2.1 Introductign 

The high center of mass energy of HERA allows the study of photoproduction in 
a very wide energy range up to yp center of mass energies W,, = 250 GeV in a 

in coincidence with energy in the CAL, either > 0.46 GeV in any electromagnetic 
trigger tower, or > 1 GeV in any hadronic trigger tower of the RCAL, excluding 
the towers around the beam pipe, where the threshold was raised to 2.5 GeV. It 
also required no hit in veto counters, due to upstream proton gas interactions. 

In the offline analysis we require: , 

single experiment. The photoproduction topics covered in this talk are: 

l total and partial photoproduction cross sections, 

. 

l high mass diffractive photoproduction, . 

s elastic photoproduction of pmesons, and 
. 

l jets in photoproduction and the separation of direct and resolved processes. 

Photoproduction at HERA is measured using the interactions of quasi-real 
photons on protons in the reaction ep -+ e’+y’p --t e’+X. The quasi-real photon 
y’ is either tagged by measuring the scattered electron e’ in the small angle LUMI 
electron calorimeter or it escapes undetected. The tagging range is from 150 GeV 
to 250 GeV in W,, and from the kinematic minimum Q’,;. of about 10m8 GeV2 
to the acceptance limit Q”,., = 0.02 GeV*. The value of y = (E, - E,,)/E, and 

, ~- 

. 

. 

. 

between 15.2 GeV and 18.2 GeV energy deposited in the LUMI electron 
calorimeter, thus selecting W,, between 167 and 194 GeV; 

> 0.7 GeV energy deposited in the RCAL, wit,h a timing in the calorimeter 
incompatible with a proton gas int,eraction; 

< 1 GeV energy deposited in the photon calorimeter of the luminosity de- 
tector to reject radiative events; 

no reconstructed cosmic ray muon; 

statistical subtraction of electron beam gas events using the electron pilot 
bunches; 

statistical subtraction of accidental coincidences of proton beam gas events 
and electron bremsstrahlung events. 

the center of mass energy W,, = \14yE,EP are obtained from the electron beam 
energy E,, the proton beam energy E,,, and the energy of the scattered electron 
E,!. For untagged events, the Q* range is from Qii, to about 4 GeV*, above which 
the electron is accepted by the ZEUS calorimeter, and W,, is obtained from the 
hadronic system measured in the main calorimeter by II’?, = ,/m. Here 
yju = C;(Ei - p,i)/ZEc is the Jacquet-Blonde1 estimator of y. The sum runs over 
all calorimeter cells i; Ei is the energy deposited in the calorimeter cell i, and p,, 
is its projection on the proton direction. The cell angles are calculated from the 
geometric center of the corresponding cell and the event vert,ex. 

To relate the ep cross section to the yp cross section we use the Weizs%cker- 
Williams approximation: 

z!$. (1 - 9&j. o:,“t(w,,). 
rnax 

2.2 Total and Partial Photoproduction Cross Sections 

A tagged phot,oproduction trigger selects photoproduction events with high effi- 
ciency. It requires an energy deposit > 5 GeV in the LUMI electron calorimeter 

For an integrated luminosity of 13.0 f0.6 nb-‘, the selected data sample is 
5963 events. The energy distributions in the individual calorimeter sections and 
the transverse energy distribution show that the data fall into two classes: events 
with essentially zero energy in the forward and central calorimeters FCAL and 
BCAL, as expected for photon and proton diffractive events, and events with 
energy distributed over the entire angular range of the detector, as expected for 
non-diffractive events. 1 

To describe the data, we classify photoproduction according to the following 
subprocesses: I 

l cla.st,ic vector meson production -yp -+ Vp, where V = p, w, C#J are the low- 
mass vector mesons (for practical reasons we include higher vector mesons 
V in the diffractive processes defined below); 

s single diffraction dissociation of the proton yp -+ VX; 

. singlr diffraction dissociation of the photon 7~ + Xp, where X also includes 
the high mass vector mesons; 

. double diffraction disociation yp -+ X,X2; 
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l non-diffractive yp --t X. 

The following 
I” 

trategy is used to obtain the acceptances of the different sub- 
processes, their f actional cross sections, and finally the total cross section. The 
acceptance of the photon tagging and of the main detector are treated separately; 
this assumes that all subprocesses have the same Q* and W,, dependence in the 
kinematic range considered. The acceptance of the photon tagging is obtained 
from a Monte Carlo calculation; it is cross checked by high statistics data from 
the reaction ep + eyp. Radiative corrections are taken from a Monte Carlo study, 
which is verified with experimental data. For the acceptance of the hadronic sys- 
tem, we use a variety of models to generate Monte Carlo events and pass them 
through the ZEUS program chain for detector simulation, trigger simulation, and 
event reconstruction. A X2-comparison of experimental data and Monte Carlo sim- 
ulated data for the different models and model parameters allows us to determine 
the fractional cross sections and acceptances compatible with the experimental 
data and, finally, the acceptance-corrected number of measured events. Combin- 
ing the corrected number of events with the photon flux for the given luminosity 
gives the total and the partial photoproduction cross sections. 

The models used to generate non-diffractive events were PYTHIA,* where the 
structure function of one of the hadrons was replaced by a parametrization of the 
photon structure function, a superposition of A+ and ?r- proton interactions in 
HERWIG, models baaed on parametrizations of multiplicity and pr distributions, 
models with phenomenological QCD parton dynamics, models simulating 7p in- 
teractions as the sum of a non-perturbative soft component, and a perturbative 
QCD mini-jet component. To generate the different classes of diffractive events, 
we used PYTHIA or HERWIG for elastic vector meson production, PYTHIA for 
the single diffraction reaction 7p --f V/x, PYTHIA, a modified version of HER- 
WIG or the Nikolaev-Zakharov4 model for the single diffractive reaction 7p + Xp, 
and PYTHIA for the double diffraction reaction up --t X1X2. 

We perform the analysis separately for the two data samples EFCAL < 1 GeV 
and EFC-L > 1 GeV, which provides a quite clean separation of diffractive and 
non-diffractive events. 

The analysis shows that most of the models provide a good description of the 
data and that the acceptances can be well constrained. The acceptance for the 
non-diffractive events in the EFCAL > 1 GeV sample lies between 0.83 and 0.95. 

The acceptances for diffractive subprocesses in the EFCAL > 1 GeV sample are: 
0.31 h 0.05 for 7p + Vp, 0.46 k 0.05 for 7p --t VX, 0.80 f 0.05 for 7p + Xp, 
and 0.82 f 0.03 for yp + X1X2. 

1 

The separation between low mass vector meson production and photon diffrac- 
tive dissociation is obtained from the characteristic energy distribution in the 
RCAL - the decay products of the low mass vector mesons barely reach the 
calorimeter and cluster around the beam pipe, whereas the photon diffractive 
events produce a more widely spread distribution. 

The separation between elastic and diffractive low mass vector meson pro- 
duction assumes that the two single diffractive processes, photon- and proton- 
diffraction, have similar cross sections and about twice the cross section of the 
double diffractive dissociation process. This could be checked, however with big 
errors, by determining the fraction of diffractive events in the EpcaL > 1 GeV 
sample. These uncertainties result in the large error for the cross section of elastic 
low mass vector meson production, but have, however, a fairly small effect on the 
total cross section. 

Figure 2. Total photoproduction cross section as function of the 7p center-of-mass 
energy W,,. The solid line is the prediction of the ALLM” parametrization, the 
dashed line is that of DL’, and the dotted line uses the DG” parametrization for 
the photon with p?‘” = 2 GeV/c. 
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From the overall acceptance corrected number of events, the integrated lumi- 
nosity, and the photon flux integrated over the accepted Q2 and y ranges, the 
total average photopro h uction cross section for W,, between 167 and 194 GeV is 
obtained: 

ol,(yp) = 133 f 2.5(stat.) f 16(syst.)pb. 

The following effects contribute to the sytematic error: the acceptance uncertainty 
of t,he main detector (7.40/o), the acceptance uncertainty of the tagging system 
(7.8%), and the luminosity uncertainty of (4.6%). These have been added in 
quadrature to give the overall systematic error. In Figure 2 the total cross section 
is compared to the measurement from Hl,’ the measurement from ZEUS,’ data 
from lower energies,’ and theoretical extrapolation&” to the HERA energy. The 
data, with the present errors, is able to exclude models which predict a dramatic 
rise and is compatible with more conventional extrapolations. 

The values for the photoproduction partial cross sections are: inelastic non- 
diffractive u,d(yp) = 88 f 11 pb, diffractive ud(~p) = 31 * 8pb, and elastic 
a,, = 14.2 f 5.4pb. The errors quoted on the partial cross sections include 
statistical and systematic errors added in quadrature. 

Assuming further that the /I’ contributes 87% of the elastic cross section, 
we obtain the following cross section for elastic p production: a(yp + pop) = 
12.3 f 4.6pb. 

These first measurements of partial photoproduction cross sections at HERA 
energies agree well with theoretical extrapolations from lower energy data.12 

2.3 High Mass Diffractive Photoproduction 

Given the high center of mass energy, HERA is an ideal tool to study photon 
diffraction over a wide range of M  X, the maSS of the diffractive system. To illus- 
trate the selection of photon diffractive events, we show in Figure 3 the distribution 

Of Vmax t the maximum pseudorapidity of the calorimeter condensates in the tagged 
photoproduction events. A condensate is a group of contiguous calorimeter cells 
with energies above 0.06 GeV in the electromagnetic and above 0.11 GeV in the 
hadronic sections and a total condensate energy > 0.4 GeV. The pseudorapid- 
ity 7 = - ln(tan(B,,,d/2)) is calculated in the laboratory system where 7) = -3.8 
corresponds to the calorimeter limit in the electron direction and 7 = 4.3 to the 
calorimeter limit in the proton direction. For the typical tagged photon energy of 

10 GeV, 90” in the ‘yp center of mass system corresponds to q = 2.2. The data 
falls into two classes, a large peak of q,& in the range’ 3-6 mainly consisting of 
non-diffractive events and described by a non-diffractive Monte Carlo simulation 
(solid line) and photon diffractive and vector meson production for v,,,~ 5 2. We 
call the events with Q,,~ < 2 photon diffractive, as they do not show any activity 
in the proton direction. Figure 4 shows the dN/dMz distribution for these events. 
Values of Mi well above 100 GeV2 axe produced. The data is not corrected for 
acceptance and the selection cuts strongly suppress high values of Mx. A detailed 
analysis is under way to study the properties of high mass photon diffraction. 

,*ca - 

too0 - 

.m - 

ZG- 

Figure 3. T,,,~ for tagged photoproduction. The dots are the data and the solid 
line is a Monte Carlo simulation of non-diffractive events. 

2.4 Elastic Photoproduction of 9 Mesons 

The energy of tagged photons is between 10 GeV and 20 GeV. Elastica& produced 
p mesons at small &* carry essentially the to&l photon momentum. Due to the 
high p momentum, the decay angles of the piois relative to the photon direction 
are small, and they miss the CTD or even stay within the beam pipe. Thus an 
untagged p trigger has been introduced for the 1993 running, which requires 1 
1 track in the CTD, > 0.46 GeV in the REMC, and < 3.75 GeV in the towers 
around the beam pipe in the FCAL to veto the strong proton gas background. 
Again, the trigger required no hit in the veto counter. 

This trigger, with its additional requirement that both tracks are reconstructed 
in the CTD, accept,s elastically produced p mesons in the energy range W,, be- 
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0  2.5 H a r d  P h o toproduct ion 

F igu re  4.  M a s s  s q u a r e d  of  the  di f f ract ive system (cut  n,,,- <  2 )  for  t a g g e d  p h o t o -  
p roduc t ion .  

F igu re  5.  M,+, -  for  u n t a g g e d  pho top roduc t ion .  ( S h a d e d  h is tog ram for  s a m e  s ign  
part ic les.)  

F igu re  6.  W ,, for  u n t a g g e d  p  pho top roduc t ion .  

t w e e n  3 0  G e V  a n d  1 1 0  G e V . T h e  m a x i m u m  a c c e p t a n c e  is a b o u t  2 0 %  at  7 0  G e V . 
O ther  vector  m e s o n s  l ike w  m e s o n s  o r  p ’ m e s o n s  a n d  p h o t o n  di f f ract ive p roduc t i on  
a lso  h a v e  g o o d  accep tances .  Fo r  even ts  wi th on ly  two  oppos i te ly  c h a r g e d  par t i -  
c les in  the  C T D  w e  s h o w  in  F igu re  5  first resul ts  for  the  ef fect ive m a s s  spec t rum,  
a s s u m i n g  that  the  two  par t ic les a r e  p ions .  T h e  W ,, d is t r ibut ion,  a s s u m i n g  elast ic 
p roduc t ion ,  is s h o w n  in  F igu re  6 .1  T h e  d a t a  demons t ra te  that  a  h i g h  statistics 
s tudy of  p  p roduc t i on  is feas ib le  at  H E R A .  

A t l a r g e  cen te r -o f -mass  e n e r g y  a n d  smal l  va lues  of  Q * w e  expec t  to s e e  e v i d e n c e  of  
h a r d  col l is ions b e t w e e n  quas i - rea l  p h o t o n s  a n d  pa r tons  f rom the  p ro ton .  B e c a u s e  
of  its d u a l  na tu re ,  the  p h o t o n  c a n  in teract  e i ther  di rect ly  wi th  a  g l u o n  ( b o s o n  g l u o n  
fus ion)  o r  a  q u a r k  ( Q C D  C o m p t o n  scat ter ing)  in  the  p ro ton ,  o r  it c a n  in teract  
in  a  reso lved  p rocess  in  wh ich  its const i tuents  in teract  wi th  the  const i tuents  of  
the  p ro ton .13  T h e s e  h a r d  in teract ions wil l  thus  revea l  the  in te rna l  s t ructure of  
the  p h o t o n  a n d  a l low the  ext ract ion of  the  p a r t o n  dens i t ies  of  the  pho ton . r4  A n  
impor tan t  first s tep  is the  ident i f icat ion a n d  m e a s u r e m e n t  of  p h o t o p r o d u c t i o n  
even ts  wi th h a r d  subprocesses .  T h e  s igna tu re  is a  f inal  s tate wi th we l l -de f ined  
jets of  h a d r o n s .  

Jets a r e  ident i f ied by  s e a r c h i n g  for  loca l ized c lusters of  e n e r g y  depos i ts  in  p s e u -  
dorap id i ty  (n )  -  az imuth  (4 )  space ,” us ing  a  c o n e  rad ius  of  R  =  J A @  +  A #  =  1.  
In o r d e r  to exc lude  effects of  the  poor l y  u n d e r s t o o d  p r o t o n  remnan t ,  w e  look  for  
jets wi th total  t ransverse  e n e r g y  E T  >  5  G e V  a n d  r] <  1 .6  (@  >  2 3  “). 

Z E U S  h a s  o b s e r v e d  a  c lear  s igna l  for  jet p roduc t i on  in  yp  in teract ions. r6  O n e  
spec tacu la r  even t  is s h o w n  in  F igu re  (7,  w h e r e  two jets a r e  visible,  e a c h  h a v i n g  
a n  e n e r g y  of  3 0  G e V , as  wel l  as  par t  of  the  p r o t o n  remnan t .  S i n c e  n o  e n e r g y  is 
d e p o s i t e d  in  R C A L ,  w h e r e  o n e  w o u l d  expec t  the  f ragments  of  the  p h o t o n  r e m n a n t  
in  a  reso lved  cont r ibut ion,  this even t  is’s c a n d i d a t e  for  a  d i rect  p h o t o n  in teract ion.  

C lea r  e v i d e n c e  for  the  reso lved  p rocess  c a n  b e  s e e n  in  the  character is t ics of  
the  two- jet  even t  sample .  In F igu re  8  the  e n e r g y  d e p o s i t e d  in  R C A L  is p lo t ted  
aga ins t  the  pseudorap id i t y ,  qmrn ,  of  the  most  b a c k w a r d  jet. Fo r  n m i n  >  0  b o t h  
jets po in t  in  the  fo rward  d i rec t ion  a n d  the re fo re  cont r ibu te  n o  e n e r g y  to R C A L .  
Never the less ,  t he re  a r e  m a n y  even ts  wi th n,“in  >  0  a n d  a  l a r g e  a m o u n t  of  e n e r g y  
in  the  R C A L .  This  substant ia l  R C A L  e n e r g y  is e x p l a i n e d  as  the  the  r e m n a n t  of  
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Figure 10. Kinematic distributions for events with two or more jets. (a) rFeos 
distribution for the final sample. (b) xfmeo distribution for the final sample. 
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The fraction of one-jet, two-jet,, and three-jet events in the sample is 6.5%, 
1.4%, and O.l%, respectively. From a measurement of the energies and angles of 
the jets in the two-jet sample, we can estimate the fractions of the momenta of 
the proton and photon carried by the interacting partons. We can approximate 
these, xp and x7, as ! 

xmeas _  CjetslE + PZ) 

P - 2E, ’ 
xmcais = CjerJE - Pz) 

7 CCALW - Pz)’ 

The distribution of these variables in the two-jet sample is shown in Figure 10. 
From Monte Carlo studies it was found that imposing the requirements I1J”l - 
12je*zI 5 1.5 and h#Je*l - &je*z( > 120” improves the resolution in XT, and these 
cuts have been applied. The resolved process MC is in reasonable agreement with 
the data towards low x7 but cannot account for the large peak at 0.9. The 
direct process MC, however, predicts a peak at 0.9, which is in agreement with 
the data. This is the first unambiguous evidence for direct photon interactions in 
photoproduction. 

3 Deep Inelastic ep Scattering 

The deep inelastic neutral current scattering (NC-DE) of an electron off the pro- 
ton is viewed in the quark parton model (QPM) as a point-like interaction of the 
virtual photon emitted from the electron with a quark originating from the pro- 
ton. This is schematically depicted in Figure 11. The kinematical variables used 
to describe this process expressed in terms of the four-momenta of the incoming 

i electron k, the scattered electron momentum k’, and the incoming proton P are: 
1 

Figure 11. Schematic diagram describing deep inelastic electron proton scattering 



l Q2 = -q2 = -(rC - k’)2, the negative of the four-momentum transfer squared 
between initial and final state electrons; 

l t = &, the Bjorkkn variable identified with the fraction of proton momen- 
tum carried by the struck quark; 

l y = 3, the fractional energy transfer to the proton in its rest frame; 

l W2 = (xP + q)2 = Q’e + rni, the center of mass energy of the y’p system, 
where mp is the mass of the proton. 

As ZEUS is a hermetic detector, the kinematic variables can be determined 
either from the scattered electron, from the hadronic final state, or from a combi- 
nation of the two. We use the so-called double angle method” (DA), in which XDA 

and Q& are derived from the angle of the scattered electron Be and the angle Th, 
which represents the production angle of a massless object -- the scattered quark 
in the QPM - balancing the transverse momentum and the E-p, of the electron: 

(CiPxi)* + (C;Pyi)2 - (Ci(Ei -~,i))~ 
‘OS 7h = (Ci Pxi)* + (Ci Pyi)’ + (Ci(Ei - Pzi))2 ’ 

The sum runs over all particles excluding the scattered electron. In determining 
cosrh in the experiment, the sum over particles is replaced by the sum over all 
cells of the calorimeter excluding those assigned to the electron. The proton 
fragments which are not detected in the calorimeter have a negligible influence on 
the determination of -yh. In order to retain sufficient accuracy in the calculation 
of the angle Yh, we require the Jacquet-Blonde1 estimator of y to be greater than 
0.04. 

Figure 12 shows a text book example of a high Q2 NC-DIS event measured in 
the ZEUS detector. Its kinematical variables are z = 0.07 and Q2 = 2.5.103 GeV2. 
So far the highest Q2 event in the NC sample has Q* = 21.5 IO3 GeV’ and 
x = 0.28. In a data sample of 300 nb-’ we have observed 11 charged current 
events with Q2 > 1 . lo3 GeV2, the highest Q2 event having Q2 = 14 . lo3 GeV2 
and x = 0.44. 

The cross section for NC-DIS is expressed in terms of the proton structure 
functions. In the most general case there are three structure functions. In the 
region where the photon exchange dominates - for Q2 much smaller than the in- 
termediate bosons mass squared - the cross section depends only on two structure 
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Figure 12. A NC-DIS event with a 39.7 GeV electron scattered into the BCAL 
and a jet balancing PT on the opposit,e side. This event has Q* = 2500 GeV* and 
x = 0.07. 



/ 
functions: 

80 -= 
dx dQ* 

2aa2(1 +Qy - d2) 
I 

F2(x, Q2) _ 1 + (;‘_ y)2FL(x, Q')] (1+6,(x, Q2)) 

Fs is proportional to the total absorption cross section of virtual photons; FL is 
proportional to the absorption cross section of longitudinally polarized photons 
and Sr is an overall correction due to QED radiative effects. In the quark parton 
model the structure function F2 can be expressed in terms of parton distributions 
in the proton. For spin $ partons FL = 0. QCD radiation introduces corrections 
to this simple picture and beyond the leading logarithmic approximation FL # 0. 
With 25 nb-‘, due to the photon propagator effect, the exchange of the photon is 
the dominant process in our DIS event sample. 

3.1 Selection of the DIS Sample 

In the ZEUS experiment we define an ep interaction as being due to deep inelastic 
scattering if the scattered electron enters the geometrical acceptance of the CAL. 
This corresponds roughly to Q2 > 4 GeV 2. In our selection of DIS events we 
thus require the presence of an identified electron in the calorimeter with energy 
larger than 5 GeV. Below that cut the efficiency and purity of the electron finder 
algorithm is low. In order to achieve a full containment of the electron shower and 
a good position resolution, we require the electron impact point to be located out- 
side a 16 x 16 cm2 box centered on the beam axis. Spurious low energy electrons, 
especially in the forward direction, are removed by requiring that y determined 
from the electron be less than 0.95. 

From energy-momentum conservation we expect 

6 5 C(E; - pzi) = 2Ee 

where Ei and p,i are the energy and z momentum component of particle i, respec- 
tively; E. is the energy of the incoming electron and the sum runs over all the 
particles present in the final state, including the scattered electron. In the experi- 
ment 6 is estimated using the information from the calorimeter cells. To each cell 
above the noise cut a momentum vector is assigned, using the deposited energy 
and the angle of the cell, as seen from the reconstructed vertex position. Only 
events with 6 > 35 GeV are kept. This cut reduces substantially the backgrounds 

from proton gas interactions and from photoproduction, where the electron es- 
capes through the beam pipe and we incorrectly identify another particle as an 
electron. It also rejects DIS eventb with a hard photon radiated in the initial 
state, diminishing thereby the influence of radiative corrections. The proton frag- 
ments escaping detection through the beam pipe in the proton direction do not 
contribute to 6. ! 

After all these selection cuts and after the removal of cosmic muons and elas- 
tic QED Compton events, we remain with 2012 events. The contamination of 
electron-beam gas interactions in this sample is small and can be estimated from 
the unpaired electron bunches. The remaining contamination from photoproduc- 
tion processes has been estimated using a sample of events generated with the 
PYTHIA Monte Carlo program, tuned to reproduce best our data. In the region 
of Q2 > 10 GeV2 the total contamination is estimated to be 35 events, with 25 
originating from the photoproduction background. 

3.2 Determination of the Proton Structure Function F2 

The extraction of F2 proceeds in two steps. First the cross section is corrected for 
acceptance and migration of events from their “true” (x, Q2) to the reconstructed 
(XDA, Q$,). The corrections are determined from a full Monte Carlo simulation 
of DIS scattering in the ZEUS detector. 

Neutral current DIS events with Q2 > 2 GeV2 were generated using the HERA- 
CLES’” program, which includes first order electroweak radiative corrections. The 
hadronic final state was simulated using the color-dipole model,rg as implemented 
in ARIADNE20 for the QCD cascade, r@d JETSET*’ for the soft hadronization. 
For the parametrizationsof the parton dfnsity distributions we used the MRS D’_ 
set.22 

The comparison of the data sample Iwith the equivalent Monte Carlo sample, 
normalized to the data, is presented in. Figure 13. A good overall agreement is 
observed. This allows us to determine bin to bin corrections due to acceptance and 
migration. The fiducial cut imposed on the impact point of the scattered electron 
in the calorimeter requires large acceptance corrections for Q2 < 10 GeV2. We 
thus limit the analysis to the region of Q2 > 10 GeV*. 

The events are binned in XDA and Q’,A with bin sizes compatible with the 

respective resolutions. The relative resolution in Q’, is 25%, independent of 
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the MRS D’_ parametrization of parton distributions in the proton. For the 
double angle method used in this analysis, combined with the 6 cut of 35 GeV, 
the radiative corrections are 

200 510%. The largest correction for the FL contribution 
amounts to 12%. 

Q ’,,. The relative resolution in XDA varies smoothly with IDA, from 25% for 
XDA = 10v2 to 80% for XDA = 5. IO- 4., For the further analysis we retain only 
bins for which the correction factors range from 0.8 to 1.9. A total of 1299 events 
remains in the selected bins. The estimated background is subtracted bin by bin. 

In the second step, the structure function F2 is determined by comparing the 
measured cross sections to the ones obtained from the Monte Carlo sample, which 

structure function parametrizations, and different reconstruction and unfolding 
methods. The systematic errors from each category were added in quadrature. 
The bin-by-bin systematic errors range from’5% to 30% (the latter in the high 
y region) and are to be compared to typical statistical errors of 10%. In addi- 
tion, there is an overall normalization uncertainty of 7%, of which 5% is from the 
luminosity determination and 5% is from the trigger efficiency and acceptance 
determination. 

Figure 13. Comparison of data and Monte Carlo events samples: (a) the recon- 
structed vertex distributions, (b) the XDA distribution, and (c) the Q ”,, distri- 
bution. The number of Monte Carlo events is normalized to the number of data 
events. (d) Distribution of events in the (x, Q2)  plane; the solid line corresponds 
to y = 1, the dashed line to y = 0.1, and the dot-dashed line to y = 0.01. 

Figure 14 presents the results on F2. 23 At fixed Q2, F2 rises significantly at 
small x  values, increasing typically by more than a factor of two as x decreases 
from x = lop2 to the lowest measured valueiof 4.2. 10b4. The results are com- 
pared to a representative choice of existing qarton paramctrizations.22,24*25 The 
Q2 dependence of F2 at fixed values of x  is in agreement with scaling violation 
expected from perturbative &CD. 

I 

3.3 Final Hadronic States 

In the Quark Parton Model (QPM) the final hadronic state of a DIS ep scattering 
consists of a jet of particles originating from the struck quark, the so-called current 
jet, and of particles originating from the remnant of the proton. The transverse 
momentum of the srattered electron is balanced by the current jet, while the 
protou remnant carries relatively little transverse momentum. QCD introduces 
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Figure 14. (a) The structure function F2 as a function of z for QZ values (in GeV2) 
as denoted on the figure. (b) The structure function Fe as a function of Q2 for 
different values of zr as denoted on the figure. The inner error bar is the statistical 
error, and the outer bar shows the systematic error added in quadrature. The 
overall normalization uncertainty of 7% is not included. Also shown are several 
structure function expectations. (For Hl results see Ref. 26). 

substantial corrections to this simple picture. The phase space between the current 
jet and the proton remnant is filled by particles materializing from gluon radiation 
created by the color transfer between the struck quark and the remnant of the 
proton. 

y - ! 
(3 

10 
i x<10-’ 1.5 : - 

Figure 15. The energy weighted pseudorapidity A17 of the hadronic system with 
respect to the struck quark from the quark-parton model. The ZEUS data points 
are shown as the dots. The dashed histogram is the result obtained with the 
ARIADNE Monte Carlo; the full histogram is ARIADNE with the addition of 
the boson gluon fusion diagram, and the dotted histogram is the Lund string 
fragmentation with parton showers evolved with a scale Q*(l - 2). 

This effect is clearly observed at HERA, in particular at low 2, where the 
rapidity separation between the current jet and the proton remnant is large. This 
can be seen in Figure 15 where, for events with I < 10e3 and Q2 > 10 GeV’, 
the energy weighted pseudorapidity digtribution of the hadronic system is plotted 
relative to the pseudorapidity of the struck quark in the QPM. A clear two-peak 
structure is observed. At large A17 y observe the energy flow of the proton 
remnants, while close to A7 = 0 we observe the decay products of the current 
jet. The peak of the current jet energy flow is slightly shifted from 0, an effect 
expected in QCD due to the extra parton radiation in the perturbative phase of 
the fragmentation process. It is reproduced by those fragmentation models which 
include explicitly higher order QCD corrections (see Ref. 27 for details). 

Higher order QCD effects are directly observed at HERA in the form of multi- 
jet events.*” Already at the scanning level clear evidence for two- and three-jet 
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events is found. 
We have studied the rate of multi-jet events by applying the JADE clustering 

algorithm, which assign6 particles to the same jet if their invariant mass mj,jz < 
y,,,W. The parameter ycut controls the separation of jets. Monte Carlo studies 
show that such a definition of jets is little affected by hadronization effects. The 
observed decrease of the two-jet rate with Q2 is consistent with QCD expectations. 
A high statistics sample will eventually allow the determination of the running of 
the coupling constant as from a single experiment over a wide Q2 range. 

3.4 Large Rapidity Gap Events 

Among the selected DIS events we observe a class of events whose characteristics 
are different from the ones described above. They do not show any hadronic 
activity in the calorimeter in the forward region, the region of the proton remnant. 
In order to quantify this effect, we define the variable )~m~ as the pseudorapidity 
of the calorimeter cluster of at least 400 MeV and the smallest production angle 
relative to the initial proton direction. The distribution of 77max for all the selected 
DIS events with Q,‘z > 10 GeVz compared to the expectations from the DIS Monte 
Carlo simulation is presented in Figure 16(a). 

Figure 16. (a) v,,,~~ distribution for data and Monte Carlo. (b) Correlation be- 
tween W  and nmax in the data. 

A clear excess of events with small nmsx is observed in the data over the 
Monte Carlo expectations. Figure 16(b) h s ows that for these events W  and v,,,~ 
are correlated, which is not observed for the bulk of the events. This suggests 

different production mechanisms. 
After subtracting the background from standard DIS (four events) and from 

electron-beam gas interactions (5 10 events), we are left with a signal of 78 f 10 
large rapidity gap events with qmax < I.5.m 

Events with a large rapidity gap are expected if the interaction of the virtual 
photon with the proton occurs through the exchange of a colorless object like 
the Pomeron. The nature of the Pomeron has been studied in the language of 
perturbative QCD by many authors. 30-37 The notion of the partonic structure of 
the Pomeron was first proposed by Ingelman and Schlein3* and the observation 
of high pr jets in diffractive pij interactions by the UA8 ColIaboration3g gave a 
strong support to such a concept. 

Figure 17. Distribution of Mi for events with a large rapidity gap, r~,,,-~ < 1.5 and 
WDA > 150 GeV, uncorrected for acceptance a&d resolution effects. The dashed 
line shows a l/M: dependence, the dotted linq - l/M;, and the dashed-dotted 
line - l/M;. 

In DIS, events due to the exchange of a Pon!eron consist of a quasi-elastically 
scattered proton well separated in rapidity from the rest of the hadronic system. 
In this picture the rapidity gap increases with increasing W, which is seen in 
Figure 16(b). The ratio of the number of events with a large rapidity gap to the 
total number of events is within errors constant in the region W  > 150 GeV, 
where acceptance corrections have little dependence on W. Also in this picture 
the distribution of the diffractively excited system Mi is expected to fall off with 
Mz, as observed in Figure 17. The large rapidity gap events are thus compatible 
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with the diffractive dissociation of a highly virtual photon by the proton. Such 
interactions are an excellent tool to study the structure of the Pomeron.38*40s41 

Within the st/rtistical uncertainty of the 1992 data, the large rapidity gap 
events exhibit the same Q2 dependence as the standard DIS events. The important 
question of whether their production is limited only to the small z region cannot 
be answered at this stage. 

4 Lim its on Exotic Particle Production 

HERA is particularly well suited to searching for leptoquarks, which can be pro- 
duced singly in the s-channel. The production depends only on the coupling of the 
leptoquark to the incoming particles, the electron and a quark from the proton. 
We have searched in the 1992 data for leptoquarks in a sample of 1659 neutral 
current events and two charged current events. In the charged current events 
the leptoquark would decay to a quark and a neutrino. In the neutral current 
case, leptoquark production would appear as a resonance in the z distribution 
at x = M&,/fi. No evidence for a leptoquark is seen. We have set limits as a 
function of the coupling for various possible leptoquark states.42 An example for 
a scalar leptoquark Ss43 with (e-u) quantum numbers is shown in Figure 18 for 
(a) right-handed coupling and (b) left-handed coupling. 

At a reference (electroweak) coupling of g = fi- = 0.31, the mass limits 
are 176 and 183 GeV for left and right-handed coupling, respectively. These are 
already higher than limits from CDF, where the production mechanism is a gluon 
coupling to leptoquark pairs.44 

Leptogluons would also be produced in the s-channel by the coupling of the 
electron to a gluon in the proton. The coupling depends only on the gluon den- 
sity in the proton and (M‘c/A)‘, where A is a scale parameter. 45 We exclude 
leptogluons of mass 100 GeV at A = 1.3 TeV. 

The search for excited electron states (e*) is a natural way to investigate the 
possibility of substructure. Various limits on the substructure scale have been 
derived mainly from e+e- experiments. Results from LEP experiments restrict 
e* --t q couplings for e* masses up to the Z mass. 46 Complementary limits, due to 
virtual contributions and subject to model dependent assumptions, arise from data 
on e+e- --t y-y, ue scattering, and electron gyromagnetic ratio measurements.47 
At HERA, excited electrons with masses up to the present kinematic limit of 296 

d ’ 

0.8 

0.6 

Figure 18. The 95% confidence level upper limits on the coupling of the scalar 
Se leptoquark versus mass for (a) left-handed coupling from the NC decay mode 
with branching ratio = 1 and (b) right-handed coupling with branching ratio = 
0.5 to each of the NC and CC modes. 

Coupling - ((lcl=+ldl=)/A=)“= 
E  = Branching ratio 

-7 
%  - 
- 
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Figure 19. The 95% confidence level upper limits on the product of the coupling 
and the square root of the branching ratios for an e* decaying to ey, eZ, and VW 
final states. 
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GeV would be directly produced via the process ep + e’X. This high center- References 
of-mass energy allows a search not only for the decay mode e* + ey, but also 
for the decay modes e’ b VW and e* -+ eZ, which have not been investigated 
previously. We have searched for resonances in the ey, VW (W-t eii,qq) and eZ 
(Z-+ e+e-, ~0, qq) final states. No evidence was found for an e* state.4s Exclusion 
limits for the coupling as a function of mass have been determined and are shown 
in Figure 19. 

Acknowledgements 

I acknowledge my colleagues on ZEUS, the DESY technical staff, and the ZEUS 
engineers and technicians for their efforts in making ZEUS a success. I thank 
in particular Robert Klanner and John Martin for help in preparing this paper. 
It is a pleasure to commend the HERA machine group for their achievement 
in commissioning and operating this complex new collider. Just at the time of 
submission of this paper, HERA has reached the goal of delivering an integrated 
luminosity of 1 pb-’ in 1993. The support of the DESY directorate is greatly 
appreciated. 

PI 

PI 

[31 

PI 

151 

PI 
171 

PI 

PI 

PO1 

P11 
PI 

P31 

P41 

v51 

PI 

A. Andresen et al., Nucl. Instrum. Methods A309, 191 (1991); 
A. Bernstein et al., DESY 93-076 (1993), submitted to Nucl. Insturn. Meth- 
ods. 

T. Sjostrand, Z. Phys. C42, 301 (1989); 
H-U. Bengtsson and T. Sjostrand, Comput. Phys. Commun. 46, 43 (1987). 

B. R. Webber, Ann. Rev. Nucl. Part. 36, 253 (1986); 
G. Marchesini et al., Comput. Phys. Commun. 67, 465 (1992). 

N. N. Nikolaev and B. G. Zakharov, Z. Phys. C53,331(1992) and LANDAU- 
16-93, to be published in Z. Phys. C. 

Hl Collab., T. Ahmed et al., Phys. Lett. B299, 469 (1993). 

ZEUS Colla.b., M. Derrick et al., Phys. Lett. B293, 469 (1992). 

Review of Particle Properties, Phys. Rev. D45, (1992). 

H. Abramowicz, E. M. Levin, A. Levy, and U. Maor, Phys. Lett. B269, 465 
(1991). 

A. Donnachie and P. V. Landshoff, Nucl. Phys. B244, 322 (1984); 
P. V. Landshoff, Nucl. Phys. B (Proc. SuppI.) lSC, 211 (1990). 

G. A. Schuler, Proc. of the Workshop on Physics at HERA, DESY, 461 
(1992); A. Levy, ibid, 481. 

M. Drees and K. Grsssie, Z. Phys. C28, 451 (1985). 

G. A. Schuler, T. Sjostrand, Phys. Lett. B!300, 169 (1993); 
G. A. Schuler, T. Sjostrand, CERN-TH.6796/93. 

M. Drees and F. Halzen, Phys. Rev. Lett. 61, 275 (1988); 
M. Drees and R. M. Godbole, Phys. Rev. D!?9, 169 (1989) and BU-TH-92/5. 

For a review see H. Abramowicz, K. Charchula, M. Krawczyk, A. Levy, and 
U. Maor, Int. J. of Mod. Phys. A8, 1005 (1993); 
L. E. Gordon and J. K. Storrow, MC-TH-91-29. 

J. Huth et al., Proceedings of the 1990 DPF Summer study on HEP, Snow- 
mass, Colorado, ed. E. L. Berger, World Scientific, Singapore 1992. 

ZEUS Collaboration, M. Derrick et al., Phys. Lett. B297, 404 (1992). 

-547- 



[17] S. Bentvelsen, J. Engelen, and P. Kooijman, Proc. of the Workshop on Physics 
at HERA, DESY 23 (1992). 

[18] HERACLES 4.1: A. K wiatkowski, H. Spiesberger,‘and H.-J. Mohring, Proc. 
of Workshop on Physics at HERA, DESY, 1294 (1992); 
A. Kwiatkowski, H. Spiesberger, and H.-J. Mohring, Z. Phys. C50, 165 
(1991). 

[19] B. Andersson et al, Z. Phys. C43, 625 (1989). 

[20] ARIADNE 3.1: L. Lonnblad, Comput. Phys. Commun. 71, 15 (1992). 

[21] JETSET 6.3: T. Sjostrand, Comput. Phys. Commun. 39, 347 (1986) 

[22] A. D. Martin, R. G. Roberts, and W. J. Stirling, Phys. Lett. B306, 145 
(1993). 

[23] ZEUS Collab., M. Derrick et al., DESY 93-110, to be published in Phys. 
Lett. B. 

[24] CTEQ collaboration: J. Botts et al., Phys. Lett. 304B, 159 (1993). 

[25] M. Gliick, E. Reya, and A. Vogt, Phys. Lett. 306B, 391 (1993). 

[26] C. Kiesling, this conference; Hl Collab., I. Abt et al., DESY 93-117, to be 
published in Nucl. Phys. B. 

[27] ZEUS collaboration: M. Derrick et al., Z. Phys. C59, 231 (1993). 

[28] ZEUS Collaboration, M. Derrick et al., Phys. Lett. B306, 158 (1993) 

[29] ZEUS Collab., M. Derrick et al., Phys. Lett. 8315, 481 (1993). 

[30] L. V. Gribov, E. M. Levin, and M. G. Ryskin, Phys. Rep. 100, 1 (1983). 

[31] E. L. Berger, J. C. Collins, D. E. Soper, and G. Sterman, Nucl. Phys. B286, 
704 (1987). 

[32] A. Donnachie and P. V. Landshoff, Nucl. Phys. B311, 509 (1989) and Phys. 
Lett. B285, 172 (1992). 

[33] J. Bartels and G. Ingelman, Phys. Lett. B235, 175 (1990) 

[34] M. G. Ryskin, Sov. J. Nucl. Phys. 53, 668 (1991). 

1351 G. Ingelman and K. Prytz, Phys. Lett.B281, 325 (1992) and Z. Phys. 
C58, 285 (1993). 

[36] J. C. Collins, L. Frankfurt, M. Strikman, Phys. Lett. B307, 161 (1993). 

[37] E. Levin and M. Wiisthoff, DESY 92-166, FERMILAB-Pub-93/334. 

[38] G. Ingelman and P. E. Schlein, Phys. Lett. B152, 256 (1985). 

[39] UA8 Collab., R. Bonino et al., Phys. Lett. B211, 239 (1988); 
A. Brandt et al., Phys. Lett. B297, 417 (1988). 

[40] A. Donnachie and P. V. Landshoff, Phys. Lett. B191, 309 (1987). 

[41] K. H. Streng, Proc. of the Workshop on Physics at HERA, DESY, 365 (1987), 
ed. R. D. Peccei and CERN-TH. 4949 (1988). 

[42] ZEUS Collaboration, M. Derrick et al., Phys. Lett. B306, 173 (1993) 

[43] W. Buchmiiller et al., Phys. Lett. B191, 442 (1987); 
B. Schrempp, Proc. of the Workshop on Physics at HERA, DESY, 1034 
(1992). 

[44] CDF Collab., S. Moulding, Fermilab CONF-92-341-E (1992). 

(451 J. Bijnens, Proc. of the Workshop on Physics at HERA, DESY, 819 (1987); 
K. H. Streng, Z Phys. C33, 247 (1986). 

[46] OPAL Collab., M. Z. Akrawy et al.,, Phys. Lett. B257, 531 (1991); 
DELPHI Collab., P. Abreu et al., Z Phys. C53, 41 (1992); 
L3 Collab., 0. Adriani et al., Phys. Lett. B288, 404 (1992); 
ALEPH Collab., D. Decamp et al., Phys. Rep. 216, 253 (1992). 

[47] For a complete list of references, see Ref. 48. 

148) ZEUS Collaboration, M. Derrick et al., to be published in Phys. Lett. 

-54s 


	slac-r-444-Frontmatter
	ssi93-001
	ssi93-003
	ssi93-004
	ssi93-005
	ssi93-006
	ssi93-007
	ssi93-008
	ssi93-009
	ssi93-010
	ssi93-011
	ssi93-012
	ssi93-013
	ssi93-014
	ssi93-015
	ssi93-016
	ssi93-017
	ssi93-018
	ssi93-019
	ssi93-020
	ssi93-021
	ssi93-022
	ssi93-023
	ssi93-024
	ssi93-026
	ssi93-027

