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PREFACE 

The thirteenth SLAC Summer Institute on Particle Physics was held from 
July 29 to August 9, 1985. Three hundred nine physicists from 15 countries gath- 
ered to study the subject of Y3upersymmetry.” The format of past Institutes was 
followed of having the first seven days as a “Summer School” and the last three 
as a “Topical Conference.” The school portion examined the theoretical basis for 
supersymmetry, recent developments in theories with compact dimensions, and 
experimental searches for supersymmetric signatures. Another series of lectures 
explored technologies for obtaining very high energy e+e- colliding beams. 

The topical conference was highlighted by reviews of searches for supersym- 
metric and other new particles, including the first results from the ASP experi- 
ment at PEP, and by the confirmation of the E(2200) state from the Mark III. 

For the first time at this Institute a group of “provocateurs” enlivened the 
School’s afternoon discussions by presenting supplementary material and by pos- 
ing probing questions to the lecturers. We are indebted to the following people 
for serving as provocateurs: J. Bagger, K. Bane, P. Bambade, R. Campisi, M. 
Carter, P. Chen, S. Dawson, H. Haber, T. Hansl-Kozanecki, B. Herrmannsfeldt, 
T. Himel, R. Hollebeek, M. Karliner, K. Moffeit, H. Quinn, D. Ritson, L. Rosen- 
berg, A. Rothenberg, J. Seeman, J, Sheppard, and M. Sher. 

Finally, we thank Patricia McDonough, the Coordinator of the Institute, 
Eileen Brennan, the Editor of these Proceedings, and their staffs for their hard 
work in the planning and running of the meeting and the production of the 
Proceedings. Their efforts, coupled with the excellent lectures and stimulating 
discussions, made for an interesting and most enjoyable meeting. 

Gary Feldman 
Frederick J. Gilman 
David W. G. S. Leith 
Program Directors 
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INTRODUCTION TO SUPERSYMMETRY 

Joseph Polchinski 
Theory Group, Physics Department 

University of Texas 
Austin, TX 70712 

Presented at the 1985 SLAC Summer Institute 

Supported in part by the Alfred P. Sloan Foundation, Robert A. 
Welch Foundation and NSF 8304629. 

1. Introduction 

The Standard Model, SU(3) x SU(2) x U(l), describes very 

accurately the physics at presently accessible energies. Indeed, 

it works too well. Effects which would tell us about what lies 

beyond the Standard Model, such as proton decay, rare kaon decays, 

or neutrino masses, have not yet been observed. On the other 

hand, the Standard Model can hardly be a complete theory. It has 

too -v free parameters, too many unrelated fundamental 

particles, and, ultimately. the relation of gravity to the other 

forces is unexplained. 

At what energy, then, do we expect new physics to appear? 

Certainly by 1019 GaV, since at this energy gravity becomes a 

strong force. It is a possibiltty that the first physics beyond 

the Standard Model will not occur until this energy or slightly 

below; that would be very boring for all of us. Fortunately there 

is at least one argument for new physics below lo3 Gev, at 

OJ. Polchinskf 1985 
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energies now being explored or soon to be explored. The same 

argument indicates that this new physics is quite likely to be 

supersymmetry.I1, 2* 3* 41 

The outline of my talks is as follows. First, supersymmetry 

is briefly described and the motivation for it is discussed. 

Successive sections discuss the supersymmetry algebra and 

multiplets, supersymmetric field theories, and supersymmetry 

breaking. I then discuss the picture that emerges when 

supersymmetry is added to the Standard Model. Finally, I talk 

about grand unification. supergravity, and what lies beyond. 

2. What is Supersymmetry and Why? 

We are very familiar with conserved quantities that transform 

as four-vectors: currents ju, such that a,jp - 0. Examples are 

the electromagnetic current and (approximately) the isospin 

current in the strong interactions. We are also familiar with a 

conserved quantity with two four-vector indices, the stress-energy 

tensor Tvv: au,TU” - 0. What defines a supersymmetric theory is 

that it has a conserved quantity j",,, with one four-vector index II 

and one spinor index a: 

apjul, = 0. (1) 

Theories with such a conserved supercurrent are special, but 

highly constrained, cases of ordinary field theories. In 

particular, bosons are paired with fermions in multiplets. 

7 The conserved charge associated with a conserved current is 

the spatial Integral of the time component: 

Q(t) = jd3;: Jo&t) , 

@(t) - jd3*x TVo(t t) 3 , and (2) 
Q,(t) = jd3% jO,(x',t). 

Conservation of jU, T"', or jV, implies respectively that 4 = 0, 

+ - 0, or 6, - 0. Equivalently one has for the Hamiltonian P" 

tP’.Ql - 0, [P'.P"] = 0, or [P',Q,] - 0. (3) 

We are used to thinking of conserved charges in two ways. The 

first is as a conserved quantity: if we have q units of electric 

charge at one time, we have q units for all time. The second is 

as a symmetry operator, which, acting on a state gives a new state 

of the same energy (by Eq. (3)). For the supercharge the first 

picture is not so useful, so one should think of it in the second 

way. The charges Q, Pp, and Q, transform respectively as a 

scalar, a four-vector. and a spinor under Lorentz transformations. 

In particular the supercharge Q, is spin l/2 under rotations, and 

changes the total angular momentum J by one half unit: 

Qolstate with odd number of fermions> 

= Jstate of same energy with even number of fermions> (4) 

and vice versa. Thus, supersymmetry relates the masses and 

interactions of fermions to those of bisons. 

-2- 
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Why might we expect such a symmetry to be present at energies 

below lo3 GeV? The reason is not that there is any evidence now 

for a fermi-bose symmetry in nature; just the opposite is true. A 

slightly better answer is that nature seems to like symmetry. 

Certainly a symmetry that can relate fermions to bosons. possibly 

relate gravity to the other interactions, and which lessens the 

divergences of quantum field theory deserves some attention. But 

this alone does not explain why we should expect to observe 

supersymmetry at energies that will be reached soon, rather than, 

say, at 10 l9 GeV. The reason for that is something else: the 

“naturalness” or hierarchy problem that arises when we try to 

extend the Standard Model above lo3 GeV. 

The naturalness problem is a rather indirect argument. It 

begins with the following general principle: a spinless particle 

of size L, if it carries a gauge charge, cannot weigh less than 

M2 > O(a/L2). (5) 

The reason is that the contribution of the gauge interaction to 

the self-energy of the particle, shown in Fig. 1, is of this 

order and diverges as L + 0. Turning this inequality around, a 

spinless particle of mass H cannot be smaller than 

L = 0(6/M). (6) 
Note that this principle does not apply to particles of 

spin 2 l/2, for which symmetry principles always guarantee a large 

amount of cancellation in the self-energy. In the Standard Model, 

the Htggs which breaks SU(2) x  U(1) has a mass of order lo2 GeV. 

The above principle requires the Higgs to have internal structure 

Fig. 1: Self-energy of a scalar of size L. 
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at E < lo3 GeV. But in the Standard Model the Riggs is a 

fundamental. pointlike. field. Thus, we have a contradiction if 

we try to apply this model above lo3 GeV. This is the hierarchy 

problem. 

How is this to be resolved? One idea is to find an extension 

of the Standard Model in which the Higgs is composite. 

Techni.color[51 accomplished this. Unfortunately, while the 

original Idea of Technicolor was very nice, realistic models seem 

to have too many problems. 

A second idea is to find an exception to the general 

principle about scalar self-energies. Supersymmetry is such an 

exception!'] Roughly speaking, supersymmetry relates spin 0 

masses to spin l/2 masses, so that the cancellation of the fermion 

self-energies due to chlral symmetry occurs for the bosons as 

well. (To be precise, there are cancellations which occur In 

supersymmetric theories which cannot be explained so simply. The 

general statement is given below Eq. (30)). In a supersymmetric 

theory, the Higgs self-energy graph of Fig. 2a is cancelled by a 

graph involving the fermionic partners of the Higgs and gauge 

bosons. Fig. Zb, plus an additional graph required by 

supersymmetry, Fig. 2~. Of course, in a realistic theory, 

supersymmetry must be a broken symmetry, since fermi-bose 

degeneracy is not observed in nature. In this case, the 

cancellation in Fig. 2 is no longer exact. In order that the 

graphs of Fig. 2 cancel to sufficient accuracy, the superpartners 

in Fig. 2b cannot weigh more than about lo3 GeV. Thus, the 

h‘ \ \ 

4 

b> 

4 

h‘\ 

ii\. 

h‘\ \ / \ 
’ : 

-\\h 

‘4 : 
\ ,’ 0-O 

\ 
\ 

Fig. 2: Graphs which cancel in a supersymmetric theory. 
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hierarchy problem not only suggests that supersymmetry exists. but 

puts an upper limit on the masses of the superpartners. 

In Fig. 1, the dangerous radiative corrections arise from all 

energies from lo3 GeV on up. Technicolor and supersymmetry 

eliminate or cancel the corrections by introducing new physics at 

103 Gev. Is it possible to cancel the lo3 GeV radiative 

corrections against new physics at a much higher scale, or is new 

physics at lo3 GeV essential? In spite of many attempts to find 

examples, there is no known mechanism to produce cancellations 

between widely different scales. So it seems that new physics is 

needed. and at energies soon to be reached. Admittedly this is an 

indirect argument, but at least the conclusion is optimistic. 

Further. supersymmetry is a strong candidate for what the new 

physics could be. 

3. The Supersymmetry Algebra and Multiplets 

In the smallest supersymmetry algebra, N-1 supersymmetry, Q, 

is a Majorana spinor, with four real components. Equivalently, it 

can be written as a Weyl spinor, with two complex components. In 

these lectures I will use the latter, Weyl description. In this 

case Q, is a left-handed splnor: 

Qa = - y5a~Q,3. (71 

The anticommutator of two supersymmetry transformations is the 

energy-momentum four-vector: 

{Q,,$l = 
Y 

(l - Y54xYYYSPlt. (8) 

)The conventions throughout are those of Bjorken 6 Drell.[") The 

rest of the algebra is 

{Q,*Qgl = rq&1 = 0, 

tQ,,@‘l = 0. and (9) 

IQ,.~""l = ; Ir".~"1,~9~ 

The last two relations simply express conservation of the 

suprcharge and the fact that under Lorents transformations it IS a 

spinor. Equation(S)impl that the Hamiltonian P" is 

p0 = 1 
If a=l Q,< + Q:Qa . (10) 

Thus, the supercharge is in a sense the square foot of the 

Wamiltonian. This is analogous to the Mrac equation, which is 

the square root of the Klein-Gordon equation: 88 = 2 a . 

The most general supersymmetry algebra, "extended 

supersymmetry". is essentially N copies of the N-l algebra 

{QK ?L, = s (1 - Y5)Y"P,@ (11) 

where K and L run from 1 to N. The first of Eq. (9) is slightly 

modified: 

{QK QL) = , ; (1 - y5)CZKL. (12) 

Here, C Is the charge conjugation matrix I71 and ZKL is some 

internal conserved charge, called a "central charge" , 

where 2 FL = - 2 LK , so that for N-l it vanishes. For reasons to be 

mentioned further on, only N-l is likely to be relevant near lo3 

CeV. 
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We now discuss the particle multiplets of N-l supersymmetry. 

We consider first massless multiplets. Start with a massless 

particle of heliclty A moving along the z-axis. That is, P" = P3 

and J 3 = A. Fig. 3a. By acting on this state repeatedly with Ql. 

Q2* QT:. and Q$ to form new states, we generate a complete 

supersymmetry multlplet. From Eq. 03). tQ2,~z) = 2(P" - P3) = 0, 

which implies that 42 and Q$ simply annihilate the state. The 

charge QT raises J3 by a half unit, giving a state of hellcity 

x  + l/2. Acting again with QT gives zero, because from Eq. (9). 

Q;Q: = 0. Acting on .I + l/2 with Q1 lowers the helicity to X 

again, and acting on a with Q1 gives zero because QIQ1 = 0. Thus, 

the complete massless multiplet is just the two states of 

helicities X and X + l/2, shown in Fig. 3b. We should also 

include the antiparticles of these, with heliclty -X and -A - l/2 

respectively. The general massless N-l nultiplet is then these 

four states, pictured in Fig. 3~. The hellcity X labels the 

different possible multiplets. 

Let us look at some examples. If we start with a scalar. 

X = 0, the multiplet then contains a left-handed fermion (hellcity 

l/2) and scalar and right-handed antiparticles. This adds up to a 

complex scalar and a Weyl fermion, like the neurrino. This is 

called a "chiral multiplet". The x- 1/2 multiplet contains 

33 = l/2 and 1, and antiparticles J3 = - l/2 and -1. This is like 

a neutrino and a photon, and is called a vector multiplet. 

Similarly, X = 1 gives J3 = 1, 312 and -1, -312, and X = 312 gives 

4 

b) 

x -e+ -5 
0 

a a,+ 
0 

Fig. 3: a) blassless particle of rorrentum 5 and helicity 1 . 

b) irreducible multiplet of supersymmetry algebra. 
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-X 
-b 5 

Fig. 3: c) Particle and antiparticle states of irreducible 
multiplet. 

-7- 

J3 = 312 , 2 and -312, -2, the graviton multlplet. These results 

are summarized in Table 1 below. 

Table 1: Massless N-l Multiplets 

x multiplet 

0 complex scalar + Weyl fermion chirsl 

112 weyl fermion (gaugino) + gauge boson vector 

1 gauge boson + gravitlno 

312 gravitino + graviton supergravity 

Realistic theories contain various numbers of chiral and vector 

muLti.plets, plus a supergravity multiplet when gravity is 

included. All the parttcles in a multlplet carry the same gauge 

quantum numbers. In particular the gauginos are. like the gauge 

bosons, in the adjoint representation of the gauge group. and the 

scalar quarks and leptons have the same gauge couplings as the 

fermionic partners. 

For extended supersymmetry the multiplets are larger. There 

are N copies of QT to raise the hellcity, so the multiplets 

stretch from X to X + N/2. For example, the X = -2 laultiplet of 

N-g stretches all the way from helicity -2 to heliclty 2 and 

contains a graviton. gravitinos. gauge bosons, and matter fields. 

This seems to be the largest possible supersymmetry multlplet, 

since there are no known consistent field theories with spin 

greater than 2. It was considered for a while as a possible 

unlfled theory of gravity, gauge interactions, and matter, but 

unfortunately it does not have the right gauge and matter content. 



At energies near lo3 GeV, only N-l supersymmetry is likely to be 

relevant!61 The point is the V-A form of the weak interactions: 

the left- and right-handed f ermions have different ww 

couplings, and this is not possible for N 2 2. The N-2 multiplets 

contain either J3 = - l/2, 0, 0, and l/2 (plus antiparticles) or 

J3 = 0, l/2, l/Z, and 1 (plus antiparticles). In the former case 

we have J 3 = - l/2 and J3 = + l/2 with the same gauge coupling. 

The latter multiplet contains a vector boson and so must be in the 

adjoint representation, which is real. Of course, it is possible 

that V+A fermlons really do exist with masses near 100 GeV, but it 

is difficult to realize such a spectrum in an N-2 theory. 

To make a massive Dlrac particle like tie electron we need 

two chlral. multiplets. The electron has a total of four states, 

namely the J3 = + l/2 electron, its antiparticle the J3 = - l/2 

positron, the J3 = - l/2 electron, and its antiparticle the 

53 = + l/2 positron. This is twice as many fermionic states as is 

pictured in Fig. 3~. We need one chlral nultiplet with the 

33 = + l/2 electron, its scalar partner, and their antiparticles, 

and another chiral multiplet wlth the J3 = + l/2 positron. its - 

scalar partner, and their antiparticles. 

To make a massive vector particle via the Higgs effect, we 

need a vector boson, which lives In a vector multiplet, and a spin 

zero liiggs. which lives in a chiral oultiplet. Together, these 

two multiplets contain (lumping antiparticles with particles) 

J3 = -I,-~,-f,o,o,:,~,and~. (13) 

In a supersymmetric theory, when the Higgs effect takes place this 

whole set ofstatesacquires a co-n mass M. The underlined states 

form a massive vector. the other spin zero state becomes a massive 

SCSlSK, and the Weyl fermions from the vector multlplet (the 

gauglno) and from the Higgs multiplet (higgsino) mix to form a 

single massive Dirac fermion. Of course, when supersymmetry 

breaking is taken into account, the degeneracy of these states is 

broken. 

4. Supersymmetric Lagrangians 

Now let us try to write down some supersymmetric field 

theories. The simplest supersymmetric multiplet that we found was 

the massless chlral mltlplet, with a complex scalar $J(x) and a 

Weyl fermion $L(x), where subscript L denotes left-handed: 

Y5*L = - *L . (14) 

The free Lagrangian for such fields would be 

L = a,9*aV + i*LeL (15) 

leading to the equations of motion 

a2$ = 0 iall, = 0 . (16) 
This system does indeed have a conserved supercurrent: 

JVa = fi (Y”Y% 1 a e* Law * (17) 

-8- 



We have 

a"jpa = fi (r”aeL)oa”9* 

+ /2 (Y”Y~+ ) a a t.* LOU" * (18) 

The first term vanishes by the Dirac equation. The second 

vanishes when we use the fact that a,a" - 3 3 to replace y"yy 
"u 

with 1/2(y"y" + y"y") - g"" s and then use the Klein-Gordon 

equation. An equivalent way to describe the supersymmetry, which 

is sometimes more convenient, is as an invariance of L under the 

transformation 

69 = n FB$L . and 

WL = - ifi (++)a,+ . (19) 

Here, cR is an infinitesimal apinor parameter. which we take to be 

right-handed: y5tR = cR The bookkeeping of signs works out most 

simply if we take sR to be an "anticommuting c-number”. That is, 

tg$ = - $tg for any fensionic quantity $. Under (19). 

6L = a (a,&k,aY+ + (z &-f*y”cRaya”+ 

+ h.c. + T.D. (20) 

Here, h.c. = "hermitian conjugate" and T.D. = "total derivative". 

A total derivative in the Lagrengian can always be neglected. 

Symmetriztng 7"~" aa discussed below Eq. (18). the right-hand side 

of Eq.(20)becomes 

apuT ccRa%) + h.e. + T.D., (21) 
which is a total derivative and so essentially zero. Note that in 

these manipulations we assume 

aycR = 0. (22) 
That Is, we are talking about supersymmetry aa a global symmetry. 

“1 ,Gauged supersymmetry. which is supergravity, will be discussed in 

the third lecture. 

The supersymmetry in this free system is rather trtvial. The 

supercharges Q,. Qz replaces a fermion of momentum t with a scalar 

of the same momentum or vice veraa. Since both particles have 

energy Inl, this procedure commutes wih the Hamiltonian. what is 

not so trivial is that it is possible to add mass terms and 

interactions to the free Lagrangian (15) aad still have a 

supersymmetric system. In order to do this in a systematic way, 

we have to add a new scalar field F, which is called an auxiliary 

field. The fLelds +, $,, and F together form a superfield S: 

S(x) = (4(x), 9Lb), F(x)). (23) 
It is useful to go still further, adding fermionic variables B,, 

8, and writing S as a power series: 

S(x, 9, 8) = O(x) + fi Oh(x) + WF(x) 

+ derivative terms . (24) 

The variables 8, B can be thought of as coordinates, analogous to 

the spacetime coordinates. The supersymmetry transformations are 

then like translations in the 0 and B directions. I am not going 

to use this superspace formalism. but am introducing it 80 I can 

show you what the fornulas look like. Jon Bagger will give a 

short talk on the details of the superapace formalism. 

In terms of the auperffeld S(x, 8.B). a lagrangian can be 

written a8 

-9- 
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L = jd2gd28 S+S 

+ (jd20 ' ps2 + ;gS3 + h.c.) . (25) 

The first term in (25) contains the kinetic energies for the 

fields in S. The second contains mass and interaction terms. The 

polynomial mS2/2 + gS3/3 is termed the superpotential. In terms 

of the component fields 0, t, and F, the Lagrangian (25) becomes 

+ (- ;myLTc*L + m$F - g+kTCh + g92F) + h.c. (26) 

where C is again the charge conjugation matrix. and T = transpose. 

What does the field F do? In (26) it appears in a very simple way. 

quadratically and linearly, without derivatives. Aa a result. the 

functional integral over F, 

j [dF]e-'d4X L (27) 
is Gaussian and can be performed exactly. The effect is to solve 

for F from the equation of motion aL/aF* = 0: 

F = * * 
-m+ - g*c4*j2 (28) 

and replacing F with this solution in (26). The result is the 

following Lagrangian for 4 and ti,: 

- ( ; mJILTCh + g+kTCk + h.c.) (29) 

- 1m210*+ - mg*(+*)20 - m*go*02 - lg12(9*)2+2 

At this point one can simply forget about superspace and auxiliary 

fields and work directly with Eq. (29). In particular, one can 

verify directly from Eq. (29) that the supercurrent 

j" 0 = fi (-fVP9L)aav9 

+ n (y"C~T),(m*#.* + g*($*)2) (30) 

is conserved. The advantage of the auxiliary fields is that it 

makes it possible to derive the supersymmetry in a more systematic 

way. One can do perturbation theory with any of the Lagrangians 

(25). (261, or (29). In the case of (26). the propagator 

<F(x)F*(y)> is simply 64(x - y) in position space, of 1 in 

mmentum space, so that it does not correspond to propagation of 

any particle. Then a graph such as Fig. 4, for example, generates 

an effective local +2($*)2 interaction, which is just the last 

term of (29). 

The Lagrangian (29) describes a fermion with Majorana mass 

(ml, and a scalar with mass ImI. There are also specific Yukawa 

and scalar interactions. It is not obvious by inspection that the 

Lagrangian (29) is supersymmetric, but a short calculation shows 

that the supercurrent (30) is conserved for this combination of 

interactions. One consequence Is that the equality of fermion and 

boson masses. true at tree level, holds to all orders of 

perturbation theory. A second is the absence of quadratic 
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t : divergences. Individual graphs contributing to the scalar mass 

squared are quadratically divergent, but this cancels in the sum. 

A more precise statement is that the parameters ID and g are 

completely unrenormalized. There Is only a logarithmic 

wavefunction renormalization 2. This result is general: invariants 

made from jd28d28, like the first term in (25). get radiative 

corrections; invariants made from Id20 like the second term in 

(25) do not. 

For a vector multiplet, a vector field A,, and a Weyl  fermion 

XL, the free Lsgrangian would be 

- : F”UF U” + iXLIXL (31) 

, 
where F,,,, is the gauge field strength. Using same y-matrix 

identitiest81 , one can show that the supercurrent 

j:: = (Y"Y~Y"C~~~),,F,,~ (32) 

is conserved. This system is free, but a less trivial example is 

the non-Abelian version of (31). 

L = - ; F;"F =llv + ifL& (33) 

* 
Now F,,,, is the (nonlinear) non-Abelian field strength, AF is in 

the adjoint representation, and B is the gauge-covariant Mrac 

operator. The conserved supercurrent is the generalization of 

(321, Fig. 4: Exchange of auxiliary field F  is equivalent to 
the four scalar interaction. 
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(34) 

The system (33) has Interesting dynamics. The non-Abelian gauge 

coupling becomes strong at some energy. leading to confinement and 

a spectrum of colorless bound states. Aa a consequence of 

supersymmetry. bosonic gluon-gluon and gluino-gluino bound states 

appear in degenerate multiplets with fennionic gluino-gluon bound 

states. Of course, In the case of real QCD, supersymmetry 

breaking spoils this pattern. 

Now that we've looked at the example of a self interacting 

chlral sultiplet, Eq. (29x and a self-interacting g=w 

multlplet, Eq. (33X we're ready to write down a general 

Lagrangian for matter multiplets interacting with gauge fields, 

which is what we'll need to add supersymmetry to the standard 

model. A supersymmetrlc theory can have an arbitrary gauge group, 

with a gauge superfield Va for each generator. It can also have 

matter superfields Si in arbitrary representations (except for the 

usual requirement of the absence of gauge anomalies). In 

components we have 

Va = (A,,", XL*. Da). and 

% = (ei, $Lir'Fi). 

As in the case of the matter superfteld, it is convenient to add 

an auxiliary field Da to the gauge supermultiplet. All the fields 

in a given superfield must have the same gauge quantum numbers, as 

discussed below Table 1. 

Lj We can take a 
1 

all the fermion fields XL and ki to be 

left-handed: 

TS$Li = - #Li y5x; = - af . (36) 
This is an important point and I will give some further details. 

A Dirac fermion such as an electron can be decomposed into two 

Weyl fermions, one left-handed and one right-handed: 

e = ;(l - y=Je + i (1 + -f5)= 

I eL + =R . (37) 

The positron field ec is the charge-conjugate of the electron 

ec = C2 e = CFT (38) 
Now, the right-handed electron is the antiparticle of the 

left-handed positron 
-T 

eR = C(eCL) (39) 

so we can write the electron field purely in terms of the 

left-handed parts of the electron and positron fields: 

e = eL+C(eCL)T. (40) 

Thus everythlng can be written In terms of eL and eCL. In effect 

we're treating all left-handed fermlons as "particles" and all 

right-handed fermions as "antiparticles". This formulation Is 

more natural for supersymmetry, grand unification and so on. In a 

sense, the left-handed electron has much more in common with the 

left-handed positron than it does with the right-handed electron, 

once one goes beyond low energy physics. 
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Let us give a short dictionary of some quantities as written 

in terms of left-handed fields: 

FyUe I - IJ =Ly -c jl c =L - =LY = L 

i&e = i&,IeL + ieCL$eCL 

Fe = (eCLjTCeL + h.c. (41) 
(Better yet would be a notation in which the C, T, and L were 

implictt: we would then have essentially the two component 

notation of Wess and Bagger. [41 but here we will remain with 

Bjorken and Drell notation.) In the firsr of Eq.(4L), it is 

natural that the positron contribute to the electron current with 

a minus sign. The second of Eq.(41) says that the free electron 

Lagrangian breaks up into free Lagrangians for the two Weyl 

fields. The third of Eq.(41) shows that the Dirac electron mass 

is off diagonal between eL and eCL and mixes those two fields. A 

Majorana mass tens, which is forbidden for charged fields like the 

electron tut allowed for neutrinos, would be diagonal in this 

notation. 

After these preliminaries, we can write down the moat general 

renonnalizable supersymmetric theory. We will write it first in 

superfield form then in component form, and finally in Feynman 

diagram form. 

'We write the Lagrangian: + 

L = jd2ed28 1 Bi+egvSi 
I 

+ h.c. 

+ fd2eg(S) + h.c. (42) 

The quantity g(S) Is the superpotential; in a renormalitable 

theory it is some cubic polynomial in the superfields: 

g(S) - lisi +; mijSiSj +; gijkSiSjSk * (43) 

The first term in (42) contains the gauge invariant kinetic 

energies for the matter fields, the second contains the gauge 

invariant gauge field and gaugino kinetic energies (Wa, is the 

field strength superfield associated with V*) and the third term 

contains matter field masses and Yukawa coupllngs. To summarize, 

the general theory is specified by the choice of a gauge group, of 

gauge representations for the matter superfields, and of the 

superpotential (which must, of course, be gauge invariant). 

In components. the Lagrangian (42) becomes 
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‘Y 
I -La”X = v(w*) = 

+ I n  g=gi*t=~iCaL* + h.c. 

- 1  = =u” + iILIXL t Fu”F (44) 

- ; mij$iLTC$jL + h.c. 

- g,jk+#LjTCt’,J‘ + h.c. + L,,, . 

All terms involving the auxiliary fields have been collected in 

L aux : 

L a"X = FiFi* + ; D=D= + g=@i*t=$iD= 

+ ('iFi + mij4iFj + gijk$i@jFkLJ + h-c* (45) 

Our notation, while conventional. is slightly unfortunate: there 

are two capital D's, the auxiliary field Da and the gauge 

covariant derivative. D,, = a, - Ig'tsA,,'; there are also two 

capital F's, the auxiliary field Fi and the gauge field strength 

F  U"' In (44) and (45) there are implicit sums on I, j, k, and a. 

and ts is the representation matrix for the appropriate 

representation of the gauge group. The main new terms are the 

matter scalar-matter fermion-gauge fermion Yukawa coupling which 

appears third in (44), and the matter scalar-matter scalar - Da 

coupling which is third in (45). As before, the F  and D fields 

can be eliminated with their equations of motion, and then Laux 

becomes the potential for the scalar fields: 

1 IFiO*)i2 + ; i Da($,+*)2 
i 

where 

Ft($*) . _  ( a8(+) )* 
T  

(46) 

D=(4.4*) = g= 1 4t*t=4i . (47) 

The two terms in (46)1 are called the F  term and the D term. 

respectively. This potential is important for Its role in 

supersymmetry and g=w symmetry breaking. and for its 

contrtbution to the scalar masses. 

In Figures 5-7 we show the vertices of the theory. Figure 5 

shows the component field vertices contained in the superpotential 

term S,SjSk. For example, If Si is the Higgs superfield (h, h, 

Fh), Sj is the quark doublet superfield (q, q,Fq). and s is the 

anti-up superfield (;', uc ,FuC), then the first vertex in Fig. 5b 

is the hguC vertex which gives the up quark its mass. The second 

- -c and third vertices are then hgu -- c  and hgu , Higgsino-*quark-quark, 

while the last three terms contribute to the potential for the 

Higgs and quark scalars. All these vertices appear wlth a common 

coupling constant (up to factors such as fi): here it is g,. 

Figure 6 shows the vertices associated with the gauge 

interactlon. For example, if Si = (i, q, Fq) and Va is the gluon 

superfield (g, g. Dg), thenthe firstvertexin Fig. 6b is theusual 

quark-gluon coupling. The second and third vertices are the gauge 

interactions of the squark, which must be color triplet like its 
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a) 

b) 

si 

F 
si 

Sk 

\ +i ?r j-f-- 
F. 

J 3 
l * & 

. 
. 

= 

l a Fi . . ;--+-+ 
k 

Fig. 5: Interactions related by supersymmetry to the matter 
Yukawa coup1 ing , in superfield (a) and component (b) form. 
Arrows point into left-handed fields. 

Fig. C: Interactions related by supersymmetry to the 
matter field gauge coupling. 
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partner. The fourth and fifth vertices are quark-aquark-gluino. 

and the last contributes to the scalar potential. All appear with 

coupling strength g3. Figure 7 shows the non-Abelian gauge 

interaction. including the gauge boson-gaugino interaction. 

We have now written down the most general renormalizable 

supersymmetric theory. We need one more ingredient before we can 

go on to consider realistic theories. 

5. Supersymmetry Breaking 

Supersymmetry is not an observed symmetry of nature: it must 

therefore be broken. This breaking could be explicit or 

spontaneous. Explicit breaking means that it is only an 

approximate symmetry: 

IQ,. HI = not exactly zero. (48) 

The right-hand side of (48) must be small enough not to spoll the 

good features of supersymmetry, but large enough to account for 

the absence of superpartners. While this is possible, it seems 

quite ad hoc. Worse, it is ultimately inconsistent: when we take 

gravity into account, we must gauge the supersymmetry as well, and 

this is not possible if the symmetry is explicitly broken. Better 

is spontaneous breaking: 

IQ,, HI = 0 

but 

Q,lO> t 0. (49) 

That is, the Hamlltonian is supersymmetric but the vacuum is not. 

4 

b) 

x AP 

Y x 

Fig. 7: Interactions related by supersymmetry to the gauge 
self-coupling. 
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The idea of a spontaneously broken symmetry (49) is of course 

very familtar, but for a supersymmetry there are some special 

features. Recall Equation (ia), 

H = ; L Q,&+ + Qu+Qa - 
Taking the vacuum expectation value of this, we have 

<O(tlJO> = ; i IQ,+lO> I* + IQ,(O> l* . (50) 

Equation(50)impliesthat the energy density of the vacuum is always 

greater than or equal to zero. Further, the vacuum energy 

vanishes if and only if Q,(O) = Q,,+lO> = 0 for all a; that is, if 

the supersymmetry is unbroken. Looking back at our general theory 

Eqs.44-46, to lowest order in h , tree level, the vacuum energy is 

just the scalar potential. 

w+,$*) = 1 (Fi(+*)12 + ;j D*(+,+*)* (51) 
i 

This is indeed greater than or equal to zero. The supersymmetry 

will be unbroken provided that at the minimum of the potential we 

have, for all a and i. 

F,($*) = @(+,$*I = 0 (52) 

Incidentally, one of the remarkable properties of supersymmetry is 

that if It is unbroken at tree level, it Is unbroken to any order 

in perturbation theory in h (though, as we will discuss later, it 

can be broken by non-perturbative effects). If there Is uo value 

of + for which all of (52) EB” be satisfied, then the 

supersymmetry is broken at tree level. A simple example of a 

system with spontaneously broken supersymmetry is a single 

superfield S vith the following Lagrangian 

L = jd4.9 S+S + fld*S S + f*1d28 S+ (53) 

I; 
with fa constant. The superpotential is fS. and so Fs($,,*) is 

F,(o,*) = - ( $- OS)* = - f* 
8 

For the constant f aonzero. the condition (52) for unbroken SUSY, 

“* = 0, is not satisfied and supersymmetry is broken. Ia 

components the Lagrengian (53) is 

L = av+sfau+s + i&aks - IfI* (55) 

which is just a free massless scalar and Weyl fermion, plus a 

constant energy density. By itself this system is trivial, but 

when coupled In to other fields, it then induces splitting of the 

boselfermion mass degeneracy. The system (53)-(55) is the 

prototype of spontaneously broken supersymmetry. just as the 

inverted sombrero is the prototype for spontaneously broken 

internal symmetry. 

We know that when an ordinary symmetry is spontaneously 

broken, Goldstone’s theorem requires that there be .a passless 

&alar boson. A corresponding result holds in this ease. 

Consider the state obtained by acting on the vacuum with Q,: 

Q,IO> = I*> 3 0. (56) 
By definition of spontaneously broken symmetry, I$> is not zero. 

It is II state of odd fermion number and, because [Q,, ii] = 0, it 

is degenerate with the vacuum. The only state with ouch a 

property is a state that consists of the vacuws plus a single 

masslcss fermion, of momentum I!, fn the limit that t * 0. 
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I+> - FG I one massless fermion, l? = O> (57) 

So spontaneously broken supersymmetry requires the existence of a 

massless fermion, the goldstlno. The constant FG is called the 

goldstino decay constant and has units of (mass)*. It determines 

the scale of supersymmetry breaking; the vacuum energy density is 

simply FC2. In the model (53), FG = IFsI = IfI. With the 

inclusion of supergravity, the goldstino becomes massive - we will 

have more to say about this later. 

6. Supersymmetry and the Standard Model 

The Standard Model contains the following SU(3) x SIJ(2) x 

U(1) multiplets: 

spin 0, h , 

spin l/2, XL, eCL, qL, ucL. dCL x 3 generations. **d 

spl” 1, gu* W,,. Bv . 

We need to put these into supermultiplets. It would be nice, 

since we are supposing a symmetry that relates fermions to bosons, 

if some of the know” fermions and bisons ended up related to one 

another. Unfortunately. this doesn’t work. Possible candidates 

for partnership might be the neutrino and the photon, since both 

are light and neutral, or the e- and the W-. Neither of these 

ideas work because the particles have different weak interactlons. 

The lepton and Hlggs doublets, EL and h, could be partners but 

they have different lepton numbers, L-1 versus L-O. Any attempt 

to combine them into a multlplet leads to large AL-2 (Majorana) 

neutrtno masses. So all the superpartners will be new particles. 

The Higgs doublet h combines with a spin l/2 doublet E  to 

form a doublet chiral oultiplet H: the chiral nultiplet is the 

only one which contains a spin zero particle. The spin l/2 quarks 

and leptons could have either spin 0 or spin 1 partners; the 

latter requires far too many new gauge fields. so these are all in 

chiral multiplets with spin 0 partners. The spin 1 gauge bosons 

could have spin l/2 or spin 312 partners. There Is no way to 

combine spin 312 with the renormalizable gauge interaction, so the 

partners must all be spin l/2. We are then led to the following 

as the minimal supersymmetric extension of the Standard Model: 

Table 2: The Supersymmetric Standard Model (SSSM). 

chiral multiplet 

H 

H’ 

L 

EC 

Q 

UC 

DC 

vector mu1 tiplet 

V  g 

“W  

“B 

0 spin 

h 

h’ 

spin l/2 

ii 

iis 

kL 

eCL 

qL 

UCL 

dC L 

spin 1 

In this table, superpartners are denoted by a -. There is one new 

ingredient in Table 2 that we have not mentioned, the field H’. 
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In the Standard Model, the Yukawa hg,dL gives pass to the down 

quark, and h*gLu; to the up quark. In a supersymmetric theory we 

cannot have the latter coupling, and so we ueed (L new chiral 

multiplet H' = (h',:') with the SU(2) x U(1) quantum numbers of ' 

h*. 

A bit about the notation. The subscript L on the scalar 

quark and lepton superpartners does not refer to the spin of that 

particle. since they are splnless scalars. Rather, it refers to 

the chirality of the scalar's fernionic partner. Thus, when the 

left-hand eL absorbs a photino Y, it becomes an Ed. When eR 

absorbs * ;, it becomes &. The scalar partners of the 

right-handed fermions are the antiparticles of the scalar partners 

of the left-handed fermions. For example, ;g = (;L)*, just 88 
c* 

eR = (e,) . Finally note that XL = (-kEL) and gL = (;Li,) are 

doublets. 

It is not hard to write down the most general renormalizable 

gsuge invariant, supersymmetric Lagrangian with the contents of 

Table 2 : 

LsssM = gauge invariant matter kinetic terms 

+ gauge Invariant gauge field kinetic terms (58) 

+ jd29(geHLEf + gdHQDC + g,,H'QU' + PHH') + h.c. 

In (58) we have omitted gauge and generation indices. The 

'=ouPli"g* g,, gdr and gu are the usual Yukawa couplings. The mass 

y enters into the Higgs potential. In writing (58) we have made 

9 1 the assumption of excluding terms which violate B or L 

conservation. 

The Lagrangian (58) does not yet describe our world. because 

it leads to unbroken supersymmetry. We also need a sector to 

break supersymmetry, just es we needed the Higgs sector to break 

SU(2) 7. U(1). This will be a sector such as in Equation (53). 

coupled in some way to the SSSM. This coupling is represented 

schematically by a black box in Figure 8, connecting the 

supersymmetry breaking expectation value FG to the SSSH fields. 

The net result of this is qutte simple: we get the SSSH (58). plus 

certain effective supersymmetry breaking terms. These terms will 

always be soft, which means. roughly speaking, that the coupling 

constants will have units of mass to positive powers. This 

results primarily because FG itself has units of (mass)*. The 

resulting theory will then be the supersymmetric Iagrangian (58) 

plus effective supersymmetry breaking terms: 

L tot*1 = LSSSM + LSSB 

LSSB = - 4 M;+.~ - ; l ;,X*X* + h.c. 

- -c 
+ (AegehZL:LC + A&dhqLdL + Auguh';L:;) + h.c. 

+ yBi;i;' + h.c. (59) 

, 

Again we have suppressed gauge and generation indices. The first 
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Fig. 8: General interaction between the supersymmetry 
breaking vev FG and the SSSY, represented as a black 
box. 

Lj ,term in (59) gives masses to all the scalsrs: squarks, aleptons, 

and Htggs. The second gives mass to all the gauge fermions. The 

third set of terms, each involving 3 scalars. contributes to the 

squark and slepton mass matrices. The last term enters into the 

Higgs potential. Equation (59). like (58), is the most general 

form consistent with gauge symmetry and AB = AL = 0. Note that 

the first two terms gives masses to the aquarks, sleptons. aad 

gauge fermions (including photino and gluino). Thus ( these 

particles will be heavier than the quarks. leptone. photo”, and 

gluonl This, of course, is just what we want, and we are clalmtng 

that it is a general feature when spontaneous SUSY breaking is 

added to the Standard Model. The main point is that mass terms 

for quarks, leptons, and gauge bosons are forbidden by gauge 

invariance; these particles get their mssses as a result of 

spontaneous gauge symmetry breaking. On the other hand, the 

scalar and gaugino masses in (59) are gauge invariant and 

typlcally appear as soon as supersymmetry breaks. So, the 

unobserved doubling of the spectrum in supersymmetry is not really 

an embarrassment (yet, anyway) as there is a natural and general 

reason why we see only half the spectrum. Incidentally, the Riggs 

gets mass from (59) but the Higgsino does not. The Higgsino does 

get mass from the v term In (58), and from SU(2) x U(1) breaking. 

The detailed values of the SUSY breaking parameters in (59) 

depend on what Is inside the black box of Figure 8. However. there 

are some general features which are common to most ideas. 

Firstly, the supersymmetry breaking drives SU(2) x U(1) breaking 
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in such a way that the scale of superpartner masses is of the 

order of magnitude of the W  and 2 masses. There are too many free 

parameters, though, to try to make a more precise statement. On 

one extreme, the superpartners may all lie just above the 

experimental lower bounds. bbre generelly, 6.n experiment 

sensitive to superpartners up to 200 GeV should probably see them. 

If the lower bounds or squark, slepton. or gluino masses were 

raised to the order of 500 GeV, or 1000 GeV at the very outside, 

it would rule cut supersymmetry as a solution to the hierarchy 

problem, end do away tith the motivation to expect supersymmetry 

at all before the Planck scale. 

Now let us discuss a few more specific features of the 

supersymmetric standard model. M. Barnett will of course discuss 

the SSSM in much greater detail. All terms in the total 

Lagrangian (58) plus (59) conserve the number of superpartners 

module 2. This multtplicative symmetry is called R-parity. One of 

its consequences Is that the lightest superpartner is stable. 

Most models, as well as cosmological arguments, suggest that this 

lightest superpartner should be neutral: ;. co, - or v. Such a 

particle will in general escape a detector and be seen as missing 

energy. 

Some general statements can be made about the relative masses 

of the superpartners. In almost all models, the gluino outweighs 

the photlno: 

la E 6m-. (60) 
g Y 

‘u 
‘(More about the photino mass shortly). Also, for the squsrk, 

gluino. and slepton masses, 

m-~sb 
9  g  

m,>m”. 
P fz 

(61) 
Finally, the squarks. except possibly for the z, are approximately 

degenerate, with splittings of perhaps a few Gev. 

The Higgsino-Wine-Bino mass matrix is complicated, and so we 

discuss it in more detail. There are four neutral Weyl  fermions 

which mix, the H, Go, Go, and i;‘O. These have a 4 x 4 mass 

matrix: 

i 

ml 

Cl 

- ; g’v 

; g’v’ 

i 

0 

m2 

; is” 

- ;gv. 

ii0 

- ; g’v 

; g” 

0  

-u 

9, 

ho 

; g’v’ 

- ; g” 

-u 

0 

ii 

-, 
ho 

(62) 

In (62). v  and v’ are the vev’s of h and h’. The parameters ml 

and i2 are the Majorana gaugino masses in LsS~ (59), while the 

parameter’u is for LsssM (58): all these parameters enter into 

the final masses and mixings. The matrix becomes much simpler In 

the limit 

ml = m2 = * = 0 V’ =v. (63) 
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In this limit there is a massless photino, 

; = ii co* flu + P sins, (64) 
and an additional massless Higgsino = l//2 (K" + 2"). The other 

twcl linear combinations, l/f-r (ii0 - P') and 

z = -ii CO8 t?" + P sin s, mix to form a massive Dirac fermion, of 

mass Mz. Moving away from the limit (63). the masses and 

eigenstates become more complicated. In almost all models. one 

has a relation 
- - 9 5 
9 : m2 : m3 = T u1 : a2 : 03 (65) 

(though in some cases the rumerical factors will be different). 

If "1 and m2 are not too big, (64) remains an approximate 

eigenstate of mass 

8aem - m, = 
Y 

ml co** Ow + G2 sin* s = 3 m3 
"3 

the last equality following from (65). The gluino mass m- is just 
g 

m3, and so we have the relation (60). 

Another issue is the breaking of SU(2) x U(l). The squarks 

and sleptons evidently have m* > 0, since their vevs would break B 

or L. How does the Higgs mass end up negative? One very simple 

possibility Is to have a heavy top quark. The radiative 

corrections associated with this quark's Yukawa coupling turn out 

to have the precise effect of driving one Higgs mass negative. A 

40 GeV top, however, is probably too ltght to have this effect. 

Most assumptions lead to a lower bound of around 55 GeV, and 80 

'Y GeV would work even better. So, it would be very satisfying if 

the rumored top went sway. 

The last aspects of SSSM phenomenology that I want t0 discuss 

are the Indirect tests of physics beyond the Standard 

Model - dipole moments and so on. L2.31 The present limit on the 

muon g-2 tells us only that m- > 15 GeV, which is weaker than the 
u 

direct limit from eie- annihilation. Experiments now being 

performed, which will be able to measure the weak contribution to 

g-2 within 202, will be sensitive to scalar muons up to around 100 

GeV. This gives them a good chance of seeing new physics. 

The neutron electric dipole moment is a CP violating effect. 

The bgrangian (59) contains new CP violating phases. particularly 

the relative phase between A and ma. If this phase were of order 

one. and superpartner masses around 100 GeV, the NEDM would be 

about 10-23e-cm, about ten times the current upper limit. So we 

can conclude that either the superpartners are heavy or the CP 

violating phase is small, but with no good theory of the origin of 

CP violation we cannot say which. 

Loop graphs with superpartners can contribute to flavor 

changing neutral currents. For example, the box graph for ds + sa 

through Wines and squarks contributes to K” - iP mixing. In order 

that this be small enough, we need the supersymmetric analog of 

the GIM mechanism, with cancellation. for example, between up and 

charm squark graphs. This implies m-* - ,* ( m  * - m  *. Since 

' u ' " m-*, m-* >> m *, m  *, this requires m-and m- to be equal to 
f " c " f u 

something like one part in 1K3. This seemingly strong constraint 
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Is actual1.y satisfied automatically in most model-s, since the 

proposed mechanisms for squark mass production are generation 

independent. Superpartners contribute to flavor changing neutral 

currents at interesting but not problematic levels. 

Finally, there is the p-parameter, the effective value of 

M,I/Mz cos ow. Superpartners contribute less than 0.5% to this in 

most cases. though a very heavy top quark could add up to 1%. 

7. Scales of Supersymmetry Breaking 

There is one more particle. not on Table 2. that must be 

considered: the gravitino/goldstino. Before this, though, it is 

time to look inside the black box of Figure 8, at what couples the 

SSSM to the supersymmetry breaking and the goldstino. Several 

different types of model, based on different types of coupling, 

have been considered. 

a) The simplest possibility is depicted in Figure 9a. This 

is a direct tree level coupling between the SUSY breaking and the 

SSSM. These models were tried first and are called “Faye t 

models”. However, these models are “OW mainly historical 

footnotes. Models of this type almost always have an unacceptable 

vacuum, with color broken and/or SUSY unbroken. 

b) Figure 9b.c depicts “Low Energy Supersymmetry” in which 

the coupling Is mediated by loops of new TeV mass fields. 

c) When the masses in Figure b.c are raised to the grand 

unification sca1.e. one has the “Geometric Hierarchy” mechanism. 

b,c) 

d) 

Fig. 9: Inside the black box, (a) a simple vertex, 
(b,c) a loop of heavy or superheavy fields 
(d) a supergravity auxiliary field. 
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d) Finally. if we turn off all other couplings between the 

tvo sectors, only (superjgravity will remain. The dominant 

contribution comes from exchange of auxiliary fields associated 

with the greviton. This is depicted in Figure 9d, and is called 

"Low Energy Supergravity". 

All of b through d can give an acceptable spectrum, but the 

Low Energy Supergravity models are by far the simplest and add the 

fewest new fields. It is a radical and exciting idea that gravity 

plays such a key role in determining the low energy spectrum. In 

schemes b and especially c and d, the coupling between the SSSM 

and the supersymmetry breaking sector is so weak that the latter 

is referred to as the "hidden sector". Low Energy Supergravity 

models have a certain amount of predictive power: the parameters in 
- - - 

(59) satisfy ml = m2 = q, 2 
msquark 

2 2 
- Qlepton = mhiggs* and all A 

parameters are equal. Actually, these equalities hold only at 

very high energy and have calculable re"ormalisatio" group 

corrections at low energy. These corrections lead to the gaugino 

mass ratio (65). and to the negative tliggs (IMSS)~ when the top is 

heavy. Actually, the predictions of Low Energy Supergravity are 

not so solid as might be hoped. The supergravity coupling is so 

weak that It is comparable to couplings induced by unknown lOf9 

GeV physics: gravitational loops, exchange of 1019 GeV mass 

fields, and nonrenormalizable interactions which go by the name of 

the "KHhler potential". Any predictive power depends on 

assumptions about the form of these new effects. Perhaps soon we 

9 1 will have a model of 1019 GeV physics which will allow more 

precise predictions. 

The scale of supersymmetry breaking, q, is a very important 

"umber. Splittings between superpartners are related to PG 

through 

L* - mx2 - g- 'FG . 
x GXX 

(67) 

That is, the splitting in a multiplet is the SUSY breaking scale 

squared. rimes the coupling strength betveen that multiplet and 

the goldsrino. The left-hand side of (67) must be of order lo4 

GeV', since N(2) x U(1) breaking is linked to SUSY breaking. 

Each coupling scheme a-d has a characteristic g- - is, the larger 
GXX 

FG must be. Thus we have. 

model B- - GXX 3 

a) Fayet -1 -10' GeV 

b) Low Energy SUSY -10-6 -10' GeV 

c) Geometric Hierarchy 

-1O-17 -1010'5 GeV 

d) Low Energy Supergravity 

The properties of the gravitino/goldstlno are determined by 

the magnitude of FG. First of all, SUSY is actually a local 

(gauge) symmetry, not a global one (more on this shortly). 

Associated with this is a massless gauge particle, the spin 312 

gravitino. When SUSY breaks, "either the goldstino "or the 

gravitino remain massless: they combine to form a single massive 

particle. Therefore: 
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massless spin 3/Z gravitino 

+ massless spin l/2 Goldstino (68) 

- massive spin 3/Z gravitino/goldstino . 

The resulting gravitino has mass 

Y/2 - xFG/& (69) 

Here c is the gravitational coupling: 

' - f lvGNEUTON - 4 x  lo-l9 GeV-' 

Equation (68) is the supersymmetric analog of the Riggs effect. 

Equation (69) is directly analogous to I$,, * gv/Z: in each case the 

gauge field mess is the gauge coupling times the symmetry breaking 

scale. 

The coupling strength of the gravitino/goldstino (gravitino 

for short) can be read off from (67): 

g- - - (a2 - m  *l/F, . 
Gar x  

(70) 
X 

Thus, we see from (69) and (70) that FG fixes both the mass and 

the couplings of the gravitino. (Incidentally, FG is also 

referred to in the literature as d//z, Ma*. and A&Sy .) As an 

example, if m; > m3/2, the photino can decay into a photon and 

gravitino. Using (70). this gives 

T- 
I l YE - 1.6 x  10 -23sec ( FG2 l 1Gev 

ml 
I * 

'I 

(71) 

It is interesting to look at specific numbers associated with 

the four coupling schemes that we have been discussing. We will 

take m, = 10 GeV to be specific. In the Fayet models, 
-I 

./FG' 10' GeV, m3/2 - 10-6ev, 1; l Tc - 10 -22 sec. 

Thus the gravitino is quite light, and the r decay is quite fast. 

In these models the gravittno plays a significant role in particle 

physics. For example, the decay 

CC + y  l ;G’ (unseen)  (72) 

occurs with a significant branching ratio, and so one has "missing 

onia" : the full process would be 0' + $ + y  l nothing +y. 

However, we emphasize that the Fayet models are not likely to be 

correct. In the remaining schemes, the gravitino couplings are 

far weaker. In Low Energy Supersymmetry, 

q- lo5 GeV, m3/2 - 1 ev, r; * T. - 10-l' sec. 

The gravitino is still light but the photino is much longer lived. 

In the Gaometric Hierarchy and Low Energy Supergravity models. 

%- 101'*' GeV, m3,2 - 10' GeV, ra l ;y -lo9 set . 
. . 

The gravitino is now heavy, so that in most cases ; + $ but 

c’ l ;y. The gravitino couplings are of gravitational strength, 

and it really is "hidden". 
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8. A Little Supergravity 

Thus far. we have been concerned only with global 

supersymmetry. The infinitesimal symmetry parameter sB from 

Eq. (19) was independent of x. Now, when we remember that gravity 

exists, it turns out that supersymmetry must really be a gauge 

symmetry. The point is that the massless spin 2 graviton needs a 

fermionic partner. either spin 5/Z or spin 312. There is no know" 

theory of spin 512 fields, so we take the partner to ba a massless 

spin 3/Z particle. gut massless spin 3/2. like spins 1 and 2. 

requires a gauge invariance. The Rarita-Schvinger spin 3/Z field 

XRua(X) carries both a vector and a spin or index. (For 

convenience we define x to be right-handed and x+ left.) The gauge 

tra"sformatio" is 

vith a spinor gauge parameter. The free Lagrangian for such a 

field is 

(74) 

Under the transformation (73). L is invariant up to a total 

derivative. In order to make supergravity, we simply couple (74) 

to gravity and add the Einstein Lagrangian for spin 2: 

L = ' 6 R + i~uyopXR,,Y,(a, + + WoaB~a8)XRp 
2r2 

(75) 

where wo is the spin connection. The Lagrangian (75) is invariant 

under both general covariance and local supersymmetry. (Actually, 

to verify the latter requires a significant amount of algebra). 

Equation (75) describes N=l supergravity. 

The general Lsgrangian (44) can ba coupled to supergravity. 

It’s fun to take the very simple Lagrangian of Equation (15) and 

vork out a few terms in the supergravitational coupling: 

LO = ay8*au+ + i?Qk . (76) 
We now take the analog of (19) with sg now a function of x: 

60 = f-2 ER(x)-+L 6% = - ifi ~~&dav~ (77) 

Under (77), 

bLO = (I/T a,9r;L~p~v)a~~g(x) (78) 

+ hermitan conjugate + total derivative 

when a,,sg # 0, then LD is not invariant. Ue can try to fix 

this up by adding in a gauge field-current coupling, exactly as we 

do to make local gauge symmetry in QED: 

(79) 

so that 

6Ll = - j"LapER - a,:Rj; 

- KT'"(RY,,JIR~ + &Y,,+R~ +-i&Y,& + -&vY,,EL). (80) 
The first term in 6Ll cancels 6Lo. The second term in 6Ll 

involves the stress-energy tensor T”“. It cancels against the 

variation of the gravitational coupling 

6L2 = rTu"h",, (81) 
if we take 6hnv to be the quantity in parentheses in (80). so it 

all fits together. Actually, we're still not done because there 

are terms from 6T"' in L2, but one can continue the process and 

ultimately comet0 a completely invariant Lagrangian. The coupling 

of supergravity to the general matter theory (44) is known. In 
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formulating it, it helps to add auxiliary fields S, P, and Vu like 

fields F and D. It is exchange of these S, P, and Vp fields which 

lead to the interesting effects in Low Energy Supergravity, Figure 

9d; we reemphasize, though, that exchange of new Planck mass 

fields would lead to effects of comparable size which are not yet 

calculable. 

9. Supersymmetry and Unification 

Grand ""ificatio" of the SU(3) x SU(2) x U(1) SSSM IS 

parallel to the non-supersymmetric case. The superfields LL and 

DLC are joined into a single TL superfield of SU(5). The 

superfields EL'. Qt. and UL' are joined into a 10~ superfield. 

The gauge superfields V g' Vw, and VB combine with superheavy gauge 

superfields VK,Vyinto the SU(5)adjoint superfield Vz4. The HL and 

HL' join with color triplets to form a 5L and FL. The SlJ(5) gauge 

symmetry can be broken by a superfield A in the adjoint 24 

representation. 

The contribution of the superpartners. especially 9, i, and 

ii, to the g-functions alters somewhat the usual unification 

predictions. The weak mixing angle increases slightly, from 0.215 

to 0.235. The unification scale also increases a bit: 

("GUT)SUSY - 101*5~~~~)~0~-SUSY. (82) 
The situation with proton decay is more complicated than in 

non-supersymmetric theories. 3 The increase in the unification 

scale, (82), reduces the rate from exchange of SU(5) gauge bosons 

X and Y by a factor of 106, as this rate is proportional to 

-4 
MGUT * The resulting lifetime is about lO35 years. In these 

SUSY theories though, there are new particles which can mediate 

baryon violation. A boson propagator looks like l/(p' - M2), so 

amplitudes from exchange of heavy bosons are suppressed by M$T. 

A fermion propagator. on the other hand, is l/(P - M) and SO is 

suppressed only by M&f. I" fact, the fermionic partners of the 

gauge bosons do not mediate proton decay due to the structure of 

the mass matrix. The fermions which rns mediate proton decay 

are the partners of the color triplet Higgs bosons which live in 

5L and 7, multiplets with the normal Higgs: this gives so-called 

dimension five proton decay. Thenetrate corresponds to a lifetime 

of 1028 - 1034: the fewer factors of M,$UT in the denominator are 

offset by the higher GUT scale, the small Higgs couplings, and 

loop factors needed in the final state. There is a lot of 

uncertainty in this rate, coming in part from uncertainty in the 

mass of the triplet Higgs. Further, this process may be absent 

entirely if certain symmetries exist. If proton decay is seen, 

the Higgs-mediated decay can be distinguished from the normal 

gauge boson mediated decay due to its branching ratios. The 

symmetries of the effective operators, as well as the larger Higgs 

couplings favor p l K"p+ or kv,,, rather than se , s+v. + Finally, 

we mentionthatif dimensionfivedecay is absent due to symmetries, 

but the color triplet Higgs is rather light, around 1011 GeV, then 

Higgs bosonmediated dimension sixdecaycan produce proton decay at 

observable rates. This mechanism may be present with or without 

SUSY and leads to Kp, Ku final states. It should be mentioned 
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that one unattractive feature of supersymmetry is the potential 

existence of dimension fourbaryonviolating operators, which would 

cause proton decay in 10m2’ seconds. These must be excluded by 

symmetries; In non-supersymmetric theories the long life of the 

proton is automatic. 

10. What Next? 

The structure we have described requires doubling the 

spectrum and adding some more fields besides. It is now time to 

add up the score and see what we have gained. So. we list 

Problems solved by supersymmetry: 

1) The first hierarchy problem: why is Ml?iggs << d”T* 

Milanck in spite of large radiative corrections? 

Problems not solved by supersymmetry: 

2) The second hierarchy problem: why is the SU(2) doublet 

Htggs light while Its SU(3) triplet partner is superheavy? 

3) The third hierarchy problem: where does the small 

non-zero val.ue of M&ggs/M$lanck come from? 

4) The last, but not least, hierarchy problem: why is the 

cosmological constant so nearly zero? 

5) Why are there so many elementary particles, in particular 

the multiple generations? 

6) What determines the pattern of quark and lepton masses? 

7) How is gravity unified with matter? 

8) How does one make a renormalisable or finite theory of 

quantum gravity? 

Of course, these unsolved problems are the focus of much 

attention, and there are some very good ideas, so I will talk 

about some In more detail. The gauge hierarchy problem, or why is 

the Hlggs so light, breaks up naturally into three pieces. which 

seem to need independent sol”tio”s. The first, the large 

radiative corrections, was discussed in Section 2. It was the 

reason we int reduced supersymmetry, and is solved if the 

superpartners weigh less than a TeV or so. The first hierarchy 

problem was the most pressing problem on this list because it is 

the only one (except for #4) which points strongly at new physics 

below a TeV. All the others might only be solved when we 

understand physics at the unification or Planck scale. 

The second hierarchy problem arises in grand unified 

theories. The Higgs doublets are now in an SU(5) multlplet with a 

color triplet that can, as just discussed, cause proton decay and 

must be superheavy. The Higgs 5, and Fb have a mass matrix 

(83) 

doublet mass - HI - 31(A) < 10’ GeV 

triplet mass - MI + 2X<A> 2 1O1l GeV . 

Thus, the mass parameter Ml, coupling A, and vacuum expectation 

value <A> must satisfy 
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One needs to account somehow for this precise ratio. I'll just 

mention, without giving details, that mechanisms for this have 

been proposed, the so-called "missing partner" and "sliding 

singlet" Pechanisms, but these turn out to have a variety of 

problems and are unattractive. 

Even after one manages to explain why the Higgs doublet is 

very light, one then has the problem of why its mass is not 

exactly zero: where &es the small number H 2 2 
Higgs7"Planck come 

from? This small number comes from the small number FG/R:lanck, 

but where does that come from? There are several related ideas for 

producing such a hierarchy of scales. A typical idea starts with 

a non-Abelian SUSY gauge theory whose coupling at the Planck scale 

is perturbative. Via the renormalization group, this coupling 

will evolve and become strong at some very much lower scale 

lJ << 'Planck' The gauginos should condense, just as there is a 

quark condensate which breaks chiral symmetry in QGD: 

<xx> - Od). (85) 
What happens next, in this strongly coupled supersymmetric theory, 

depends on further details. In many circumstances the condensate 

<IA> will cause supersymmetry to break, either with 

FG - y2 Or FG - ,h$lan&. (86) 
This mechanism. based on the slow running of a gauge coupling. 

produces a ratio 

'G&anck - e 
-2rcJa (87) 

where a is the value of the coupling st the Planck scale and c is 

of order 1. For a not too small, around l/10, the ratio (87) is 

4 indeed very small. A related phenomenon is the breaking of 

supersymmetry by instsntons, which can also produce a ratio like 

(87). 
The next hierarchy problem on the list is not concerned with 

the Higgs mass but with the energy density of the vacuum, the 

cosmological contant term in Einstein's equation. Empirically, 

from the great size and age of the universe, this is no more than 

10-48 GeV4, much smaller than typical particle physics scales. 

Recall from Section 5 that broken SUSY implies positive 

vacuum energy density A: 

A = 1 1<Fi>12 + ;i <Da>2 - F; . 
. 

When supersymmetry is gauged, (88) is modified by the addition of 

terms from the gravitational auxiliary fields: 

A - ~@'i>(2 +;i <Da>2 - ;<S>2 - ;<P>2. 
i 

The values-of (F>, <D>, <S>, and <P> depend in detail on the 

superpotential and the other terms In the lagrangian. It is 

absolutely critical that the new terms in (89) entered with minus 

signs, so that spontsneously broken supergravity is consistent 

with A = 0 and a very big universe. This leaves the problem, 

though, of why the parameters in the Lsgrangian are just such as 

to leave a net A so close to sero. There are many different sorts 

of contributions to A. Some of these are: 
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electron zero point energy -10-16 GeV4 

QCD vacuum energy -10e3 GeV4 

Weinberg-Salam vacuum energy -lo8 GeV4 

SUSY breaking, tree level -lO42 GeV4 

net observed A -lO-48 GeV4 

We see a problem much like the Hlggs mass problem, where 

contributions from high energy scales should produce an effect 

much larger than that observed. What is especially disturbing is 

that, while the Higgs mass problem was such a fruitful source of 

new ideas, none of those ideas can be carried over to the 

cosmological constant problem. Thus, this is perhaps the most 

important problem facing us today. 

Ideas for its solution require either new low energy physics, 

or high energy/low energy cancellation. Our inability to discover 

any mechanism which cancels a low energy radiative correction 

against short distance' effects suggests that we need new physics 

at scales below the electron mass. East of the speculation on 

this has involved some light. super weakly coupled, scalar field 

4. This field $ might play an axion-like role, rolling to a value 

at which A(+) = 0 and stopping there. Or, it might mix in some 

way with the graviton and alter the coupling of the graviton to 

vacuum energy. Unfortunately no plausible ideas in this direction 

have appeared. The alternative, high energy/low energy 

cancellation, requires that the various contributions are all 

interrelated in some intricate way so that they add to Zero. This 

seems even more hopeless: the typical effects that we listed are 

$0 different from each other and depend on the fundamental 

parameters in such complicated ways, that it would be incredible 

for them to cancel (though incredible things do happen). In 

another category we mention dynamical gravitational effects, in 

which gravity itself cures the problem by making anything but a 

big flat universe unstable. This does not seem to be well 

motivated: at high energy, gravity is strong and can have exotic 

dynamics (spacetime foam), but the problem is not only at high 

energy. At low energy, E - melectron for example, gravity is far 

too weak. 

We mention briefly problems 7 and 8 on the list, the 

finiteness of gravity and its unification with matter. It was 

once hoped that N-8 supergravity (see Section 3) would solve these 

problems, as it contains matter and is less divergent than 

ordinary gravity. These initial hopes were never realized: there 

is no real reason to expect the theory to be finite, and the 

matter content is wrong. 

When SUSY was added to the Standard Model, we simply doubled 

everything; we did not unify the known fermions and bosons. Even 

when we grand unified, SUSY again just doubled everything. Will 

we ever get to a more unified theory? In fact, there is an idea 

now ) in which all fermions and bosons are the excitations of a 

single fundamental entity: the superstring. In string theory SUSY 

is not an add-on but is necessary for a consistent theory. 
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Superstrings fit nicely with the Low Energy Supergravity 

idea. The E(8) x E(8) superstring has a hidden sector of a form 

which can break supersymmetry. Further, superstrings have 

suggested new answers for almost all of the problems on our list. 

The mass matrices which result when ten-dimensional superstring 

theories reduce to four-dimensions can automatically have the form 

(83-84) required by the second hierarchy problem. The SUSY 

breaking in the hidden sector is of the type discussed in (85-861, 

where the running coupling can produce a large ratio of scales and 

solve the third hierarchy problem. (It should be mentioned, 

though, that there are still significant problems with the 

details, and such work to be done). The reduction from ten- 

dimensions to four also leads naturally to multiple generations, 

and has the potential to produce the intricate pattern of observed 

quark and lepton masses. When SUSY breaks in the superstring 

theory, the largest piece of the vacuum energy, the tree level 

term, is absent. This is remarkable, though the remaining terms 

are still far too large. Superstring theory is probably finite, 

the only known finite theory of gravity. It unifies gravity with 

matter. The matter cannot be arbitrary; rather. effective four- 

dimensional GUT groups of SO(lO), E(6). and SO(26) are singled 

out. That this list overlaps with the list of GUT groups 

consistent with the real world (SU(5), SO(lO), and E(6)) out of 

all possible gauge groups is striking. Further, the fermions come 

out in the right representations of SU(5) or SO(10). 

Superstrings are the culmination of a series of ideas - grand 

unification, supersymmetry. and extra dimensions - that have been 

developed almost entirely without experimental support. Let us 

all hope that experiment will soon reveal some sign of new 

physics, and test this beautiful structure. 
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A GUIDED TOUR bF SUPERSPACE* 
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The most conservative approach to supersymmetry is to regard supersym- 

metric theories as conventional field theories’with special relationships between 

the coupling constants. This was the point of view adopted by Joe Polchinski in 

his lectures at this school, and there is no question that it is the most responsible 

way to introduce supersymmetry to experimentalists. 

In this lecture I would like to take a second tack. I would like to view 

supersymmetric theories not as special theories in ordinary space, but rather as 

ordinary theories in a special space, called s,uperspaec. This new space permits 

powerful techniques that make manifest many of the miracles of supersymmetry. 

Because of its beauty and utility, superspach is becoming increasingly accepted 

as a conceptual and computational tool. The basic ideas of superspace are easy 

to understand, and they form the basis of this talk. For more detailed accounts, 

and for references to the original literature, ihe reader is encouraged to consult 

the references at the end of this lecture. 

l Work snpported by the U.S. Departmen( of Energy, conLract number DEACOZ76ER02220. 
+ On leave of absence from Stanford Lieu Accelerator Center, SIanford University, Stanford 

California 94305. 
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+ e~m#6~,(2) + ee86X(2) + Bee6+(2) + eeee6+) . 
(8) 

From (2), it is easy to see that 6d(z) is a total derivative, 

6d(z) = ; a, (cumi - 4u”‘r) . (9) 

This implies that the highest component of any superfield gives a supersymmetry- 

invariant action: 

6 
/ 

$2 F(@) lddBB = 0 . 

Equation (10) illustrates the tremendous power of superfields, for actions written 

in terms of superfields are manifestly invariant under supersymmetry transfor- 

mations. 

The superfield @(z, 8, e) introduced above contains nine component fields. It 

gives a highly reducible representation of the N = 1 supersymmetry algebra. To 

find irreducible representations, we must subject @ to supersymmetry-preserving 

constraints. 

There are two types of constraints that are useful for phenomenology. The 

first is a reality constraint, 

v = v+. (11) 

Superfields V that satisfy thii constraint are called vector superfields. Vector 

superfields contain gauge bosons, their gaugino partners, and associated auxiliary 

fields. They are rather subtle since they /contain gauge degrees of freedom. This 

gives rise to technical complications that I do not wish to discuss here. Vector 

superfields are explained in the references listed at the end of this lecture. 

The second important constraint is a chirality constraint, 

i&s = 0, (12) 

where 66 is a supersymmetry-covariant derivative. Superfields S that satisfy 

(12) are called chiral superfields. Chiral superfields contain matter multiplets, 

including quarks, leptons, their supersymmetric partners, and various auxiliary 

fields. 

To proceed further, we must solve the constraint bh S = 0. The supersymmetry- 

covariant derivatives are given by 

It is easy to check that D and b anticommutekith the supersymmetry generators 

Q and 0: 
1 

{Qm 0~) = (80, a,> = 0, 
(14) 

They also obey an algebra that is very similar to the algebra of the generators 

Q and 0, 
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The relations (14) and (15) ensure that the chirality constraint preserves the 

supersymmetry algebra. 

The most general solution to the constraint (12) is as follows: 

~(2, 8, 8) = A(Z) + die++) + eeF(z) 

+ ieo”f?&,,A(z) - -&eea,+(+m8 + ~eeimu(z) . 

W-5) 
It contains one complex scalar field A(z), one Weyl spinor field q&(z), and one 

complex auxiliary field F(x). As usual for a superfield, the highest component 

of S rotates into a total derivative under a supersymmetry transformation. In 

this case the statement is trivial, because the highest component is already a 

total derivative. However, the M-component of S also transforms into a total 

derivative, 

6F(z) = id a,,, sP+(z) . (17) 

Since products of chiral superfields are again chiral, this implies that the BB- 

component of any function of S gives a supersymmetry-invariant action: 

6 $2 W(S)lee = 0. 
I 

. 

The analytic function W  is known as a superpotential. 

(18) 
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The most general renormalizable Lagrangian built from chiial superfields 

divides naturally into two types of terms: 

L: = ,!D +I&,?. 09) 

The first term contains the kinetic energies for the spin-eero and spin-; fields. It 

is given by a OO@ component, and is known in the literature as a D-term: 

LD = 
/ 

$2 Si’ Si Isof# m  (20) 

The second term contains the superpotential. Renormalizability restricts it to be 

at most cubic in the fields Si. The superpotential is given by a BB component, 

and it is known in the literature w an F-term: 

LF = 
/ 

d’z [Xi& + f mij SiSj + fgijk SiSjSk] 188 + h.c. (21) 

Expanding the superfields, and picking out the appropriate components, one finds 

that the full Lagrangian takes the following form, 

.C = 
/ 

$2 AfClAi - i&o”‘;,& + FtFi 

+ [XiFi + mij(AiFj -‘f$~&j) i (22) 

+ gijk (AiAjFk - d'i$'jAk) + kc* ] * 

The Lagrangian (22) is manifestly supersymmetric since it was derived from an 

action in superspace. However, it is useful to verify that (22) is invariant under 

the following supersymmetry transformations: 



I 
6Ai = dSt$i 

6+i = i\/2umC&,A; + Jz,Fi (23) 

As we have seen, superfields dramatically simplify the construction of super- 

symmetry representations and invariant Lagrangians. They also turn out to be 

useful in the computation of radiativecorrections. Superspace Feynman diagrams 

make manifest the amazing cancellations for which supersymmetry is famous. In 

the rest of this lecture, I will sketch the supergraph proof of the supersymmetry 

nonrenormalization theorems. 

Before I can illustrate the proof, I must first introduce the concept of integra- 

tion in superspace. Let q be a single real anticommuting parameter, so n* = 0. 

Then integration in superspace is defined by the following operations: 

I da = 0, 
/ 

dqq = I. (24) 

These rules allow us to find the integral of an arbitrary function, f(q) =’ a + bq: 

/ d,,f(rl) = b, J drlrlf(r)) = a. 
Note that with this definition, superspace integration is entirely equivalent to 

superspace differentiation! 

Having introduced superspace integration, we are now free to define super- 

space delta functions: 

1 

/ 
+6(v) f(v) = f(O) . (26) 

Since j(0) = a, equation (25) implies that 6(q) = n. This leads to the surprising 

result that 6(O) = 0. The peculiar properties of superspace delta functions are 

at the heart of the supersymmetry nonrenormalization theorems. 

To prove the nonrenormalization theorems, we must construct the superspace 

analogs of the Feynman propagators. For simplicity, let us restrict ourselves to 

a single chiral superfield S, and write the quadratic part of 1: as 

,Co = /d%d’e {S+S + kmSS6?(#) + ~mS+S+6*(8)} . (27) 

In components, this becomes 

LO = 
I 

d% A’OA - i$o"L4,,$ + F’F 

+ m(AF + A’F’ - 

The component propagators are found by inverting (28): 

(28) 

(01 T A(z IO) = ‘i AF(Z - y) 

(O(T A(z)F(y) IO) = ‘- imAr(z - Y) 

(01 T F(z)F’(y) IO) = ~OAF(Z - 8) 

(01 T tb&)@(v) IO) = i bob m AF(~ - 11 

(01 T +&)6&(Y) 10) = u,“d, am AF(z - Y) . 

cw 

where 
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1 Ap(z-y) = - 
Cl-m* (30) 

is the usual Feynman propagator. 

The component propagators can be easily collected into uuperpropagators. 

For example, (0) T S(z,e,#) S(z’,e’,#‘) IO) is given by 

(O~TS(Z,~,&)S(Z’,~‘,B’)~O) = (OlT[A(z) + he+) + eeF(z) + . ..I 

x IA(Z’) + die+(d) + eeqd) + . ..I I?) 

= - im6*(0 - e’) exp[i(eoV - eww)a,] 

x AF(Z - 2’) . 
(31) 

The propagators (01 T S+S+ IO) and (01 T SS+ IO) can be found in an analogous 

fashion. 

Now that we have the superspace propagators, we are finally ready to prove 

the superspace renormalization theorems. As a warmup, let us first consider 
the one-loop diagram shown in Figure la. This graph represents the one-loop 

contribution to the renormalization of the mass m. It is given by contracting 

two cubic vertices with two (SS) propagators. Since each (SS) propagator is 

proportional to one delta function, the msss renormalization goes like 

6m = 
/ 

d2el d2e2 6*(e1 - e2) 6*(e2 - e,) . . . 

I 

(33) 
= d2el S*(o) . . . = 0. 

To one loop, the maSs renormalization vanishes! This computation can be easily 

generalized to include an arbitrary number of S external legs (see Figure lb). It 

(0) 
s nLzo 

FIGURE 1: The one-loop renormalization of the,(a) mass m and of the (b) 

superpotential W. Both vanish because of the superspace nonrenormalization 

theorems. 

can also be extended to any number of loops. The amazing conclusion is that 

the superpotential is not renormalized to any order in perturbation theory. 

The above result does not mean that there a&e no renormalizations at all 

in supersymmetric theories. Typically, diagrams wjth an arbitrary number of S 

and S+ insertions suffer renormalizations. For example, the diagram shown in 

Figure 2 does not vanish. Ibgives rise to a wave fuqction renormalization for the 

superfield S. 

In this talk we have seen that superfields simplify many of the calculations 

associated with supersymmetric theories. They greatly facilitate the construction 

of supersymmetry representations and interacting Lagrangians. They also permit 
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FIGURE 2: The one-loop wave-function renormalization does not vanish. 

one to prove that the the super-potential in not renormalized to any order in 

perturbation theory. From the superspace point of view, the nonrenormalization 

of the superpotential is a trivial consequence of the properties of the superspace 

delta function. In components, the nonrenormalization theorem requires the 

miraculous cancellation of many Bose-Fermi graphs. 
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The concept of a superfield is an extension of this idea. When several fermi 

and bose field transform into one another under supersymmetry, it is convenient 

to collect all the members of a multiplet into a superfield, just like one collects two 

real fields to form one complex field. The 0 parameters appearing in superfield 

formulation should be viewed as nothing more mysterious than &i. They are 

just “unit vectors” in the space of fermionic and bosonic component fields, with 

properties defined by the anti-commutator algebra. 
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Signatures of Supersymmetry in C+C- Collisions 

Over the past dozen years electron-positron collisions have been an extremely 

fertile source of discovery in elementary particle physics. Signatures of new phe- 

nomena are clear and backgrounds are usually quite predictable. To date a 

number of searches for evidence for supersymmetry in c+e- collisions have been 

made, all with negative results. In these lectures we’ll review the techniques 

used in these searches and examine their results in some detail. Many of these 

techniques will be directly applicable to future experiments at the SLC and LEP. 

These new machines may also provide some unique signatures of supersymmetry, 

and we’ll take a look at these possibilities. First we briefly review the general 

theoretical and experimental features of supersymmetry. 

I. Minimal N=l SUSY 

The simplest model of supersymmetry can be summarized with the following 

postulates - the Black Letter Law(‘): 

l Every particle belongs to a supermultiplet that contains equal numbers of 

fermionic and bosonic degrees of freedom, 

6% s + l/2) 04 
(S, s + l/2, s + l/2, s + 1) . (lb) 

For example, a Dirac spinor represents a two-component fermion and its antipar- 

ticle, and therefore requires two complex scalar superpartners. 

. There is only one (N=l) generator of supersymmetric transformations. This 

is a raising and lowering spinor operator, 

Qlfermion >= lboson > (24 

Qlboson >= jfermion > (24 

In particular, there are no SUSY transformations between left and righehanded 

fermions, so SUSY models preserve the known V-A weak interactions. 

l Supersymmetry implies a multiplicative quantum number R. Known parti- 

cles are assigned R = +l and their SUSY partners R = -1. R-parity guarantees 

that superpartners are produced in pairs, and that the lightest R = fl particles 

are stable. 

l Superpartners share all conserved quantum numbers except spin. This 

important postulate means that all interaction couplings are known. 

The particle spectrum that is needed to fulfill thii model is given in Table 

I. Each electroweak eigenstate is matched by a superpartner that differs only 

in its spin quantum number. In addition, a spontaneously broken theory will 

contain fermions (Goldstino’s c’) associated with the corresponding super-Higgs 

mechanism. In supergravity models with locally broken symmetry, the Goldstino 

can be absorbed by the gravitino to produce a gravitino mass. In either case these 

models contain a neutral, weakly interacting particle 6 which might be extremely 

light. 

Note that the mar.8 eigenstates in Table I are not necessarily also weak in- 

teraction states. This feature should not be surprising; we already know it from 

the mixing of the normal weak neutral isoscalar B” and the neutral component 

of the isotriplet Wsc to form the mass eigenstates 7 and Z”, 

7 = B” cos 8, + Wao sin 0, (3s) 

Z 0 = -B 0 smg, . + Ws 0 CM&,, , (34 

where 0~ is the Weinberg angle. Left and right-handed fermionic states belong 

to different supermultiplets, 

(fb fd ad (fRs fR) (4) 
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Table I 

Minimal SUSY particle spectrum 

R=+l R= -1 

Weak MIAS* 
Eigenstate Eigenstate 

Weak 
Eigenstate 

Mass 
Eigenstate 

iL9 iR iL COSt?+iR sin6 

-iL sing + iR COSo 

while the mass eigenstates are generally linear combinations, 

(50) 

W 

Interactions are governed by it and iR, but detectors see ir and &. For example 

consider the & vertex shown in Fig. 1. The interaction Lagrangian is given by, 

L=JZe [l(F),iL-t(+)qiR]+hr. (‘3) 

If the mixing angle 0 = 0, then ir = & and is = iR, which can lead to rather 

striking results when these particles are produced in collisions of polarized elec- 

trons and positrons. We’ll look more closely at this later. If 0 = 45’ then Eq. (6) 

reduces to, 

and we see that & and .& exhibit, respectively, pseudoscalar and scalar interac- 

tions. 

Miming in the gauge sector is more complicated. Unlike the R = +l case 

in which the spin of the weak bosons W * differs from that of the scalar Higgs 

particles, the R = -1 charge states I*, @, fi; share common quantum num- 

bers and therefore result in chargino mess states z* that generally are mixtures 

of all four weak eigenstates. The neutralino states i” similarly are mixtures of 

the neutral states Fz, go, E?;, fii,“. In neither case are the mixing parame- 

ters constrained in the simplest theories. The lesson here is that experimental 

searches for these particles should be defined carefully in terms of the topologies 

and range of kinematic variables to which they are sensitive. Limits can then be 

placed on regions of particle masses and mixing angles for particular theoretical 

models. 
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II. Detecting SUSY 
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Figure 1. The &?q electromagnetic vertex. 

Before beginning detailed discussion of the production of supersymmetric 

particles by e+c- collision, it’s useful to summarize what is generally known. 

l From e+c- experiments it’s clear that scalar lepton masses must be larger 

than w 20 GeV almost independently of decay modes or other particle masses, 

and > 50 GeV if rn+ is small. 

l Scalar quark masses are, perhaps surprisingly, not well constrained. They 

must be larger than a few GeV since we do not see 9i or 999 hadronic states. 

s Only modest limits from r-decays exist on scalar neutrino masses. 

l Limits on gaugino masses are complicated and extremely dependent upon 

detailed assumptions or upon masses of other R = -1 particles. Gluinos i have 

been looked for in beam dump experiments and $p annihilation final states. These 

experiments rule out the possibility that both a gluino with mass less than a few 

GeV and a light scalar quark exist. Searches in c+e- annihilation similarly rule 

out simultaneous existence of light photinos and scalar electrons. 

All searches for supersymmetric particles rely on the fact that the lightest R = 

-1 particle must be stable. Searches for heavy stable particles in c+e- and 6xed 

target experiments have not found any hint of charged supersymmetric particles 

with masses within the kinematic range of present-day machines. Operationally 

it’s usually assumed that the lightest SUSY particle is neutral. Photinos, scalar 

neutrinos, and neutral gauginos or Goldstinos may be stable and perhaps not too 

massive. It’s important to see how these particles might behave in a detector. 

The production of any stable, weakly interacting state 5, z” or z would result in 

energy that is unseen by most detectors. Possible electromagnetic interactions of 

the photino shown in Fig. 2 all involve the internal propagator of what is assumed 

to be a massive charged particle, either a scalar electron or quark. For example, 

the cross section for the interaction of the 7 with a quark is approximately (for 
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(0) 

(b) 

12-85 5189A9 

Figure 2. (a) Compton scattering of photinos. (b) Photino hadronic interaction 
in matter. 

O& w 2 * IO-“Ei F(mi, Ei) cm-s , 

where the structure function F(m+, Ei) is m  0.1 - 0.2. This cross section is 

similar in magnitude to a standard weak interaction. The conclusion is that if 

the lightest SUSY particle is neutral, then its production, either directly or in 

the decay chain of a more massive particle, will result in energy and momentum 

that is not visible to most detectors. It’s this missing momentum that becomes 

the signal of new phenomena. Listed in Table II are probable decay chains for 

particles in the minimal SUSY model.(s) The circled decay products are likely 

to be undetectable. Notice that, except for a few special cases corresponding to 

nearly degenerate mass combinations, the lifetimes of these particles are all quite 

short. They will probably not be seen as long-lived particles in high resolution I 

vertex detectors. 

III. Searches for SUSY at Present-Day c+c- Storage Rings 

A. Scalar Leptons 

Scalar leptons can be pair produced by c+e- annihilation through the s- 

channel neutral current as in Fig. 3a, or in the case of the scalar electron, by the 

t-channel exchange diagram shown in Fig. 3b. For unpolarized initial electrons 

and positrons, the superpartners of the left and right-handed leptons, & and iR, 

are produced with cross sections that depend upon the masses ml‘ and mia, and 

in the case of the E on the mass of the neutralino i” exchanged in the t-channel 

diagram. At the energies of PEP and PETRA we can ignore the contributions 

of the Z” in Fig. 3a, and if we assume that the mass of the z” is also large, then 

the scalar lepton pair-production cross section is,(‘) 

du(e+e- --+ G.tff) _ ra2p3 *in2 6 

dcos6 - 8s 
4K 

i--2pc0se+p+g )I 
2 (9) 
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Table II 

Decay chains and lifetimes of supersymmetric particles 

Particle Decay Approx. Lifetime (set) 

q+i i L,- @ 

m? 
2 x 10-‘2 (m2- 

7 x 10-1s kw9’ 3 

7 x 10-1s Pfw’ Al mi 

3 

2 x 1o-23 & 

lo-” m ’ -$ 
(38) W I 

10-16 & 

(b) 

e+ 

\ 

,F+ 
0 0 

i --0 
1 YJ 

//‘ 
\ \ \ 

e- 
NW e 

12-85 5189AlO 

Figure 3. Pair production of scalar Lepton pairs in c+e- annihilation. 
typical electroweak de-cays 
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where 0 = (1 - 4mia/s)t is the velocity of the .fii, and p2 = (mi/Eb)2, and 

The leading term is due to the s-channel diagram (Fig. 3a) and exhibits the fi3 

threshold factor and sin2 0 angular distribution characteristic of scalar pairs pro- 

duced by e+e- annihilation. When integrated over polar angle this leads to a 

total cross section (normalized to e+e- + p+p-) of R = 1/4p3. Most experi- 

ments are done with unpolarized electron beams and therefore have no control 

over the separate production rates for in and it. There are two limiting possibil- 

ities for the mass eigenstates & and ir (Eq. 5) that are of practical experimental 

interest. The absence of a signal in a search can be interpreted as a limit on the 

production cross section for the lighter mass state (i.e. if mi, >> mi,), or on 

the production of degenerate states (mi, = ml,). These two cases correspond to 

a factor of two in the expected signal. 

Whether the i* is stable or not, the pair production process leaves an ex- 

tremely clear signature. Production of stable i* pairs will result in apparent 

deviations from the known QED production of lepton pairs, and the i* may also 

be seen as new massive charged particles by time-of-flight and/or ionization mea- 

surements. Studies of lepton pair production at PEP and PETRA agree with 

QED to within 2-3%, and several searches for anomalously heavy charged par- 

ticles in e+c- final states are all negative.@) These clearly rule out the existence 

of stable E, ji, and i particles with masses within the kinematic range of these 

machines. 

Possible decay modes of scalar leptons are shown in Fig. 4a. If mi > ml, then 

the electromagnetic decay i 4 L? will dominate, but in any case, the lifetime 

of the i is expected to be very short (Table II), and the production of i* pairs 

will result in a pair of acoplanar leptons as shown in Fig. 4b. Two example@) 

of searches for thii signature are shown in Fig. 5. Both the c+c- and p+lr- 

z--t’” \ \ \y 

(b) 

P- 
12-85 5189All 

Figure 4. (a) Scalar lepton decays. (b) Definition of acoplanarity. 
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Figure 6. Acoplanarity distribution of (a) electron pairs, (b) muon pairs pro- 
duced in c+e- collision. Anticipated signals are also shown. 

final states have a background at large acoplanarity angles due to two-photon 

processes c+e- --t c+c-C+.t- in which the outgoing beam electrons remain close 

to the beam line. The data are completely consistent with these sources and rule 

out the possible existence of unstable E and ji with masses s 20 GeV/c2. A set 

of limits given by the JADE Collaboration(‘) is shown in Fig. 6a. It’s assumed 

that if rn+ > mp, then the ji will be stable, otherwise it decays into ~7. If the 

mass of the photino is less than, but nearly equal to the mass of the ji, then the 

muon from the ji + ~7 decay becomes too soft to detect, so a narrow band at 

mi s rnb is not excluded by these searches. 

Limits on the maSs of the scalar tau i are slightly less stringent because the 

r itself decays essentially always to either one or three prongs. The msss of the t 

is small compared with the beam energy, however, so the decay products follow 

closely along the direction of Bight of the parent. An example of an c+e- + r+r- 

event as seen in the Mark II detector is shown in Fig. 7. Detailed studies of the 

r-pair production rate and acoplanarity distribution lead to limits on the i mass. 

The best value of 17 GeV is given by the Mark J group.(*) See Fig. 6b. 

All of the searches for scalar leptons discussed so far are limited by the avail- 

able energy of present machines and not by statistics. As a result these limits 

are not very sensitive to parameters that change the production cross sections 

such as the mass mixing angle (Eq. 5). For example, the best of these limits on 

the selectron mass is 23 GeV if the two mass eigenstates are degenerate, and 22 

GeV if one is much larger than the other. 

It is possible to produce a single scalar electon in e+e- collisions by the two 

diagrams shown in Fig. 8. 

c+c- --a eq (10) 

The Q* of the photon in either of these diagrams tends to be small, and the recoil 

angle given by Qz c EZBz is also small. The outgoing beam particle from most 

events of this type would not be detected, and the signal from such an event 
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Figure 6. (a) Limits on scalar muon mass. (b) Starch for scalar tau events. No 
events were observed placing a limit at 17 GeV/c”. Cross hatch is the limit from 
r-pair production rate. 

I  

Figure 7. The t+t- + T+T- as observed in the MARK II detector. 
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Figure 8. Single Z production. 

would then be a single isolated electron or positron with significant momentum 

transverse to the beam. The observable cross section is not small and extends 

to selectron masses that are larger than the beam energy. For example, the 

calculated cross section within the acceptance of a search made by the Mark II 

group,(Q) shown in Fig. 9, indicates that with accumulated luminosities in excess 

of 100 pb-r, it is possible to search for a signal produced by scalar electrons with 

masses that are - 30% greater than the beam energy. 

Most detectors leave a major background to this signal caused by radiative 

Bhabha events 

c+c- + c+c-7 01) 

when only one of the electrons is seen (Fig. 10). These occur with well-determined 

kinematics, however, so for a particular search it is possible to define regions of 

energy and angle which are background free. Shown in Fig. 11 is the result of the 

Mark II search. As can be seen, there is a large number of events at the lower 

energies, but there exists a region that corresponds to large momentum transfers 

in process (11) that is empty of events. The cross section for the production of 

signal events in this region is just that shown in Fig. 9. 

In this case, the sensitivity of the search is determined by statistics, and 

the limits depend more sharply on possible mixing of the interaction eigenstates. 

The limits from the Mark II search are shown in Fig. 12 for the two extreme 

mixing hypotheses. Notice that the experimenters choose to not place limits in 

the region m+ > m,-. The assumption is that if this were the case, then the 

selectron would not decay. The best l imits on this process come from the JADE 

Collaboration(lo) at PETRA and extend to rni = 25.2 GeV/c? for the degenerate 

mass case and rn+ = 0. 

B. Photinos 

Although SUSY doesn’t require that a photino mass eigenstate exist as the 
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Figure Q. Computed cross section for c+c- -+ e+e’-j within the acceptance of 
a search by the MARK II group. 

Figure 10. A single electron event in the MARK II. 
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particular mixture of neutral gauge bosons, 

j=co8e~~+sin6~F~ (12) 

it is still important to consider this pc&bility since it leads to coupling8 to 

electron8 and positron8 that are purely electromagnetic. The pair-production 

process shown in Fig. 13 occurs with a cross section(“) 

6 8 IO 12 I4 16 I8 
ENERGY (GeV) 

Figure 11. Signal region and observed background from radiative Bhabha scat- 
tering in MARK II search for single g. 

61 I I I I 

0 5 IO 15 20 25 
my (GeV/c2) 5109110 

Figure 12. Limits on Z mass from single electron search. 

du(e+c- -t 55) 
dcosb+ 

=~(l+co88i’) 
CR 

with b = (1 - 4rn:/a)f and the assumption rn;8 >> rni8 >> 4. The actual 

propagator is given by 

u - 
( 

m&’ + rn;“ 
> (14) 

which reduce8 to (l/m;,)’ in the limit rn;8 = mr,,. Notice aLso that since the 

photino is a self conjugate (Majorana) fermion, then Fermi statistics require that 

the photino pair be produced with the p3 threshold factor of a p-wave process. 

The cross section (Eq. 13) differ8 in scale from the pair-production of normal 

photon8 only because of the mass of the exchanged selectron. It is large at small 

5 mass, and will become weak, but not unusably small, for m8 N mw. 

If the photino is more massive than the selectron, then the decay 5 --) E+c- 

is possible, but 88 we have seen, a selectron of mass within the range of PEP or 

PETRA has already been ruled out. It’s not going to be fruitful to pursue thii 

possibility. A more interesting signature occurs if the Goldstino e exists either 

as a particle or as a component of, for example, the gravitino and is lighter than 

the photino. Then the decay shown in Fig. 14 proceeds with a lifetime (ignoring 

the mass of the @1(121 

7i = !Z$ = 1.7 x 1~-33 

1 
(*)'(g . 

where d = A;,,,, and Asusv is the mass scale at which supersymmetry is 

broken. If Asusy is not too large or rni too small, then the pair-production 
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Figure 13. Production of photino pairs by c+e- annihilation. 
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Figure 14. Photino decay. 

process (Fig. 13) and subsequent decay of the photinos will result in a pair of 

photons with missing energy and momentum. A search can be made for acoplanar 

photon pairs, or alternatively, for colinear photon pairs with energies that are 

not equal to the beam energy. A photino with a mass greater than - 10% of the 

beam energy will produce a visible signal in the first case, while light photincs 

will fall into the back-to-back photon sample. The result of such a search(r3) at 

PETRA is shown in Fig. 15. In neither case is there any signal. This experiment 

is sensitive to a region of rn+ and d that depends upon rnt (Eq. 13); for rn: 

= 40 GeV/c2 this region is shown in Fig. 16. The upper edge of the region is 

determined by the beam energy and the lower diagonal edge is determined by the 

radius of the detector and the photino lifetime (Eq. 15). Also shown in the figure 

is a bound taken from cosmological arguments; if rn+ is too small or d too large, 

then the photino lifetime become8 long, and we would expect a sea of photince 

to fill the universe. 

Many presently fashionable theories of supersymmetry place Asusy - 10” 

GeV. in the so-called “hidden” sector. This would make the photino essentially 

stable to 72; decay. If the mass of any scalar neutrino is less than that of the 

photino the 3 might still decay through the “photino &decay” diagram shown 

in Fig. 17. The signature would be a final state consisting of four leptons with 

missing energy and momentum. This would need to be separated from a r*-pair 

background, and no limits on this possibility have been reported in the literature. 

If the photino exists but is stable or long-lived, then it still createa a signature 

with c+c- collisions in which one of the initial etate leptons radiates a photon as 

in Fig. lg. The result is a single isolated photon with no other particles visible 

in the final state. The cross section for this process is written as a function of 

the energy E, and polar angle &, of the produced photon,(“*“) 

do Q 1 
dE, d cos 0, 

=---~.ue+c--+~~) . 
r E,sm 0, ( (16) 
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Figure 16. Limits on photino decay. 

Figure 15. (a) Search for acoplanar photon pairs. (b) Search for colinear photon 
pairs with missing energy. 
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Figure 17. Photino B-decay. 
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Figure 18. Radiative photino pair production. 

For mrL >> mm >> fi, 

da CXJ 
dE,d cos 8, 

FJ ___. -f-. f(E,, ~0~8,) 
E, sin* B, m& 

, (17) 

where f(E,, cos 0,) is a relatively weak function of E, and 8,. This cross section 

leads to a few detected events even for mr,, much larger than the beam energy. 

A comparison(r5) of the cross section with the standard weak interaction process 

is shown in Fig. 19 for rnz, = 1 GeV and two values of rnra. At machines like PEP 

and PETRA the production of photino pairs is larger than process (IS), and with 

data samples in excess of 100 pb-’ corresponds to observable signal rates of 10 

events or so for m;, ss large as 40 GeV. Larger values of fi are less favorable 

for this particular technique because the weak cross section grows quickly while 

the 755 process begins to fall ss J;; exceeds mrR. 

The isolation of the 73-i. or ~YG, final state from backgrounds is a difficult 

experimental task. Electronic noise, debris from stray beam particles, and cosmic 

ray interactions must be eliminated by careful reconstruction and identification 

of photons. It’s particularly important to be able to reconstruct the origin in 

space and time of single photon candidates. Elimination of backgrounds that 

might be created by c+c- interactions is done by applying kinematic constraints 

to candidate events. For example, radiative Bhabha scattering (Fig. 20) is po- 

tentially the most severe problem, but can be eliminated by requiring that the 

momentum transverse to the beam line of the detected photon be above a partic- 

ular minimum value. In that case, at least one other particle must appear above 

a minimum recoil angle 
-min 

(19) 

to balance momentum. As an example, if we want to cut at p!#’ = 1 GeV with 

beam energy Eb = 14.5 GeV, then the detector must be sensitive to charged 
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Figure 19. Comparison of cross sections for 7~4 and 755. The peak of the 7vG 
cross section is shifted by the requirement E7 > 0.2Eb. 
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Figure 20. Radiative Bhabha scattering. 
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particles and photons at all polar angles greater than 30 mr to eliminate back- 

grounds from normal hadronic, twc+photon, and QED processes. It’s clear that 

the search for single-photon events demands a quiet, well-shielded detector with 

large solid angle coverage. A detailed account of the searches that have been 

reported is given in another paper in these proceedings.(‘sl There ls no signal 

in these data above that expected from the standard weak process (18). The 

best limits placed on m+ and mr by all search techniques discussed so far are 

summarized in Fig. 21. 

C. Scalar Quarks 

At first thought it might seem that c+c- annihilation would be a good place 

to look for the production of scalar quarks. The signatures left by these particles 

are not, however, as distinctive ss one might hope. The lowest-energy bound state 

of two scalar particles must be produced in c+e- annihilation through a pwave 

because the overall spin-parity must be .I PC = l- -. Unfortunately this means 

that the leptonic width of this ground state is proportional to the derivative of 

the wavefunction at the origin,(“) 

IR’ &‘)I* I-,@ ---) c+e-) = 242 cp- 
m! 

. 
V 

This results in estimates of very small production rates. For example, the calcu- 

lations shown in Fig. 22, made with a potential given by,(“) 

v(r)=-:+; (21) 

and parameters k and a* taken from fits to the charmonium spectrum, yield lep- 

tonic widths that are below the sensitivity of experiment&*1 at SPEAR, CESR 

and DORIS even for the more optimistic choice of a charge = 2/3 scalar quark. 

Production of unbound ii pairs (Fig. 23) proceeds with a cross section pro- 

25 I I I I I I I I I I 

T’ In % A 

20 - 
CELLO 95% CL 

-0 5 IO 15 20 25 30 35 40 45 50 

I-86 mg (GeV/c2) 51SSA26 

Figure 21. Summary of limits on mr and m+. Curve A: stable massive charged 
particles. Curve B: acoplanar e+e- pairs. Curve C: single electron production. 
Curve D: single photon production. 
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Figure 22. Computed electron partial widths for gluino bound states. Limits 
from SPEAR and the partial width of the upsilon are also shown. 
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Figure 23. Pair production of scalar quarks. 
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portional to that for c+e- + p+p- 

where p is the velocity of the 4 in the center of mass system. Notice that a light 

(a F* 1) charge 2/3 scalar quark is produced at the same rate as a normal charge 

l/3 quark; ZZ.+,, = 0.33 for ef = 2/3 and @ = 1. The threshold factor /33, shown 

in Fig. 24, ls not negligible for large masses, and hinders the detection of such 

particles. The best experimental messurementsflsl of the total c+e- hadronic 

cross sections are summarised in Table III. At @ = 34.4 GeV the data are in 

agreement with the QCD expectation within the quoted systematic errors, but 

they are consistently above the QCD value, so the upper limit that they place on 

any excess is comparable to the signal that would be produced by even a light 

charged 2/3 en. No conclusions can be drawn from these numbers. 

It’s possible that a massive scalar quark would have two-body decay modes 

as shown in Fig. 25a. Production of id pairs would then lead to a final state that 

consists of a pair of acoplanar quark jets. An example of a search(201 for events 

of this type is shown in Fig. 26. Decays of heavy quarks and gaps in the coverage 

of the detector generate a background of events with acoplanarity angles as large 

as 45-50 degrees, but the presence of a signal at larger values is clearly ruled out. 

While two-body decays of a scalar quark would leave a sharp experimental 

signature, they are unfortunately not the most likely decay mode of this strongly 

interacting particle. Decays through the gluino, as in Fig. 25b, will obviously 

dominate unless prevented by kinematics (e.g. lf rn; >> mf). A search for 

evidence of these decays can be made by closely examining the shape parameters 

of hadronic events. If the scalar quark is not too light, then its decay will produce 

a highly acoplanar spherical event which will be visible against the background 

of normal two and three-jet QCD events. Fig. 27a defines the triangle diagram 

used to plot the aplanarity A and sphericity S which are defined in terms of the 

0.8 

0.6 

p304 . 

0.2 

0 
0 0.1 0.2 0.3 0.4 0.5 

1-86 (m/A) 5189A51 

Figure 24. The /Is threshold factor for production of scalar particles by c+c- 
annihilation. 
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TABLE III 

Summary of R measurements in c+c- annihilation and 

the second order QCD prediction for cz. = 0.13 f 0.02. 

I JADE I 34.4 I 3.99*0.04*0.10 I 

1 MARK J ‘1 34.4 1 3.95 f 0.05 f 0.22 1 

I TASS0 1 34.4 1 4.05 f0.05f0.19 1 

O(a:) QCD 34.4 3.83 f 0.03 I 

q”--- 
“‘iF q  

\ 
:‘Yq \ 

12-85 
5189A29 

\ 

(b) 
\Y 

Figure 25. Decays of scalar quarks. 
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Figure 27. Triangle plot of jet shape parameters sphericity and aplanarity. 
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Figure 26. (a) Search for acoplanar jet pairs produced by e+c- annihilation. 
(b) Limits on massea of scalar quark that decays electromagnetically. 
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1 

normalized eigenvalues Qi of the momentum tensor, 

&7=C Pi4 . (23) , 
i 

The sum runs over all particles in the event. Data taken by the TASS0 Collab- 

orationf2r) and plotted in Fig. 27b consists primarily of two-jet events bunched at 

low S and A, with a band of three-jet events long the upper A = 0 axis. There are 

few events at large aplanarity. These data have been used by the TASS0 group to 

search for evidence of heavy spin-l/2 quarks, but have not been analyzed yet to 

place limits on scalar quark production. To see what limits might be obtained, we 

can make a simple (and perhaps dangerous) extension of the published results. In 

the TASS0 analysis, the fraction of events with aplanarity greater than a certain 

value (A > 0.18 is used in this case) is found from the data and is compared to 

the fraction that would be expected if, in addition to the five known quarks, a 

new heavy charged l/3 quark were being produced with the standard point cross 

section, 

R(e+c- + Q+Q-) = e; P(3 - P2)/2 . (24) 

Thii comparison is summarized in Fig. 28. The presence of a new spin-l/2 quark 

would increase the fraction of events with large aplanarity to the value shown in 

the figure. The data clearly rule out such a new particle with mass up to nearly 

the beam energy 17 GeV. W e  can estimate the effect that a scalar quark would 

have on this fraction if we assume that its decay is similar to that of a normal 

quark. This leads to the curve shown in the figure for the charged 2/3 case, and 

would rule out the region rni 6 13GeV. This certainly needs to be analyzed more 

thoroughly to include the proper production and decay distributions for scalar 

quarks, and also to examine the uncertainties in the QCD prediction, which might 

be substantial. It seems, though, that it may  be possible to set interesting limits. 

The best existing constraints on scalar quark masses are inferred from hadron 

spectroscopy and studies of heavy quark decays. Light scalar quarks would pro- 

duce an entire spectrum of qqi baryons and qi mesons. The absence of these 

I I I I I I I 

Eb= 17 GeV 

LE 

IO 12 14 I6 I8 
6-85 M  (GeV/c2) 5189A5 

Figure 28. Fraction of hadronic events with aplanarity greater than 0.18. 
Shaded region is the range allowed by the data (flu around the mean value). 
Dashed line is the QCD expectation for the known five quarks and gluons. Solid 
curve is the estimated fraction that would be observed if, in addition to five 
quarks, there were also a charge 2/3 scalar quark of mass M. 
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states requires mf 2 1 - 2 GeV. We can do slightly better by noting that the 

existence of a light superpartner to the charm or bottom quark would disrupt 

the decay distributions of these fermions. For example, if mI < rnb then the 

electromagnetic decay shown in Fig. 29 would dominate the b-quark lifetime. 

The lepton spectrum, shown in Fig. 30, fairly well establishes, however, that the 

b-quark decays primarily through the Cabibbosuppressed weak charged current 

to a charm quark.@*) Furthermore, the bquark lifetime is longer than would be 

expected if it had an electromagnetic decay.fz3) 

The conclusion that should be drawn from this discussion is that scalar 

quark masses are not very well constrained. Studies of shape parameters in 

e+e- hadronic events, or perhaps of momentum distributions of leptons found in 

these events, may be able to rule out the existence of scalar quarks with rn+ s 

15 GeV, but no limits have been reported in the literature. 

D. Gluinos 

The spin-l/2 superpartner of the gluon can be produced as a secondary par- 

ticle in two and thre+jet processes as shown in Fig. 31a and Fig. 32a. Neither 

of these will lead to an easily discernable signal. The bremsstrahlung process in 

Fig. 31a, and subsequent decay of the gluino into g@5 (Fig. 31b), will yield two 

photinos in the final state, but the multiplicity of quarks is large, so the missing 

energy is small. The process shown in Fig. 32 results in a three-jet event which 

might be analyzed@) to extract the Ellis-Kruliner angle e’ defined in Fig. 32b. If 

it were possible to isolate the gluino by a combination of topological and missing 

energy requirements, then the distribution of i would be that shown in Fig. 33 for 

the spin-l/2 to spin-l/2 + scalar decay. This appears to be extremely difficult. 

A more interesting possibility is to look for bound states of ig produced 

in radiative decays of heavy quarkonium.f 25*2*) Two possible ways to produce a 

gluinonium bound state (glueballino ?) are shown in Fig. 34. The gluino is a self- 

conjugate fermion so the id state is antisymmetric and must have even charge 

conjugation parity. Furthermore, the 5 is a color octet state, so the ground state 

12-85 

5 189A32 

Figure 29. Decay of a bquark that would dominate the b lifetime if mI < mb. 
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Figure 33. Distribution of the Ellis-Karliner angle observed in three-jet events 
compared with that expected if the spin of the gluon is 1. The e+e- + q$G 
process would follow the f + f + 0 curve. 
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Figure 34. Gluinonium bound state production in decays of sS~ quarkonium. 
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of the color singlet combination will be generated through an S-wave interaction. 

It’s important to notice that, unlike the gluon, there is no triple gluino vertex. 

The decay of a $j state must proceed by the exchange diagram shown in Fig. 35, 

and will have a Zweig-like suppression if the mass of the gluino is not small. 

With these properties, the gluinonium ground state, denote it 6s. will be 

similar to the charmonium O-+ state ~(2980). except that it is made of colored 

constituents. The binding potential will be strengthened by color factors 

vii FJ Q/4 VqP , (25) 

which will enhance the amplitude of the wavefunction at the origin relative to 

that of a similar quarkonium state, 

IRi,(O)l’ r+: 3 - 4 l&,(0)1* - 

Estimates of the total width, made using the formula, 

ws ---) 99) = yl~,(o)l* I 
69 

(27) 

yield(2s) 

l-6, -SO-300MeV (28) 

for nai, ranging downward from 10 GeV/c* to 2 GeV/c*. 

The branching ratio of the sSr quarkonium ground state into 7rjp has been 

estimated as (26) 9 

166666 
9 

G--- 
i- 
19 

&-- 

% 9 

12-85 5 189A36 

Figure 35. Decay of a gluinonium bound state. 

where e9 is the charge of the initial quark type and my is the mass of the 

quarkonium state. The function f depends only mildly on the values of my and 
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me,. This can be normalized to the decay into the O-+ pseudoscalar quarkonium 

state 

The 27/4 is a color factor. From Eq. (26) and with f taken from Ref. 26, 

for gluinos with rns, w me,. As an example, the branching ratio for J/$ into 

7 9(550) is O.l%, so we would expect BR( J/$J + 7 fjs) FY l%, which is quite large. 

The decay of the fjo is primarily to two gluons (Fig. 35). Light quarks will 

appear in approximately equal numbers of decays, while heavy quarks may suffer 

some suppression of available phase space. If the mass of the Go is less than 

m 2 GeV/c*, then it will mix with other O-+ states. Thii has been one of the 

difficulties in the identification of gluonium candidates and would be no less of 

one in the case of the fjs. At larger masses the situation is not as complicated. 

The width of the rjs is expected to be more narrow (Eq. 28) and there are fewer 

O-+ qq states. The CUSB Collaboration has looked for monochromatic photons 

in decays of the T(9460). No signal corresponding to hadronic masses above 

2 GeV/c’ has been found( 612’); the limits are given in Fig. 36 along with the 

expected branching ratio of the rj,,. It can be seen that the experiment is not yet 

sensitive to the expected signal, but perhaps will be in the future. 

E. Scalar Neutrinog 

In our discussions of charged scalar leptons we have been careful to take 

account of the possible mixing between the superpartners of left and right-handed 

Dirac states. Since only left-handed neutrinos are observed in nature, we only 

consider the case of a single scalar neutrino state 6~ E fi. 

Scalar neutrinos can be produced in pairs by e+e: annihilation through the 

standard weak neutral current (Fig. 378) or, in the case of r*., through the t- 

channel exchange of the superpartner of the weak boson (Fig. 37b). The 2” 

CUSB 

2 1.5 T-y+X 
i, 
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al 

-- 
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6-65 M (Gev/c2) 516QA4 

Figure 36. Limits on production of narrow states in radiative decays of the 
upsilon. 
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Figure 37. Pair production of scalar neutrinos in e+c- annihilation. 

partial width created by a scalar neutrino is given byf**) 

r(z” + 12) = i p3r(zo + ~4) . (32) 

At PEP/PETRA this corresponds to the production of # 20 pairs per species 

(with p = 1) in a data sample of 100 pb-r. The t-channel diagram can be 

important for the production of u, if the mass of the E is not too large; for 

rnr E: rn~ we can expect n 109 i/,i, pairs in the same data sample. 

Clearly if the mass of the fi is zero (or small), then it will be stable. In 

that event it can only be detected by a measurement of the cross section for the 

radiative process 

e+e- ---) +O . (33) 

We’ve already discussed this experimental technique, but it’s worth pointing out 

that, if a signal in this channel is observed, it will be important to determine 

not only the size of the cross section, but also it’s dependence on beam energy. 

Photinos are produced through the electromagnetic interaction with a different 

dependence on fi than that expected for scalar neutrinos. 

Possible decay modes of a massive fi are shown in Figures 38 and 39 . These 

can become rather intricate. If the mass of the 6 is larger than the mass of the 

photino, then the decays in Fig. 38 result in all neutral, and invisible, final states. 

The lifetime for these decays is given by@) 

where the structure function F depends upon masses of the scalar leptons. For 

ml c rn~ and nac << rnw it turns out that F* is of order unity, and na; must 

be s 1 MeV to generate rc 2 lo-l3 sec. 

If the mass of the 6 is large enough, then the charged decay channels shown 

in Fig. 39 become open. The lifetime will become < IO-l3 sec. If the gluino is 
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light and mf = ml, then (c) will dominate (unless rni >> mw). One estimate, 

for example, giveJzg) 

BR(i* + hadrons) - 80% 

BR(C + leptons only) - 1% 

remainder are u? . 

(35) 

If the gluino is heavy, then diagram (a) may become dominant and the fi decay 

look similar to that of a heavy neutrino. 

The hadronic decays generate essentially no signature by themselves because 

the missing energy is not large. The scalar neutrinos are produced in pairs, 

however, so a very clear signature can be left if one of the 5 decays to ~7, and the 

other decays to charged particles. This topology appears in a detector as a single 

isolated monojet with a large missing momentum. There have been searches for 

monojet events at PEP and PETRA, but they are not completely independent 

of assumptions about the decay characteristics of the parent particles. They 

depend most sensitively upon the particle masses involved. Shown in Fig. 40a 

is an example of a set of limits obtained from results reported by the Mark II 

Collaboration.(so) (The published numbers have been resealed to produce the 

curve displayed in the figure.) What is plotted is the limit on the fraction of 

I% events that contain one all-neutral decay and one all-charged decay that is 

consistent with the limit placed by the experiment on monojet production. A 

sample calculation(2g) of the expected fraction is shown in Fig. 40b for the choices 

fie = 5 GeV/c* and rng CJ mw. At small values mf << rni., the C decays 

mostly into hadronic final states, while at large mass rnq >> rnc. the 5 decays 

are primarily into ~5. It would appear that some range of mf and rn;. could be 

ruled out, but notice that the expected production and decay rates depend also 

upon the unknown masses of other supersymmetric particles (i.e. rnE, m+, and 

mi)- 
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Figure 40. (a) Limits on one-sided charged decays of fi4 pairs. (b) Expected 
one-sided charged decays of scalar electron neutrino pairs. 
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A less convoluted. if not more limited, analysis can be done of r* decays to 

search for evidence of a scalar fir. If ml, < m, and if there exists another 9 with 

m;., < m,, then the decay shown in Fig. 41a will proceed with a partial width(31) 

m (36) 

where z is the lepton momentum fraction and P(z) is the momentum distribution 

for a three-body decay. There are constraints imposed on the size of this potential 

decay channel by measurements of the r lifetime, the final state lepton spectrum 

in T decays, and the leptonic branching ratio of the r; the r behaves in every 

way like a sequential lepton in the Standard Model. One analysis of the experi- 

mental datac31) yields the limits shown in Fig. 42. These can be approximately 

summarized by the requirement 

(3’) 

if rn5 S mw. 

F. Gauginos and Higgsinos 

Because of the complexity introduced by possible mixing of weak interaction 

eigenstates, searches for evidence of the gauge sector of supersymmetry become 

more generic than the searches that we’ve discussed so far. The weak isospin 

structure of these particles is displayed in Table IV. All of the R = -1 super- 

partners are spin-l/2 fermions, and all exhibit normal electroweak couplings. 

For example, the Higgsino coupling is proportioned to the mass of the fermion 

at the vertex, 
EM 

g(ffW - mf . (38) 

Figure 41. Tau decays into scalar tau neutrinos compared with normal tau 
decay. 

The only conserved quantum number that is not common to all particles listed 

in Table IV is the electric charge. States with common charge will mix to form 
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TABLE IV 

Weak &spin structure of Gauginos and Higgsinos 

Triplet: 

(T3 = fl, 0) 

(WA, iv,“) - @*, iv-, 

Doublets: (5) (Z) -(Z)(Z) 

(T3 = *l/2) 

Singlet: 

(7’3 = 0) 

Figure 42. Limits on scalar neutrino masses inferred from properties of tau 
decays. 
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mass eigenstates. This, unfortunately, makes it possible to essentially “turn off 

any particular production or decay channel that might serve ss a signature for 

the existence of these particles. 

1. Charginos 

The charged gauge fermion mass eigenstates are Dirac spinors of the form 

n: = ( Cl1 iv2 -+ 
+ cl*& 

c*1 Ey + c22fi1-; ) (39) 

and the orthogonal state 2:. The decay s* -+ .?u, for example, is generated by 

the Lagrangian 

1 - 75 f!in( = -gi 2 
( > 

If& 

which projects out the W component of the i since the mass of the neutrino is 

eero. Purely electromagnetic couplings must be strictly to the mass eigenstate, 

while the Z” will couple as usual to T3 - Q sin* 8~. 

The chargino states are fermions and can be produced in pairs in e+e- an- 

nihilation through the diagrams shown in Fig. 43. The photon propagator in 

Fig. 43a produces a cross section of one unit of R independently of mixing, and 

notice that i is not necessarily equal to j. The production of the @ component 

of 2 by the t-channel diagram in Fig. 43b is suppressed by the electron mass. 

Possible decay channels of charginos are assembled in Fig. 44. The strong 

decay is expected to be dominant unless suppressed by kinematics, while the 

two-body weak decays (b and d) could be ss much as 20%. The three-body 

leptonic piece (c) is likely to be small. It is not likely that the hadronic decays 

of these particles have been missed at PEP and PETRA, but if the mass of the 

gluino is large enough to suppress (a), and the mass of the lightest neutralino i’: 

is 2 Eb/2, then the weak decay (c) would either not be kinematically allowed, 

or would yield too little visible energy for the events to survive the cuts that are 
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0 

e- 
‘-- \ 

xi 
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e- 
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(b) 
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Figure 43. (a),(b) Pair production of charginos. (c) Production of a single 
chargino state in e+e- annihilation. 
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Figure 44. Decays of chargino states. 

typically used to analyze badronic Snal states. For example, the visible energy 

spectrum of events used by the MAC Collaboration(32) to measure R is shown 

in Fig. 45. A cut has been made at approximately l/3 of the total center of 

mass energy. It would require some work to determine the limit contour in a plot 

of rnf and ml*, but a proper analysis of the total hadronic cross section data 

should yield 

rn*f 220 GeV for rnp s 10 GeV . (41) 

Production of if pairs followed by their leptonic decay 

would create a clear signature in the searches for scalar leptons described in 

Section IDA. Production of a single chargino state by the diagram in Fig. 43c is 

similarly excluded by the search for single scalar electron production presented in 

the same discussion above. For example. the limits given by the Mark J group,@) 

displayed in Fig. 46, are similar to those shown in Fig. 6a for the selectron. 

These limits have been obtained by simply assuming a particular leptonic decay 

branching fraction (10% was used), but since they are limited primarily by the 

beam energy and not statistics, they are not very sensitive to the assumed value. 

Any leptonic branching fraction larger than 2 - 3% would have generated a signal 

in these data. 

All four of the neutral weak eigenstates can mix with each other 

(43) 

to produce mass eigenstate 2:. The nature of the mixing is quite model depen- 

dent, but there is always a lightest neutral state. Take it to be iy. Thii is an 
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important particle since, as we have seen, it will be stable and is one of the end 

products of many decay chains. It is possible that 2: is the photino, but not 

necessarily so. In some models, for example, the lightest state is a Higgsino, 

(44) 

(ur and ~2 are vacuum expectation values), while in other models it contains 

gaugino and Higgsino components. 

Neutralinos can be produced in pairs in e+e- annihilation through either 

the weak neutral current or through the t-channel exchange of a selectron. The 

Higgsino component is not produced efficiently by the latter process, while the 

Z” couples to T3 - Qsin* 0~ which is zero for both of the gauge components i??i 

and go. 

Possible decay modes of all but the lightest neutralino are shown in Fig. 47. 

We will denote by 2: any neutralino except the lightest. The first graph will be 

small if ii is predominantly Higgsino unless the fermion mass rn, is large. The 

second graph will similarly generate decays through the gaugino component of 

the neutralino, while ss noted above, the Z” will couple solely to the Higgsino 

component of ii. What should be recognized from this discussion is that these 

decays are terribly convoluted with unknown masses and mixing parameters, so 

experimental results should be presented in terms of simple branching ratios, 

or at least, simple models which can easily be reinterpreted in terms of other 

models. 

There are several distinctive event topologies that would be generated by 

neutralino pair production more or less independently of masses and mixing. 

They arise from the following combinations of 27 and ii 

(b) 

(Cl 

12-85 
5189A48 

Figure 47. Neutralino decays. 

c+e- -+ gxy (45) 

e+e- -+ gyx; (46) 
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Process  (45)  is just the genera l i za t ion  of the phot ino  pa i r  p roduc t ion  channe l  that 

w e  have  d iscussed in  Sec t ion  IIIB . P rocess  (46)  wi l l  l ead  to a  monoje t ,  o r  pe rhaps  

a n  energet ic  lep ton pair ,  wi th a  la rge  m o m e n t u m  imba lance .  Sea rches  for these 

topo log ies  have  al l  b e e n  negat ive.  T h e  H R S  Col laborat ionf3’) has  p resen ted  l imits 

o n  the mono je t  f inal  state a n d  in terpreted their  resul ts wi th in the f ramework  of 

a  par t icu lar  mode l .  They  a s s u m e  g i  is a  mass less  phot ino  a n d  

T h e  assumpt ion  that 2: is the phot ino  m e a n s  that on ly  the t -channe l  exchange  

of the se lect ron wi l l  contr ibute to the product ion  rate, so  the observab le  cross 

sect ion is 

whe re  R  =  mi /s  a n d  u  . B R  wi l l  have  uni ts of p icobarns.  T h e  l imits, wh ich  

d e p e n d  u p o n  mr,  rn i .0 a n d  the product  X 2  . BR,  a re  g iven  in  Fig. 48.  Not ice 

that, w h e n  the m ix ing  pa ramete r  A * b e c o m e s  smal l ,  2: b e c o m e s  most ly  H iggs ino  

a n d  the sensit iv i ty of the exper iment  is r educed  in  this mode l .  

Events  of the type (46)  in  wh ich  the ,$ state decays  to a  lepton pa i r  wou ld  b e  

eas i ly  recogn ised  in  mos t  detectors.  In a  m a n n e r  s imi la r  to their  hand l i ng  of the 

search  for charg inos  (Fig.46),  the M A R K  J Col laborat ionfss)  has  a s s u m e d  a  1 0 %  

b ranch ing  fract ion for 2 8  - +  .f+ .f-iy a n d  ar r i ved at the l imi ts shown  in  Fig. 49.  

E v e n  wi th the s impl i fy ing assumpt ion  for the lepton ic  b ranch ing  fract ion, the 

l imi ts sti l l mus t  b e  cons ide red  as  funct ions of three parameters ,  mr ,  mR,  a n d  

92.  

P rocess  (47)  wi l l  b e  diff icult to d iscover  un less  the neut ra l ino  state has  a  

la rge  b ranch ing  fract ion into two leptons.  T h e n  a  usefu l  n u m b e r  of four- lepton 

event  wi th m iss ing  ene rgy  a n d  m o m e n t u m  migh t  b e  p roduced.  N o  l imits o n  this 

possib i l i ty  have  b e e n  repor ted.  

I.0  

g  0 .5  “Jx 

0  

I 

H R S  

rng  ( G e V /c2) 

2 2  1 8  1 4  IO  6  

0  0 .5  I.0  1 .5  
1 - 8 6  “P W  5 1 8 9 A 4 9  

F igure  48.  L imi ts  o n  neut ra l ino  masses  der i ved  f rom l imits o n  mono je ts  in  c+c-  
annih i la t ion.  
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Figure 49. Limits on neutralino mssses derived from a search for lepton pairs 
with missing energy and momentum. 

9 
IV. ’ Searches for SUSY at Future cfe- Colli&g 

In thii section we’ll concentrate on the characteristics of the production of 

supersymmetric particles at beam energies near the Z” peak. We’ll discuss several 

unique searches and measurements that can be made with c+c- beams. Evidence 

for new particle production through the weak current can appear indirectly as 

an unexpected shift in the mass of the Z” or increase in its width, or through 

observation of individual events (or samples of events) that contain these new 

states. The ability to polarize the initial electrons and positrons can provide 

useful tests of the couplings of these particles to the Z”, and the measurement 

of Z” -+ qua (the so-called ‘neutrino counting” experiment) will either discover 

evidence for supersymmetry or place important constraints on the possible masses 

of scalar neutrinos and neutralinos. 

We remind ourselves that normal R = +l fermions are arranged in left- 

handed weak isodoublets with third component of isospin Ts = &l/2, and right- 

handed singlets with T3 = 0. The left and righthanded couplings to the weak 

neutral current are 

gr. = T3& - Q sir? 0~ (59) 

gR=TsR-Qsin2Bw . (51) 

The total width of the Z” is 

(52) 

where the sum runs over all species that can contribute. The couplings of the 

R = -1 superpartners are prescribed by the Black Letter Law: they are identical 

to that of their R = +l superpartners. So we have, for example, 

gL(aE) = -l + sin2 0~ 

and 
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gR(ZJ = sin2 Bw . 

This gives the ratio of partial widths, 

r(ZO + i&) _ g; 
I-(ZO -+ c-c+) - 2(gL + gg, B3 * (55) 

The factor of l/2 in Eq. (55) arises from the spin algebra. If & and .!R are mass 

degenerate, and we sum over the two states, then 

qz” + ii& + ig;;, _ 1 
Iyzo --) t+t-) - 5 P3 * 

Similar results hold for scalar quarks and neutrinos. A summary of the expected 

branching fractions for scalar leptons (degenerate masses are assumed when ap- 

plicable) is given in Table V. The p3 threshold factor, shown in Fig. 24, may not 

be negligible for masses near that of the Z”. 

Many of the event topologies and experimental techniques that result in sig- 

natures of supersymmetry at PEP and PETRA will continue to serve us well at 

the SLC and LEP. We’ll not dwell at any length in this section on issues that are 

common to the two energy regimes. 

A. Scalar ieptons 

A glance at Table V will reveal that scalar leptons do not produce a large 

effect on the total width of the Z”. Since we expect the mass of any scalar 

lepton to be greater than 20 GeV or so, then only - 1% of all Z” decays will 

he to g. The accuracy with which Trot can be determined is not known, but it 

would be fairly optimistic to expect less than - 2% systematic uncertainty in the 

measurement. 

Even with BIZ(Zc’ + c) = 1%. however, the direct observation of the acopla- 

mu lepton pair left by the decay i + .f? (if it occurs) should be quite clear in 

data samples with 2 1000 produced Z”s. Radiative Ze + #t- decays could 

TABLE V 

Branching fractions of the Z” into fermions and their 

supersymmetric partners. 

Type r(R = +i)pTm r(R = -i)/rTm 

Y 6% 3% 83 

t 

Q2fS 

e/s 

3% 1.5% p 

11% 5.5% f33 

14% 7% /33 
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be a background in detectors that do not possess nearly complete solid-angle 

coverage with electromagnetic calorimetry, but notice that initial state radiation 

will not generate any sizable contamination. If a signal is observed, then it will 

be important to establish the Z” branching fraction and momentum and angu- 

lar distributions of the final state leptons. These can all be used to determine 

whether or not the source is a scalar lepton. Of course, if the .? is stable, then 

it will appear as a massive charged particle that should be identifiable by TOF 

and /or dE Jdz measurements. 

B. Scalar Quarks 

Scalar quarks with masses not too near the beam energy (mi 6 mz/4) will be 

produced in - 5% of all Z” decays. This is a sizable contribution to the total Z” 

width. To establish the existence of a scalar quark, however, would require more 

direct evidence of its production. Light scalar quarks (mf 5 10 GeV/c2) will 

produce final state jets that are collimated enough to allow the reconstruction 

of the production angle of the parent, but it will require a sufficiently large data 

sample to reveal the excess created near Q O ” by the sin2 8 distribution of the scalar 

quark over the much larger background of normal quarks. Studies indicatef3s) 

that, for masses larger than 10 GeV/c2, it should be possible to isolate the decays 

of heavy quarks, or scalar quarks, by relatively simple cuts on the jet shape 

parameters that we’ve encountered before. A scalar quark can be distinguished 

from a normal sequential quark by measurement of the Z” partial width (Table 

V) and studies of possible leptonic decay modes. The leptonic decay rate of scalar 

quarks will depend upon masses and mixing parameters of gauginos. 

C. Scalar Neutrinos 

If there are three light scalar neutrino species, then their combined contri- 

bution to Iz is quite large (Table V). As mentioned previously, the existence of 

a light 5 may be visible in the neutrinc-counting experiment described below. 

If the 5 is stable, or has a significant decay branching fraction to ~7, then the 

neutrinecounting measurement will lead to an ambiguity between it and a fourth 

generation R = +l neutrino. Remember that 

BR(Z’ + v,G,) = 6% f9 (Dirac IJ) (57) 
BR(Z’ -P u@d) = 6% B3 (Majorana v) (5’3) 
BR(Z’-+Ci) =3%,9’ . (59) 

Furthermore, the probability that the parent particles in the Snal state sre stable 

(or at least invisible) must be included to obtain proper estimates of the sizes of 

the contributions to the single photon data sample from Eqs. (57) - (59). It may 

not be possible to distinguish between these cases if the 0 (or ~4) hss no visible 

decay modes. 

The decays of massive scalar neutrinos into leptons and hadrons should be 

revealing. A fourth generation neutrino should decay to i;eu unless it simply 

doesn’t mix with the lighter neutrino states. Leptonic decays of a scalar neutrino, 

on the other hand, are four-body final states, so the lepton spectrum will differ 

from that of the “4 decay. The most important parameter that can be estimated 

from leptonic and hadronic decays is clearly the mass of the parent particle. This 

combined with Eqs. (57) - (59) should allow the ambiguity to be resolved. With 

a large enough data sample it may also be possible to determine the production 

angle distribution of the parent, but this may be difficult if the mass is near the 

beam energy. 

It should be noted that neutralino states j$ can also counterfeit the signature 

of a scalar neutrino. In particular, the lightest g!, if it is stable as we have 

assumed, will contribute to the neutrinecounting result an amount that depends 

on the size of its Higgsino component. The $’ states are fermions, however, 

so if there are any leptonic or hadronic decay modes that can be isolated, then 

the production angle distribution can be measured, and will clearly separate it 

from a scalar neutrino. It’s clear that detectors that possess large solid-angle 

electromagnetic and hadronic calorimetry or tracking will be needed to sort out 

the various decay modes of these new particles. 
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D. Gauginos and Higgsinoa TABLE VI 

The vector and axialvector coupling constants for several possible mixtures 

of gauge and Higgs fermions are given@) in Table VI. For comparison gV and 1 

go are also listed for a normal lepton. Notice that it is possible for one of the 

couplings to vanish. The branching fraction of the Z” into the chargino states is 

given byfs7) 

Some possible mixtures of gauge and Higgs fermions and 

their vector and axial vector weak couplings. 

Stats 90 96 

R-L 
( ) fi;; -)+sid ew 0 r(zO + i+p-) 

r(zo + VP) = 4PF(m** emiring) 

where the function F can be as large as unity for some values of mixing angle 

and chargino mass. The production cross section for several cases is comparedfs8) 

with the Cc-pair cross s&ion in Fig. 50. Neutralinos have a similar form except 

that the production rate for identical fermions z:gP contains a factor of l/2 to 

account for Fermi statistics. 

Some mixtures of chargino states result in Z” decay rates that are close to that 

expected for a heavy lepton L*. If thii is the case, then the absolute production 

rats cannot be used to distinguish between the two possibilities. The semileptonic 

decay modes illustrated in Fig. 51 provide probably the best discrimination. The 

three-body decay of a heavy lepton (Fig. 51a) is a purely (V - A) interaction, 

while that of a heavy gaugino is an unknown combination of (V -A) and (V + A). 

The observed lepton momentum spectrum depends on this mixture ss shownfsg) 

in Fig. 52. In addition to perhaps signalling the production of the chargino state, 

thii spectrum will also be an important indication of the nature of the mining 

parameters that define the mass eigenstates. There also csn be two-body decays 

(Fig. 51~) of a gaugino which are not present in the case of the heavy lepton. 

This signature will be quite clear, especially if there is more than one light scalar 

neutrino so that, for example, acoplanar e--p events would appear with momenta 

spectra that differ from that expected for the tau. 

One of the more striking features of particle production at center of mass en- 

ergies near the Ze-pole is the strong forward-backwardcharge asymmetry created 

Pure 
Higgsino 

Pure 
Gaugino 

Mixtures 

Normal 
Lepton 

&IL ( 1 iTi* 
-0 - sin’ Bw -f 

-f+sin2 ew +f 

-f+sin2 ew 
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Figure 51. (a) The V-A weak decay of a heavy lepton. (b),(c) Decays of a 
supersymmetr ic gaugino. 

Figure 50. Production cross sections for gauginos and Higgsinos for different 
possible mass mixings. The p-pair cross section is shown for reference. 
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Figure 62. Lepton spectra produced by a pure V-A decay (A), and by decays 
with an increasing amount of a V+A interaction mined into the V-A piece (ED). 

by the interference of the weak neutral current and the electromagnetic current. 

The differential cross section due to the graphs in Fig. 53a is@) 

do 3a’ 
zi= 4s 

- [(1+ A)(1 +cos*B) + 2A’co4 

where A and A’ are functions of the g* mass and A’ is proportional to 89.2 gar. 

This is the cross section for the production of the z* relative to the direction of 

the initial e* ss defined in Fig. 54. The asymmetry is determined by the axial 

vector coupling got. The front-back charge asymmetry is defined by 

A 
do(B) - du(r - e) 2~0~0 A’ 

FB = do(e) + du(r - e) 
=- 

1+cosse 1+A * 

In addition to the s-channel process in Fig. 53a, a chargino state may  be pro- 

duced through the t-channel exchange of a scalar electron neutrino M  shown in 

Fig. 53b. Unless the msss  of the fie is much larger than the msss  of the W*, then 

this graph will dominate the production of z* gaugino states. (The Higgsino cou- 

pling is suppressed by the electron mass.) The expected(s”~ss) forward-backward 

asymmetry for a variety of if mixture is shown in Fig. 55. The same quantity is 

also plotted for ypairs. At first glance this would appear to provide a clean sep- 

aration of chargino production from that of a heavy lepton, but there are several 

problems. Firstly, it will probably be necessary to use the leptonic decay modes 

to identify the parent particles (including their charges). These decays are per- 

haps S-30% for a g*, and the lower end of thii range may be too small. Shown 

in Fig. 56b is a Monte Carlo generated(3s) set of points that indicate how well 

the ppair asymmetry can be measured. Each of these points represents a month 

of continuous running at a machine luminosity of lo” cm-s sec.-r. The loss of 

another factor of 20 in signal size would have to be offset by an increase in lu- 

minosity. Perhaps more importantly, radiative corrrections drastically reduce(35) 

the size of the asymmetry (Fig. SSa). Th e reduction in the measured asymmetry 

is easily understood - even though the beam center of msss  energy may be set 
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Figure 53. Pair production of chargino states. 
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Figure 64. Polar angle of i+ state with respect to c+ direction. 
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Figure 55. Expected forward-backward charge asymmetry for muon pairs pro- 
duced at the Z” peak (solid curve), and for various mixtures of charged gaugino 
and Higgsino states (dashed curves). No radiative corrections have been made. 
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Figure 50. (a) kpair charge asymmetry without (solid line) and with (dashed 
line) radiative corrections. (b) Monte Carlo simulation of a measurement of the 
ppair charge asymmetry at the Z” peak. 

above the msss  of the Z”, the product of the bremsstrahlung photon spectrum 

and the Z” Breit-Wigner is not small for a photon of just the right energy to 

place the reduced ems energy on the Z” peak. The asymmetry is smaller there, so 

the measured asymmetry is diminished. A glance back at Fig. 55 will show that 

much of the difference between the various curves will be eliminated by radiative 

corrections. 

E. Polarization 

One of the unique features of electron-positron machines is the ability to 

control the polarization of the initial state particles. In the case of the SLC the 

electron polarization is controlled at the e- source by using circularly polarized 

light to excite a solid state cathode. This allows the longitudinal polarization to 

be quickly changed (pulse-tc+pulse if necessary), and will create polarizations of 

SO-90%. LEP is a storage ring that can naturally produce transversely polarized 

electron and positron beams. 

One of the most striking predictions (‘O) of supersymmetry is that the longi- 

tudinal asymmetry of a right-handed scalar lepton should be opposite in sign to 

that of a left-handed scalar lepton. Let’s see how this come8 about. Shown in 

Fig. 57 are two interfering diagrams that lead to the production of scalar muon 

pairs. The electromagnetic coupling (57a) is the same for bR and Jim. The cou- 

pling of the Z” is determined by go for the fir. and by gR for the bR state. As 

shown in the figure gR ~j -0~ = l/4. This means that the interference between 

the Z” piece and the electromagnetic piece will have opposite signs in the two 

cases! Since the Z” amplitude will depend upon the polarization of the electron 

beam, we can measure the magnitude of the change in the overall cross section 

as the spin of electron is flipped, and (for non-degenerate msss  states) determine 

whether the final state particle is a jir. or bR. Define the longitudinal asymmetry, 

b (pll = +I - g (PII = -) 
All = d 

6 (PII =  +I +  g  (PII =  -) * 
(63) 

The expected longitudinal asymmetry for a 20 GeV fi is shown in Fig. 58 along 
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Figure 57. Schematic description of the factors that generate the longitudinal 
spin-flip asymmetry in e+e- annihilation near the Z” peak. 
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Figure 68. (a) Expected longitudinal asymmetry for irk and jir. scalar muons. 
The same quantity for muons is plotted for reference. (b) Expected transverse 
asymmetry for fiR and Jim. 
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with the same quantity for muons. If the jiR and br. are mass degenerate, then 

the combined asymmetry will reduce to that of the muon. A parameter Al 

defined similarly to Eq. (63) can be defined for transversely polarized beams. 

Observation of this asymmetry in the production of scalar particles would be a 

beautiful signature of supersymmetry at work. 

F. Mass and Width of te 

The appearance of new R = -1 supersymmetr ic particles in decays of the Z” 

will modify both its msss  and width. Fermion loop corrections to the Z” msss  

total about 5% for the known R = +l particles, and they raise the expected mass 

from 88 GeV/cz to 93 GeV/c*. If a light Higgsino exists then it can further shift 

the Z” mass, but most other R = -1 superpartners either do not contribute to the 

loop corrections or their effect is reduced by their masses. One calculation(‘r1 of 

the effect of a light Higgsino yields a 506 MeV upward shift for mk  s 10 GeV/c*, 

but the correction rapidly reduces to less than 206 MeV at larger a masses. This 

is still large enough to ultimately be seen in measurements of sins Bw, but it will 

require some additional evidence of the Higgsino to fully comprehend this effect. 

W e  have already listed in Table V (and VI) the Z” partial decay widths of 

various supersymmetr ic particles. Here we discuss the contributions of super- 

symmetry to the ‘neutrino counting” reaction 

c+c- -ry+zo W I 

followed by the decay of the Z” into a final state that consists entirely of particles 

that interact only weakly in matter. W e  know of three neutrino generations that 

will create events of this type. The cross section produced by NY sequential light 

neutrino species is(42l 

da GFa -= 
dzdcos07 6n22 sin* 0, 

* Fl(2, wee,) ‘8 

Ws: + 2) + F2(z,cm%) 

(1 - s(1 - z)/m*)* + I?/m: 
+ 2  

* 

(65) 

In this formula z = E,/&, and FI and F2 are not strongly dependent on I and 

~0~8,. Thii can be integrated with NY = 3 and iUs = 93 GeV/c* to give the 

detected cross section shown(“) in Fig. 59. The peak cross section corresponds 

to a Z” branching fraction of CJ l/2%. The photon line shape is shown in Fig. 60 

for several center of mass energies. The difference in the visible signal provided 

by three families and that provided by four families is 25%. so a 30 separation 

will require an 8% measurement of the cross section. 

It is important to note, however, that the cross section for process (64) need 

not be given by Eq. (65) with NY equal to an integer. Even a standard sequential 

neutrino will contribute a fractional amount if its mass ls not small and it doesn’t 

mix with the lighter species. The relative contributions of stable neutrinos and 

scalar neutrinos are given by Eqs. (57) - (59). A light scalar neutrino will be 

produced in one half as many Z” decays as will a light standard sequential neu- 

trino. Neutralinos will further increase the detected single photon cross section 

(Eq. 60). Almost any value up to the neutrino cross section (Eq. 65) is possible. 

A light Higgsino state would be produced quite prolifically in thii channel. 

The measurement of the cross section for the single photon process is a diffi- 

cult one. An accurate normalization, either a luminosity measurement or a large 

and clean acceptance for muon-pairs, is required, the Zs  line shape must be ac- 

curately known; and the detector resolution and acceptance must be optimised 

and well understood. It is particularly important to be able to reconstruct the 

origin of photon candidates in space (and time if possible) in order to reject and 

measure cosmic rays and machine related backgrounds. As a benchmark to the 

analysis, a 4u discovery of a light scalar neutrino will require the measurement 

of the single photon production rate with an overall uncertainty of 3%. 

v. summary 

The search for supersymmetry has so far yielded only negative results. The 

next generation of e+c- machl les will be able to extend the hunt to masses that 

are- ld GeV/c*, but the role for which supersymmetry was invented demands 
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Figure 60. Visible cross section for single photons from the process e+e- -+ 7~ 
with three neutrino flavors. 
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produced by the c+c- 4 7~ process at several 
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only that it appear on a mane scale that b &ill an order of magnitude larger. 

Supersymmetry in liiely to be with ue for eome time to come. 
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Properties of Supersymmetric I)articles and Processes* 

R. Michael Barnett 

Lawrence Berkeley Laboratory-, Wniversity of California 

Berkeley, California 94720 

ABSTRACT 

In these lectures I discuss the motivations for experimental searches for 

supersymmetric particles. The role of R-parity in these searches is described. 

The production and decay characteristics of each clam of supersymmetric par- 

ticles are investigated in the context of both e+e- and hadron machines. 

There is 

process. 

particles 

given. 

a detailed presentation of a sample calculation of a supemymmetric 

Emphasis is given to the signatures for detection of supersymmetric 

and processes. The current l imits for supersymmetric particles are 

Lectures given at the 1985 SLAC Summer Institute on Particle Physics - 
Supersymmetry, July 29 - August 9, 1985, Stanford, California 
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Let us assume that supersymmetry exists. We must the?: ask whether 

any particles or processes are accessible to experimentaiiits. This is the sub- 

ject of my lectures. I will give only limited introductory remarks, since Joe 

Polchinski has given a general introduction to supersymmetry in his lectures’ 

at this Summer Institute. Other good review articles with a phenomenological 

orientation may be found in Refs. 2-5. 

Searches for supersymmetry share the characteristics of other searches for 

new physics. The experimentslists run the risk of having negative results. 

While the rewards of positive results may be high, the lifetime of the relevant 

theory may be short and the theorist’s interest may be gone before the experi- 

ment begins running. It is, therefore, wise for an experimentalist to ask why 

he or she should invest signiacant effort into a search for supersymmetric par- 

ticles. It is dangerous to ask this question of an enthusiast, so I will make an 

extra effort to give a balanced answer (but I do remain an enthusiast). 

There are good theoretical motivations for supersymmetry such as a pas- 

sible solution to the gauge hierarchy problem (discussed below). These and 

other motivations are presented in the lectures by Polchinski’ and Peskin? 
t 

But I have heard non-enthusiasts (both theorists and experimentalists):argue 

that these motivations are obscure and uncertain and that other theories may 

do as well. The enthusiasts often use the word “elegant” in describing super- 

symmetry, and certainly the unification of fermions with bosons and the 
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unification of gravity with the other interactions would be good justification 

for this word. The detractors counter that it would have been elegant if it 
I 

had unified the known fermions with the known bosons thereby halving the 

total number of particles. Instead each known particle appears to require an 

undiscovered superpartner. 

The advocates point to the fact that the existence of specific new parti- 

cles with specific couplings is predicted and that there is good reason to 

expect masses to be less than 500-1000 GeV. The detractors emphasize that 

neither relative nor absolute masses are known so that it ls impossible to 

predict the rates. The large production cross sections for some supersym- 

metric particles have been reported by the optimists. The pessimists retort 

that the UAl and UA2 experiments at CERN may have produced lo’-10’ 

gluinos and yet been unable to definitely detect any of them. 

The enthusiasts have noted a number of very dramatic signals which are 

possible in some cases. But others counter that the dramatic signal found by 

UAl (monojets) has been exceedingly diEicult to separate from a large number 

of backgrounds. At a minimum, one would hope that the absence of signals 

would significantly constrain the theory. However, since we cannot be certain 

about the identity or mass of the lightest supemymmetric particle, about mix- 

ings or about which particle will decay into which, it is difficult to constrain 

supemymmetry unless one makes certain assumptions whose validity cannot 

bc proven. 

Finally, enthusiasts will argue (successfully I believe) that super-symmetry 

provides a very specific example of /toy to look for new physics at high energy 

machines. One can do real calculations. There are a large variety of types of 

processes. Ultimately the experimentalist will have to decide whether the 

theoretical motivations are adequate : justification for this effort, but any 

attempt to find new physics will likely involve signals similar to those 

described in these lectures. 

What Is supersymmetry? It Is a symmetry relating the fermions and 

bosons of elementary particle physics. Supersymmetric theories possess a 

self-conjugate, spin + symmetry generator Q: 

Q 1 &son> = 1 Fermion> 

and 

Q IFermion> = (Boson>. 

The (fermionic) Q obey anticommutation relations: 

(1.1) 

(1.2) 

where P, = ia,, is the momentum generator, Q (a) is a spinoral index and 

i=1,2,...,N. where N is an internal symmetry index. For phenomonological reasons, 

we choose “simple” supersymmetry, N=l. ’ 

The mc& frequently quoted theoretic&l motivations for supersymmetry 

are that it has fewer divergences than other quantum field theories, that it 

provides a possible mechanism for unifying gravity with other interactions 

and that it may offer an understanding of the problem of greatly different 
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scales (called the “gauge hierarchy” problem). This latter problem’ arises 

from the observation that the electroweak scale is vastly different from the 

scales of gravrt 4 and of grand unification: 

mW PN 
mPlanck 

0 (10-I’) mW -u 
mGUT . 

0 (lo-‘3) . 0.3) 

One next notes that the calculation of the mssses of scalar particles (the I-Eggs 

bosons) are quite unstable; the corrections to the bare mass tend to be very 

large. It takes an “unnatural” fine-tuning to avoid large masses: to keep 

m(HIggs) at O(m,) rather than at O(mplanek). Among the corrections are 

one-loop radiative corrections to the mass which are quadratically divergent. 

However, one notes that those corrections involving fermions have the oppo- 

site sign s.s those involving bosons (Fermi statistics). Super-symmetry can 

take advantage of this because it provides a superpartner for each bison and 

fermion (on a one-toone basis), and the particle and superpartner have identi- 

cal couplings. It does require, however, that the mass splitting between parti- 

cles and their superpartners be limited: leas than about 1 TeV. Ultimately 

one hopes that supersymmetry could solve the gauge hierarchy problem by 

relating scalar masses to fermion masses which can be kept small via nearly 

exact chiral symmetries. 

In an ideal world each known particle would turn out to be the super- 

partner of another known particle, in effect halving the total number of parti- 

cles. Unfortunately, for phenomenological reasons, no known particle can be 

the superpartner of any other particle. No spin-zero elementary particles are 

known, so the partners of quarks and leptons are unknown. The HIggs boson 

(when found) will not be the partner of e, c or r, since that would lead to e- 
I 

number or p-number violation. Nor could the I-Eggs be a partner of quarks, 

because that implies I-Eggs would have color and that would lead to low- 

energy baryon-number violation. Finally’ the quarks, e, I( and r are not 

partners of gauge bosons because they are not in adjoint representations of 

SU(3) and SU(2). 

Supersymmetry clearly is a broken symmetry. Otherwise m(fermion) = 

m(boson), and this Is never observed. The only question is the scale of break- 

ing. As mentioned above, there is reason to expect that supersymmetric 

masses will be less than 500-1000 GeV. 

The set of particles expected in simple supersymmetric theories is shown 

in Table I. The notation to indicate a super&metric particle is to place a 

tilde over the particle (P). Notice that the quarks and charged leptons have 

both left-handed and right-handed components (e.g., eb is the SU(2) weak 

doublet while eR is the SU(2) weak singlet). As a result there are two spin- 

zero partners of these particles which are labeled with subscripts L and R 
7 

(e.g., Zb and ZP); however, spin 0 particles are not themselves left- or right- 
I 

handed. The subscripts simply refer to the component of the spin + partner. 

There is no compelling supersymmetric mbdel which would tell us the 

masses of super-symmetric particles or even the sequence of masses. We do 

get some guidance from supergravity models. Otherwise we need to look to 
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Particle Sptn 

quark 19 t 
U t 

d ? 

lepton I + 

e i 

P ! 

r 4 

neutrino uc t 

“P t 

ur t 

gluon g 1 

photon 7 1 

2 z” 1 

Hiw 5” 0 

W w* 1 

Iiigge I-q 0 

Table I 

Supersymmetric Partner* Spin 

scalar-quark k, . & 0 

CL. Gt 0 

a,, a, 0 

scalar-lepton I. IR 0 

6.. ZR 0 

&a;~, CR 0 

TL, %t 0 

scalar-neutrino i;, 0 

% 0 

9 0 

gluino a i 

photino 5 i 
Z-in0 2 I I 

HiiillO iii” f 

W-in0 w f 
HiiiIlO w ? 

*Maw eigenstates can be mixtures of f Z”, iJ 

orof~,jii*orof&,,~orof~b,~~ 

cosmology and experiments to learn more. To make predictions for such 

experiments, many theorists calculate processes “independent” of supersym- 

metric masses which is to say as a function of marscs. But the sequence of 

mrmses is critical: e.g., does the scalar quark decay into the gluino or vice 

versa. 

2. The Lightest Superaymmetric Particle 

I will make (in most cases) two important sssumptions: a) The photino 

(7) is the IigAtcut supersymmetric particle; b) Mixing of the photino with 2” 

and i? is not too important. The first sssumption is the most common out- 

put of recent models. The results described in this paper would be modified 

somewhat if this were not a correct assumption; these changes are described 

in an accompanying papers by Howard Haber in these proceedings. 

Other alternatives for the lightest particle are the Goldstino,g the scalar 

neutrino” (9 and the Higgsino” @). In the currently popular supcrgmvity 

models, the Goldstino is absorbed into the gravitino’” and is, therefore, not a 

candidate (although the gravitino might be a candidate). The consequence of 

b or g being the lightest will be brieEy discussed id the next section. 

Charged and strongly-interacting particles are’ not possible candidata for 

the lightest supeRymmetric particle. As discussqd in the next section, the 

lightest particle will most likely be stable. Charged or strongly-interacting 

particles produced in the early univeme would be dissipated and condensed 
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out on earth and elsewhere. Searches for 1 TeV or less stables are negative at 

reasonable levels. 

I 3. R-Parity and Ite Implicationa 

Most models of supemymmetry have a multiplicatively-conserved quan- 

tum numberI called “R-Parity”. Ordinary particles such IU u, d or s quarks, 

e, p or r leptons, 7, gluons, or W bosons have R = +1 while their supersym- 

metricpartnen(~,a,3,‘i,p,3,~,5,ii3haveRP-l. 

This quantum number can be defined by 

R p (-l)gJ+sB+L. (3.1) 

where J = spin, B = baryon number and L = lepton number. To our great 

misfortune there is also another definition possible: 

R = (.-l)E+’ I (3.2) 

where E = 1 for existing particles , and 

E = -1 for non-existent particles. 

In general I will aasume that R-parity is not broken. An accompanying 

paper ” by Sally Dawson in these proceedings describes the consequences of 

R-parity violation. 

R-parity has a number of important implications. The first is that the 

lightest supersymmetric particle has to be stable, since no combination of 

positive R-parity products can come from a negative R-parity parent. As 

stated above, I will usually assume the photino is lightest. If 5 or fi were 

lighter, then 

q4uc 
/ 

or 

(3.3) 

(3.4) 

would be allowed. 

The second implication is that supersymmetric particles are produced in 

pairs (since the initial state has R e +l); see the figures below (where the 

double lines indicate negative R-parity): 

FIG 1 

Thirdly, all decays end up with photinos if it is the lightest supemym- 

metric particle; see for example the figure below: 

FIG 2 
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A fourth implication is that the production croes sections of light super- , 

symmetric particles are of order weak interaction scale. In this figure 

2-64 

FIG 3 

(d) 4651A66 

we note (from experiment) that M(2) 2 0 (mw). A potential exception is the 

gluino, because it can be produced via the following diagram: 

FIG 4 

The fifth implication of R-parity is that the pholino inleroclion cross 

sectio# is of order the weak interaction scale. This is because its interaction 

with matter requires the exchange wd/or the production of heavy particles as 

seen in the diagrams of Fig. 5. 

12-63 (e) 

(b) 

:I: 

(d) 

(f) i 465lAl7 

I 
However, we will see later that the gluino may not be light. 

FIG 6 
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A major consequence of these implications of R-parity is that the photino 

behaves like a neutrino (though it is not associated with an e or cc). Like a 

neutrino, a ph&ino will normally leave detectors vt-ithout being detected. 

Since photinos are the eventual output of every process, this means that the 

key signature for supersymmetric processes is ilhSSINC ENERGY. 

4. Mixing of Neutral Gauge and Higgs Fermions 

The states fi E G3, fit0 and &” are neutral, Majorana spinor, 

electroweak-interaction eigenstates which mix to give msd.s elgenstates. 

Crudely speaking, a Majorana fermion is its own antiparticle or more formally 

a CPT self-conjugate particle. In other words, the helicity (i 5) goes to (1 5) 

under CPT and then (1 7) returns to (1 ;J) under a 180’ rotation. 

The photino is given by 

(4.1) 

in analogy to the ordinary photon, where g = e/sin 0, and g’ = e/co5 8,. 

The photino may or may not be a mass eigenstate. Discussion of the other 

gauge and Higgs fermions will be given in Sections 11-12. 

6. The Photino 

Let us summarize the characteristics of the photino. I shall assume 

(although it is not necessary) that mixing with go and I%’ is small, and that 

the 5 is a mass eigenstate. It is taken (here) to be the lightkst supersymmetric 

particle and stable (via R-parity). Its coupling is the dame.= that of the pho 

ton. The photino interacts weakly with matter (heavy masses are involved), 

and production cross sections are weak. The only mechanism for “detecting” 

it ‘I by noting the missing energy its presence implies. 

Currently, the only limits on the msfs’ of the photino come from cosmo- 

logical arguments.‘s-z2 It is necessary that the mass density of the universe be 

below the critical density which closes the universe. If the photino is too 

heavy there is a danger of overclosing the universe. If M(;j) 5 100 eV, then 

there is no problem. If M(5) is larger, however, one must consider how pho 

tines are created and lost. Pair production of photinos will continue until 

they are frozen out as the temperature, T, drops below M(F). But annihila- 

tion processes would continue, and the eventual number of photinos remain- 

ing depends on the efficiency of these processes. The rate of these processes is 

a function of heavy mssses (such ss M(5) and M(q) E Ml,,,) appearing in 

diagrams such as: 

FIG 6 l 
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One finds’* 

I 
MT 2 f GeV for MbeavJ = 20 GeV, 

MS 2 2 GeV for %ewy = 40 GeV, and 

M? 2 5 GeV for Mbesv = 100 GeV. 

Since we have no evidence that Mhcavr > 100 GeV, we also have no evidence 

that MT > 5 GeV. 

In the next section, I will discuss the computation of photino production 

in a specific process. 

6. A Sample Supersymmetric Calculation 

I wish to show that supersymmetric calculations are not that much more 

dificult than ordinary calculations. They can be tedious, but are straightfor- 

ward and can be done in a finite time. The process I have chosen is 

e+e- 4 5 ;S (this cross section was derived in Ref. 4). I will assume that -6, 

-i+t and ;i are mass eigenstates. The relevant diagrams are: 

2-84 (cl (d) 4651A68 

FIG 7 

The photino interaction terms needed are (recall that e and 7 are 4- 
, 

component spinors) 

[ 

(1-5) 
figsinew ?-;i- e-k* +5- 0+75) ;izL 

2 

-57 0+75) e ~B* _  e  - (l-5) 2 5 $  1 . (6.1) 

The Feynman rules needed to do the calculations are shown in Fig. 8 

where a and ,9 are spinor indices (watch the direction of arrows). 

To obtain the Feynman rules for -%, may the change 

(1 f 75) + (-1 f 75) - 

In general, most Feynman rules may be obtained from Ref. 4. 

VW 
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I 

B e- -- eL -+- c a T 

B e- -, 
eL -f- e a T 

B e- -- 
eL -e- c a 7 

-- B e- 
eL -+- < a 7 

+ [(l + Y5qa 

-g (1 - Y5hp 

-+ [c-v - Y5Lp 

XBL 8512.12831 

Let us first calculate the amplitudes for the(a)and(c)diagrams where it is 

-d which is exchanged. This is equivalentito letting M($ 4 00. I will come 

back to the alternative case M($ - M(ZL) later. Let us define momenta by: 

FIG 0 

and 

t = (pl-k,)*, and 

u = (pl - k2)*. 

Then the amplitudes are 

(6.5) 
M* = (Z&)1 

ii (lq5) u(pl) -v(P2) (1+75) “tk2) 9 and 

MC= (2(M$J 
v(k,)= C-’ (1-s) u(pi) v(P2) (l+-Y5) c ;;tkI)T (6.6) 

The u and v spinors satisfy (for spin s = f +) t/he relations: 
t 

v(k,s) = c U (k,s)= , and 

u(k,s) = C 3 (k,s)= . I 

Using CT = -C, we can then rewrite Eq. 6.6 BS: 

(6.3) 

(6.4) 

i (6.7) 

03.8) 

FIG 8 
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Me - 
e* 

I* 1 
2 @%L - 4 

qk.J (l-75) u(p1) 3P2) (1+75) v(h). (6-Q) 

Now w; can proceed by squaring the sum of the two amplitudes and 

summing over initial and final spins. The amplitude M, enters the sum with 

a minus sign relative to Ma because of Pauli statistics. In e-e-. + e-e- scatter- 

ing the same sign occurs between t and u-channel terms. So we wish to find 

Cl%-M,I* . 
To evaluate it we need to make use of the following relations for the projec- 

tion operators (where j se 7 - p and C is the sum over spins): 
I 

C u(pts) c(p.4 - $ + M, 
. 

C v(p,.4 -V(P,~ - ti - M  p 
. 

c  u(p.s) v=(p,s) - (+ + MKT. 
. 

c  ?(PG$(P~~) = C-’ (d - M) , 
. 

c  -;r(,,) :(~a) = C-’ ($ + M), and 
. 

c  v(pa) u=(pg) = (+ - M)C= . 
. 

(6JOa) 

(6.lOb) 

(6JCk) 

(6JOd) 

(S.lOe) 

(S.lOf) 

If our calculations did not involve Majomna spinors, we would not have 

needed Eqs. (6.lOc-f). Also useful in evaluating the matrix element squared 

UC 

Cf=C+ 

C’ ky5 C = (i-f5)= 

(6.11) 

(6.12) 

c+r,c=Jy,= c-1 t7p” c = -up”=. 

To proceed we write 
I 

CiM,-MCI2 = CIM,t*+CiM,1* 

- 2 5: M.M,*. 
Starting with C 1 MA * and letting I 

we have 

C IM,I* - 
spin8 

h* w& +J (MS) u(p1) G(p,)(l+75) u(k~) 

(6.13) 

(6.14) 

(6.15) 

x  3~~) (1+75) v(k2) Vc2) (l-75) 4~2) . 

Using Eqs. (6.10) we find 

(6.16) 

C IM,I* - 
mpina 

h* Tr [(lq) (d,+m,) 0+7sXY1+Mi)] 

x Tr [O+T~) (It+-,) O-75) (&me)] (6.17) 

= h* Tr [z (MS) #,(&+M-,)] Tr [z (1+-d &(d2-4 ] (6.18) 

where the last line follows from 

0 f 75)7p - 7,,(1r7& and 
-1 

(1 + 7s) (1 T 75) = ; (l-k75). 
0 

’ 

Other 7 matrix relations allow further simqlilication: 

Tr [odd number 7,,’ s] = 0 

Tr I75 C A = 0 Tr[#)d] = 4a.b 

(6.10) 

(6.20) 
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-2 C M, M; = -2 4 A,, C +,I WYJ U(PI) I (l+%,) u(kz) 
apins 

x v= (k,) (~+TJ* I v=(p2) (I-Y,)= g(k,) (6.28) 

These give 

t = p,2 - 2 PI * k, + k, 2 = -2 p, - k, + me2 + I$ (6.22) 

(6.23) 

Obviously, the C IMel is the same except for the interchange t + u: 

C IM,I’ - ” 
ml- 4 (MEL - u)~ 

Next let us do the Interference Term: -2 C M&i,*. For t- and u- 
SplW 

channel interference terms, it is convenient (for rearranging terms to obtain 

the trace) to make use of this relation: 

K(P) (I-X) v(k)1 = [i;(p) (I--rs) WI= 

= v=(k) (l-dT g(p), (6.25) 

which follows because this is a scalar quantity. The need for this trick occurs 

in supersymmetry because of interference between diagrams involving the 

neutral Majorana fermion 5 (5 = 5). Using this trick we then rewrite the 

amplitudes: 

M, = 4 ii (1~~) u(p,) vT(kz) (1+-r&= gb2). and 

M; = A,, ii (I+rJ u(k2) vT(p2) (I+,) p(k,). 

We can then write 

(6.26) 

(6.27) 

= -2 A1. A,, Tr 1 W-Y& &+m,) (l+d (1(2+N$ CT 

x o+T~)~ (+2-m,)T (;-g~~ C’(&+M-,) 1. 

To reduce this we note that (using Eqs. 6.11-6.13) 

CT (I+-Y,)~ (Ib2-m,)T (1-7~)~ C-’ 

- -C (l+qJT C-l C(d2-mJT C+ C(l+= C-’ 

= - 0+7J (-+2-q) (l-75) . 

Inserting Eq. (6.30) into Eq. (6.20) we obtain 

-2 C M, MC* = -2 44, Tr [(le,) &+m,) (1+-d (&+M$ 
c-pm 

x (l+$ (d2+4 (1-d W,+M-,) 
I 

= -2 4 48 M? Tr [(l-d dl $2 (l4+M-,)] 

=-2Atq,8M54p,*p2. 

The last steps involved use of Eqs. (6.19-6.20). By noting that 

s = 2pl*p2+2me2 

we obtain the final form for the interference term 
i 

-2 C M,M,‘=-8e’MG 
s-2me2 

spms (MzL - t) CM:,” 4 * 

Note that the interference term is zero if the photino is massless. 

(634 

03.30) 

(6.31) 

(6.32) 

(6.33) 

(6.34) 

(6.35) 
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Combining Eqs. (6.23), (6.24), and (6.35). the differential cross section 

2 (e+e- -+ 5 5) for the case where M-c, - 00 ia I 

2 Mt (2me2+) 

+ (M:, - t) CM:, - 4 + 

(U-M: - rn:)’ 

bf& “? 1 * 

For the case Mza - Mz,, I quote the result 

(6.36) 

derived by Haber and Kane’ (see also their erratum, to be published): 

da2 
-3- 
dn 

+ 
8m,?M: - 2s(Mt + rnz) + (U-M; - mz)2 + 4 meg M: 

&--w&4 1 (ME-up * 
(6.37) 

Note that if me - 0 then 

dffl 1 da2 --. 
Xi-2 dn 

Thii concludes our calculation of e+e- 4 ;i 7. 

(6.38) 

7. Photino Interaction Cross Section and Berm-Dump Experimenb 

We have just calculated the production of photinos. Let us now consider 

their interaction with matter. I5 The interaction C~DSS section can be written 

,. 

a% (interaction) = sUzb I dx q(x) B(g). (7.1) 

The quantity q(x) is the quark structure function. The term q9) describes the 

hard process 5 + q -+ anything. The variable L 

B=sx 

describes the hard process. 

, (7.2) 

One method of searching for light gluinos involves observing photino 

interactions. In a “beam dump” experiment, one would produce large 

numbers of gluinos in the dump (via gluon fusion, etc.) if light gluinos exist. 

These gluinos are expected to decay before interacting in the dump. As 

always photinoe would be among the products. The photinos pass through 

the shielding and like neutrinos can occasionally interact In a neutrino detec- 

tor. These interactions will appear similar to neutrino neutral-current inkrac- 

tions. 

For beam-dump experiments where 6 << MI and q is by hypothesis 

small, the relevant diagrams are: 

(a) (b) 

FIG 10 

SS: 
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-- 

I 

12-83 (0) (b) 4651A16 

(b) 

c) Z” + e+e- 5 

Expect strong auppkssion. 

Only relevant if there is significant mixing of Higgsino in the “photino”. 

While it is true that e+e- -+ g+ Z via a 7 or Z” has the usual /Is thresh- 

old suppression for spin-zero particles, one should remember that other non- 

*channel diagrams are allowed: 

e+ ----g+ 

3 
T’, 2 

e- ----s 

FIG 13 

Hadron colliders are not ideal for the detection of scalar electrons or 

other scalar leptons. One can produce them in qz +-y -+ i!? ‘C and look for 

electron pairs and large missing energy. The same process can occur via a 
? 

physical 2” boson, but may not be fessible given current limits. In 

qt-+ W+ 4 a+ 5 we would expect for & = 50 GeV, a branching ratio to 

this mode of about 1%. This would req& very large numbers of * and 

would probably be obscured by backgrounds. 

FIG 12 
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Limits on the masses of charged scalar leptons can be obtained from e+e- 

eollidem, but one must remember that at a minimum they depend on MT and 

on the ratio M ,/Men. 4 For the scalar electron, Z, the best limits eome from 

the process e+e- + e but they are the most sensitive to My The limit 

from the MAC experimentm (90% CL.) is 

w > 43.5 GeV for M? = 0, McR=Mz . L 

The limits lrom the ASP experimentm (00% C.L.) are 

MT, 2 42 GeV for M< = 0, 
%” >> MsL l 

e > 51 GeV for M;i - 0, M.I,-MT s Id 

03.1) 

(8.2) 

(8.3) 

MC > 20.8 GeV. 03.8) 

These limits are from the JADEm*‘O and Mark Jss Collaborations although 

similar limits exist from the MAC,” TASS0,37 and CELLOss Collaborations. 

For the scalar tau CM-, < 13 GeV and 95% C.L.): 
, 

M; > 18 GeV (8.9) 
Again these are from JADE’s and Mark Jss with similar results from 

CELL0,ss TASS0,42 Mark II43 and MAC38 Collaborations. 

0. Scalar Neutrinos 

The characteristics of scalar neutrinos, P, are: 
w 2 48 GeV 

MS 2 33 GeV 

for M? = 5 GeV, %==“z L . ad (8.4) 

for M- = 10 GeV, MzR = MzL. (8.5) 
4 

1 

If M? > 13 GeV, then no limit for & exists from e+e- d ;i 7 7. 

From the process e+e- + Z 5 e, the .L4DE3’ and CELLO32 experiments 

obtain (95% C.L.): 
b) 

e > 25 GeV for M3 = 0, MzR = MzL . (J3.6) 

Similar limits are found by the MACss and Mark 1I”Collaborations. From 

e+e- -) a+ Z- the JADE3r and Mark 5% experiments find (95% C.L.) 

cl 

4 

e > 22-23 GeV for M3 5 19 GeV, MER = MzL. (8.7) 

Note that this limit holds for Mq up to 19 GeV. 

The best limits for the scalar muon are for M? < 15-16 GeV (95% C.L.): 

4 

Their interactions are weak since charged scalar leptons have 

masses greater than 40-50 GeV (assuming ii and 3 are not lighter 

than Z), and since they interact via W or G 

There appear to be no maas limits from ccemological arguments.” 

The only mass limit currently available is M; > 1.5 GeV from con- 

siderations of r lepton decay characteristics.” 

\ 
Scalar neutrinos can be produced via decays and also directly in 

e+e- annihilation. 

The most probable decay (see disc&ion below) is c + u 7 which 

can only occur via triangle diagrams. 
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f) It is possible (though not found in most models) that i2 is the light- 

e t supersymmetric particle, and in that case it would be stable. 
f 

Note that this would imply 5 -+ v E, so that the photino would also 

be an unobservable particle in this case (the E leaves the detector 

without interacting). 

g) If M,- > Ma, then the decays 

S-+vZ or Z-+e-i@ 

are possible.” 

(Q.1) 

The decay of E is most likely 5 -P v 5 which occurs through the diagrams 

shown in Fig. 14. To reduce the degrees of freedom in this complex calcula- 

tion, let us make the simplifying assumptions: 

M(W) = M(H) = M(H) = M(W) (9.2) 
M(z) = M(i?) = M(Z). (53.3) 

Then the result of Barnett. Haber and Lackner46,4’ for the width of 5 is 

or 

where the quantity 1 FI 2 was calculated” to be: 

IFI 2 = 0.1 - 10. (9.6) 

-5 
V 

i; 
-- 

z 
W 

ii 
? 

w) 

3 
-- 

F Hf 7 
--- --c,’ = 

Ti’ 3 u 

(d) 

7 
-- 

(9) 
FIG 14 

4479Al 
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In many models this C + e decay dominates, leaving no visible signal 

for 3. However, there are g-body and 4-body decays (e.g., Ce + ye e+e- 7) 

I which can be non-negligible if certain well-defined conditions occur. These 

decays are relevant if (and only if) any of the following conditions are met 

(from Ref. 47): 

This implies the decays 5 + e- f q1 ?i2 or 5 + v a q ?i , 

and r (t -+ 4-body) u l”(C -, 6). 

b) M;;- % << wq 

Here one would find 5 + ve e- 7 + {e+, c+, r+} 

with r (E -+ 4-body) N lOa r (5 + 6). 

c) M; > M-; (or M$ 

Then, of course, g-body decays would dominate (see Fig. 15). 

d) M, 
c 

2 Mpe + 0.5 GeV 

In this case one would End E,, 4 /.J- e+ Ee . 

However, this condition is not expected to be found in models. 

The available 4-body decay modes (depending on masses) are summarized 

in Fig. lg. 

20 4P 
MASS OF %(iT) 

4 

60 80 
KeV) 4616A12 

I 

FIG 15 
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circle represents the beam pipe and the solid lmea are two quarks and ’ 

a gluino). Here one sees tracks in one hemisphere, and no balanc- 

43 momenta in the other hemisphere. But again we need 

Mp 2 M; 2 40-50 GeV so that this process may be kinematically 

forbidden. 

This is my personal favorite since It yields a spectacular signature of an 

e- and a p+ on one side, and nothing at all on the opposite side: 

PY 
e- 

+ 

P+ 
PX 

FIG 18 

In any circumstances it is an extremely rare event; for Mi; - 30-50 GeV and 

h4g = 50 GeV it occurs for lfl-lo-( of all I decays. As the limit on & 

increases, this will become impractical from the Z” bo&n. 

These processes can also occur in continuum ‘e+e- as in these diagrams: 

=a e+-,----v 

-I -, 
W 

e’ ----ii, 

FIG 19 

To get a g-&body decay (a visible decay) requires M; k (& - 10 GeV) 2 

20-30 GeV (see Fig. 15). Therefore PEP and PETRA may have insufficient 

energy. However in a machine with s = 2 mw2, we have calculated (Ref. 50) 

assuming MS << s and MS M rnw that 

RSi’ u(e z) 
urr (point) W lS ’ (8.10) 

where Rt,,ts, w 10. The ratio Rs may be enhanced in some models, and one 

may observe some of these interesting one-sided events. 

The process e+e- + 7 ‘; t through the diagrams below 
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10. Gluinos and Scalar Quarks 

FIG 20 

has been calculated by Ware and Machacekss and ls discussed in David 

Burke’s lectures24 at this Summer Institute. 

The only mass limits for B come from the paper of Kane and Rolnick.” 

They consider the decay r+ d Z, I+ t I (see below). 

FIG 21 

Depending on the value of M@ they conclude that M;; 2 m; otherwise the 

decay properties of r would be modilied. 

10h. General Characteristics 

Let us first summarize the general characteristics of gluinos (5) and scalar 

quarks (6 or squarks). 

a) They are strongly interacting particles. 

b) Strong lower limits for ij and z mssses have recently been derived;57 

see discussion below. 

c) I will generally sSSume MqL = MGR- One expects that the masses 

of the scalar quarks ii , d ,a , Z , and 6, will be approximately 

equal. Supersymmetric models” predict this, and this approximate 

equality is necessary to suppress llavor-changing neutral currentas 

The masses lvi~~ and l$n might be different from the others.“J” 

d) They are easy to produce. This is especially true for gluinos which 

can be produced via the diagram, 

FIG 22 
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which has no heavy intermediate particle and large color factors. It is 

suppressed only by phase space. 
I 

e) The best means of detection is via missing energy (in decays). 

f) The gluino is a self-conjugate, Majorana fermion with C = -1. 

g) The decays of both 6 and 5 depend on which one is heavier. 

h) If Iv$ > Mgr or Mz, then scalar quarks can decay into *or “z. I 

refer the reader to the paper of Baer et al.62 for a discussion of this 

csse. 

10.D. Decays of Gluinos and Scalar Quarks 

Let us continue with the subject of decays. If the gluino is heavier than 

the scalar quark (% > M$ and if the scalar quark is lighter than Gand “z, 

then the scalar quark can only decay into a quark and photino: 

‘i-P5. 
The gluino can decay into the scalar quark: 

(10.1) 

a-is. (10.2) 

In the opposite case where Mi < M+ the gluino has to decay via a vir- 

tual scalar quark: 

ii+si-iY. (10.3) 

Here the scalar quark can decay into the gluino; however, the suppressed 

decay into a photino carries OK much more missing .energy and can be the 

important decay for detection purposes. These decays are: 

Is-sZ.md (10.4a) 

4-s?- (I0.4b) 

Their relative decay widths have bee: calculated by Haber and Kane:’ 

(M$ - Mf - rnq2) X112 (Mi, Mi, rnq2) 

M; ' 2Wq ’ 
(10.5a) 

r (6 + q 5) = (I eq2 
(Mt - M: i mq2) X’12 (M$ M$ mq2) 

2 2&q ’ 
(IO.Sb) 

M-i 
where X(x,y,z) E (x2 - y2 - z2)2 - 4y2z2. 

If we took Mg M M-,, or M% and M? << h4+ then their ratio is 

3ae2 
9. 

4 ffs 
(10.6) 

If M? << % << Mq, then Haber and Kane’ found for the gluino width 

Other decays are possible if Mw or MZ < Wq or %. 

10.C. Production in e+e- Annihilation 

Turning to the production of scalar quarks in e+C annihilation (where 
i 

gluino production is not practical), the production cross section due to one- 
1 

photon exchange is given by 

I 
6 sin2 e (10.8) 

with p = (1 - 4M$s). The 8s sin2 8 factor is the usual factor Ior scalars. If 

the decay q + q? dominates, one might see events such ss shown below 

I  
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(where the circle represents the beam pipe): I PY 

zi 

--+k PX 

q 

FIG 23 

The hadronized final-state may have two acoplanar jets with missing energy. 

Recently reported preliminary results from the JADE collaborationss search- 

ing for such events (and measuring Rhsdron) set the limits (95% C.L.): 

Mq > 21.4 GeV for Ma, = Mac. and 

Mql < 3.2 or Mql > 21.0 GeV for M8, << My, 

where they take MT < 10 GeV. 

(10.9) 

(10.10) 

If however the decay q -+ g q dominates, then the resulting events are 

more spherical. For ME = 3-10 GeV and M? = (1/6)M2 JADE findses 

Wq > 19.2 GeV for MaI = Mar , and (10.11) 

Ma, < 11.3 or M$r > 17.8 GeV for MG, << Mq2. (10.12) 

In finding such limits it is probably safe to assume that the first five 

flavors of quarks appear at the same threshold (within resolution) thereby 

enhancing the rate. One is, of course, subject to the usual factor of + which 

I 10.D. Beam-Dump Experiments 

If gluinoe are very light, beam-dump yperiments may be the best means 

to search for them. Beam-dump experiments were described in detail in Sec.7. 

Here, it is the results which concern us. There arc new results from the 

BEBC experiments’ which set the limits (QO% C.L.): 

lv$ > 3 GeV for MG 5 150 GeV, and (10.13) 

Ib$ > 4 GeV for MG 5 65 GeV. (10.14) 

It should be noted that these experiments cannot rule out extremely small MS 

(approximately 0.5 GeV or less) or large %, because the lifetime of the gluino 

would increase until it can interact in the dump before it decays 

(r 2 5 x 10-l’ set) and eventually until it can leave the BEBC experiment 

before it decays (r 2 10eg set). 

1O.E Production at Hadron Colliders and Mass Limits 

Let us turn now to a subject we will consider in detail: the production of 

gluinos and scalar quarks at high-energy hadron colliders. The reader may 

have noted an enormous literature&‘s on this subject. The cause of this 

excitement was the observation in the 1983 and 1984 runs of the UAl experi- 

mentmsc at CERN of events which are labeled “monojets”. These are events 
I 

in pp collisions in which a cluster of hadrons (i.e., a “jet”) emerges on one 

side of the beam, but no balancing momenta appear on the opposite side. 

appears for scalars. 
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This leaves the impression of missing energy which is, as stated earlier, a key 

signature of supersymmetry. But while missing energy is a necessary sign for 

I 
supersymmetry, it is certainly not sufhcient evidence to prove supersymmetry. 

Detailed calculations both of supersymmetry and of backgrounds were needed 

to sort out this possible signal. 

In pp collisions the missing energy can be measured accurately only in 

the plane transverse to the beam. This is because the beam and the longitu- 

dinal spray from the collision require small holes in the detector (along the 

beam). Although these holes account for only 0.2’ in the UAl detector,‘g 

half the total energy of each event tends to escape through the holes. Since 

this longitudinal energy is lost, only transverse missing energy is a useful 

quantity. 

What the UAl Collaboration observcsm~m are events with large missing 

transverse energy (ETmiss = 15-50 GeV) and a hadronic jet with 

ETler > 15-25 GeV depending on the trigger. If no other hadronic cluster 

ET(jet 2) 2 12 GeV , (10.15) 

the event is labeled a “monojet”. If a 8ccondary jet does satisfy this criterion, 

it is labeled a “dijet” (with large missing transverse energy). Events with 

more than one secondary jet, I will call “multijets”. An example of a UAl 

monojet is shown in Fig. 24. This event shows that the distinction between a 

monojet and a dijet can be a fine one for theorists. Most events (like this 

I I I I I I I 
40 

20 

0 

-20 

-40 I 

s s2 
W- 

UA 1 &..! 
Run 7157 k&’ 
Event 506 /IQ/ 

/ 

-40 -20 0 20 40 

E, WV) 

Jl ’ 
40 - 

20 - 

‘I ’ 
J3 

i 

J2 
II 
P 2 

,I- -2 
Pseudorapidity 

Fig. 24 

-119- 



one) have a secondary cluster (or jet); a number of factors can easily add or. 

subtract from this jet’s energy thereby affecting whether or not it satisfies 

condition (10.45). 

, 

The question arises as to whether the events with missing energy result 

from the production of gluinos and/or scalar quarks. Some sample cross sec- 

tions from Dawson, Eichten, Quiggs for gluinos for various masses and 

interaction energies are shown in Figs. 25 and 26. 

IO2 

IO’ 

Z 

5 I00 
b 

IO” 

5-84 iii, (TeV/c2) 465lA92 

10-g 

1o-4 + 
0.25 0.75 1.25 I .75 

b 
IO’ 

I00 

10-l 

10-z 

/ 
’ ’ I ’ ’ ’ 

0.5 I.0 ’ I.5 20 
5-64 fi (TeV) 465lADl 

t 

I 

FIG 26 

FIG 25 
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The next step is to consider which processes lead to the production of 

gluinos and/b scalar particles. These are: 

(a) gluino pair production (see Fig. 27a-b) 

gg 4 E (lO.lSa) 

G-E (lo.leb) 

(b) 

FIG 27a-b 

(b) scalar-quark pair production (see Fig. 27c-f) 

(10.178) 

(10.17b) 

(10.17c) 

(10.17d) 

(10.17e) 

Cd) 

FIG 27~4 
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(c) Associated production of gluinos and scalar-quarks (see Fig. 28s) 

d 4% (10.16) 

FIG 28a 

(d) Associated production of gluinoe and photinos (see Fig. 28b) 

PQ-‘iFi (10.19) 

FIG 28b 

(e) Associated production of scalar-quarks and photinos (see Fig. 28~) 

a + ii- (10.20) 

FIG 28c 

Processes (10.19) and (10.20) produce a photino directly rather than in a 

decay. They are suppressed by a power of o, but they are more likely to pass 

experimental cuts and triggers requiring large miming transverse energy. 

These diagrams all need to be convoluted with the decay diagrams for 

gluinos and scalar quarks (which depend on which one is heavier), see 

processes (10.1)(10.4) and Fig. 29. It is the full process (parton + parton to 

multi-quark and multi-photino final state) which theorists must calculate. 

FIG 29 
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, 
There are higher-order processes such as gg + Eg which in some csses 

turn out to be quite important. This is discussed below and I refer the reader 

to Refs. 81 a h d 75 for more information. 

Another type of process which could be very important” if the mass of 

the gluino is small (3-15 GeV) originates with a perturbatively generated 

gluino component in the proton. sz This gluino component allows processes 

such as 

is+cl&G (10.21) 

where the incoming g is treated ES an initial-state par-ton. This process can be 

very efficient for the production of events with large ETmiss. Because the 

gluino is a color octet (compared with the color triplet b-quark), the gluino 

component a3 in the proton is a factor of six times larger than that for an 

equal-mass b-quark. The resulting gluino distribution function can be almost 

1% of that for gluons (if ME w 5 GeV), 9ee Fig. 80. 

An important issue regarding the gluino distribution function has been 

raised recently by Barger et al. ” The use of the Altarelli-Parisi equations to 

find the gldino distribution function may not be justified at these Q2. Those 

equations sum, to leading log, the emission of multiple gluons thereby incor- 

porating processes beyond the simple 2 --, 2 processes. However, non- 

leading-log effects may be important for these Q*. There is reason to believe 

that the presently calculated gluino distribution function will give results 

which are too large; until better techniques arc available, the 2 + 2 processes 

Q=lOOGeV 

r I I I I I I I I \I I 

0 0.2 0.4 0.6 0.8 1.0 
1 X Slf6Al4 

I 

FIG 80 
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(g + g -+ g + q) probably give a reasonable estimate (or slight underestimate) 

of the signal. As it turns out, other processes are probably sufficient to rule 

I 
out light gluinos anyway. 

Why would the supersymmetric production and decay processes described 

above (Eqs. 10.16 -10.21 and 10.1-10.4) lead to monojeetype events? We 

have previously shown that one expects missing energy, but it is not immedi- 

ately obvious why events should contain only one jet when a typical process 

has 2-4 outgoing jets. 

Let us consider what is in fact one of the most difficult sources of mono- 

jets: the production (and decay) of light gluinos. A very small fraction of 

these events (1 in 10’) have sufficient missing energy to pass the experimental 

requirement ETmis’ > 15 GeV (plus another cut based on resolution). How- 

ever, given this requirement of large missing transverse energy, certain impli- 

cations follow. 

The decay of a very light gluino at rest cannot produce significant miss- 

ing energy. Therefore, in the events which lead to large ETmiss, the gluinos 

must emerge with significant momenta. Ordinarily the two gluinos will be 

roughly back-t-back. The two photinos (one from the decay of each gluino) 

also tend to be back-to-back, and their momenta cancel. Therefore, to obtain 

large missing transverse energy, one photino (say F,), must carry a large frac- 

tion of its gluino’s (g,) momentum, and the other photino (5*) must carry 

very little of its gluino’s (g2) momentum. This in turn implies that the jets 

from the decay of of g1 are weak (and fail to pass the experimental require- 

ment that E3J ‘et > I2 GeV). Meanwhile, the jets from the decay of g2 _ 

coalesce and are energetic. This results in the appearance of a single jet with 

large missing transverse energy which we call a “monojet,” see Fig. 31. 

FIG 31 

It was Herczog and Kunszts’ who observed that in the higher-order pro. 

cess gg -+ Eg with a hard outgoing gluon, that this gluon may be back-to- 

back with the two gluinos. If the two gluinos are going in the same direction, 

then their resulting photinos’ momenta can add rather than cancel. This is 

why the higher-order processes can, for light gluinos, be more effective at 

passing experimental cuts. 

The actual theoretical analysis requires a complex Monte Carlo calcula- 

tion. Among the problem theorists have found\themselves forced to deal with 

are? 1 

a) Technical details of experimental cub and triggers (which can be 

very important when one is dealing with events which are on the 

tails of distributions). 
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b) Resolution and elliciency effects (also very important on tails of dis- 

tributions). 
I 

c) Fragmentation and gluon Bremsstrahlung (relevant to light 

gluinos). 

d) The narrow distinction between monojets and dijets. 

An example from problem (a) is the UAl cut ETmiss > 4 u where CT is the 

calorimeter resolution and is approximately u = 0.7 dw. This cut is 

designed to eliminate “fake” missing-energy events which are due to non- 

uniform calorimetry and other mismeasurements. The problem is that the 

total scalar transverse energy, E, (total), is not all the same as the total 

transverse energy in the jets. Each event typically has a substantial amount 

of accompanying transverse energy not in the jets. Although this energy 

effects the missing-energy resolution, theorists cannot calculate ET (total) and 

must make use of other data for guidance (for example one can study the 

ET (total) in ordinary QCD events with hard jets”*85). Extrapolation of 

CERN SpFS results to the Tevatron and SSC will be dillicult ss long as we 

lack knowledge on how to extrapolate E, (total) to these higher energies. 

Let us elaborate on problem (c). Although in processes (10.16-10.21) 

gluinos and scalar quarks are shown as final-state particles, we know that 

they cannot emerge as free particles since they carry color (they must hadron- 

ize). This is entirely analogous to c and 6 quark decays where we know that 

the resulting hadron (containing c or b) has less momentum than the c or 6 

quark started with. Similarly the hadron containing the gluino will not have 
I 

the full momentum of the gluino. This implies that the photino in gluino 

decay will have less energy, that there will be less missing energy and that 

fewer events will pass the ETmirs cuts. ‘It is the’lighter particles that have the 

greatest fragmentation eKects. 

The primary sources of photino energy loss are: 

a) gluon bremsstrahlung: 

FIG 32 

The gluino has large gluon bremsstrahiung because 01 the large 

gluon-gluino coupling (color-octet couplings). This effect has been 

parameterized by De Rtijula and\Petronzion as: 

D(zr) = A (1 - e,)A-1 ’ (10.22) 

where 
I 

A = f log[log(S/A2)/log(4M~/A2)]. (10.23) 
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b) fragmentation into hadrons: 

FIG 33 

This has been parameteriaed by Peterson et al.se as: 

(10.24) 

These two functions are convoluted to obtain the final fragmentation func- 

tion. 

A natural question to ask at this point is: Where does this “lost” energy 

go? The answer is that it can either add to the hadronic energy of the jet, or 

it can add to the total scalar energy Et (total). The former seems more likely 

for light, fast-moving gluinos. 

The question of the distinction between monojets and dijets (problem 

(d)) leads me to advocate combining the data for monojets, dijets and multi- 

jets (thereby considering all “missing-energy” events). These events appear to 

have large quantities of excess energy. Some energy may have left the jet 

cones, and some of the excess energy may overlap into the jet cones. The UAl 

observes’g@’ that most of these events have secondary jets of 6-12 CeV. 

, Nonperturbative QCD effects can change monojets to dijets and vice versa 

Clearly it is preferable to use all the data and increase the statistical 

significance while decreasing the sensitivity to theoretical and experimental 

limitations. While dijets are most subject to backgrounds, mast of these 

backgrounds can be eliminated by making cuts against “back-toback” dijets. 

Many analyses”‘* of the implications of the UAl data for supemym- 

metry have been done by theorists. These generally apply to the 1983 UAl 

run” of luminosity 115 nb-‘. The 1984 UAI runs” (with luminosity of 270 

nb-‘) had modified cuts, triggers and experimental conditions. So far, the 

only analysis of the 1984 run is that of Haber, Kane and myself’5 (BHK). We 

performed a comprehensive analysis of every supersymmetric process (Eqs. 

10.16-10.21 convoluted with Eqs. 10.1-10.4). Since the values of Wq and Mi 

are not predicted, our calculations were done for every combination of % and 

M-;I. In each case BHK calculated the monojet, dijet and multijet rates. 

Figures 34-37 (from BHK) show as contour plots the event rates for the 

aurns of all super-symmetric processes subject to the 1984 UAl experimental 

conditions. Figs. 34 and 36 show the monojet yte while the other two plots 

show the sum of monojet, dijet plus multijet. One can make a more severe 
1 

cut on ETmiss in order to eliminate more backgrounds. The result of the cut 

E$n’M > 40 GeV is shown in Figs. 36 and 37. 1 
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Next we must ask what are the data. The UAl Collaboration reports 

from their le 84 runm with a luminosity of about 270 nb-’ a total of 23 mono 

jets events. These are classified as: 

Q identified as W -, ru (with r + .p + jet), 

6-8 estimated from various backgrounds, and 

6-8 possible excess. 

They also found 2 dijet events meeting the missing-energy and back-toback 

criteria which they classify bs: 

2 estimated from various backgrounds. 

0 possible excess. 

Since the question of whether there actually is any excess is subject to 

higher statistics and further experimental and theoretical analysis, BHK 

chose7s to use the data to set 90% confidence level limits. These limits are 

(for ETmiss > 15 GeV): 

Monojets: 4.8 events/100 nb-1, and (10.25) 

Dijets: 2 events/100 nb-’ . (10.26) 

These are fairly conservative limits. 

These limits can (using Figs. 34 and 35) be translated into limits on the 

masses of gluinos end scaler quarks. The combined monojet, dijet plus 

multijet rate gives significantly better’limits then does the monojet rate. This 
I 

occurs because as we and &s increasr?, the events from supersymmetric 

processes begin to be dominated by dijets rather than monojets. In fact the 

best limits can be obtained at the largest masses simply by examining the 

dijet rate:” 

tvtj M 150 GeV , and 
I$ w 80 GeV 

60 
MS ’ 

Iv$ w 100 GeV 
70 M-ew8OGeV ’ 

(10.27) 

(10.28) 

A number of people have suggested 7e~7s*rr~7s~es bssed on the 1983 UAl 

data,79 that there might be e “window” at Mii = 3-S GeV (with 

h$ w 100 GeV) where fragmentation effects are so great that we could not 

rule out these light gluinos. Recall that fragmentation effects can greatly 

reduce the amount of missing energy. However, because of a new trigger in 

the 1984 UAl run” (which wag extremely sensitive to some supersymmetric 

processes) and because of inclusion of the higher-order process gg -+ Eg, 

BHK” now pretty well rule out this rfgion. Certainly the “window” is 

reduced to a “peephole” et most. 1 

The next issue is whether supersymmetry could explain any excess of 
I 

monojets above calculated backgrounds, if such excess actually exists. The 

answer is: No! a) As just mentioned, very light gluinos can be ruled out. 

b) In the scalar-quark and/or gluino mass region around or below 40 GeV, 

BHK predict far too many monojets compared with what is observed.” C) In 
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the mass region around Ml-70 GeV it is possible to get correct monojet rates, 

but the dijet to monojet rate ‘5 is 2-l to 3-1, unlike the dete.m Also the 
I 

predicted distributions are herder then those observed. d) Of course if M-q, 

q 2 80 GeV no monojets are predicted. Therefore, the production of 

gluinos and scalar quarks is in no way associated with the observed monojets 

(in the standard scenario described here). 

The two observed dijet events have a surprising amount of Eymiss. If we 

assume that all monojets are due to backgrounds, it remains possible” that 

these two events originate from production of ‘IO-90 GeV scalar quarks. But 

e large increase in statistics is required before any further speculation Is war- 

ranted. 

We should not finish this discussion without mentioning that there are 

sr-a4 other possible supersymmetric origins for missing-energy events such ss 

the production (and decay) of Wend/or ‘i. Furthermore it is important to 

emphasize that there are “standard model” backgroundsgSS for monojets 

which may account for all observed events. These include: 

a) QCD dijet events can appear as monojets due to detector limite- 

tions?gss 

b) pTj d W* + anything, with W* + ru and T -, v + jet. Because 

W -+ ev is measured one can accurately calculate this background. 

The experimentelistsm can also identify some monojets as from this 

source due to their cheracteristi?. 

cl pp + Z” + g(or q) + anything, with Z” 4 vi;. 

QCD calculations have been done, but when higher statistics are 

available, Z” -+ e+e- will provide an accurate check. 

d) pii 4 W* + g(or q) + anything, with W* +eu where the electron 

is missed because it is slow or inside the jet. 

e) The production of CC, bb and tt pairs followed by semileptonic 

decays with the neutrino taking most energy and the lepton either 

taking very little energy or belng missed. 

f) Other backgrounds. 

Even if it is established that there are missing-transverse-energy events 

which cannot be described by any conventional physics, we will not have evi- 

dence for supersymmetry until we can show that the events are not caused by 

czplainalons: 

0, 
OQ 7 

I 
FIG 38 1 

These insidious particles are designed to explain whatever date are reported; 

end if the data change, then they too change. 
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1O.F. Other Techniques to Find Gluinos and Scalar Quarks 

Anoth 
T 

technique for finding gluinoe is to look for E bound states.gg-‘O1 

Consider a color singlet state 6 Since the parity of the Majorane a is ima- 

ginary, we find for 6 

P = (-#+I c = (-#+a , (10.29) 

but C(z) = 1 implies 

C(d) = +1 (10.30) 

which implies l+s 1s even. Therefore, no *like state (3S,) exists, but g does 

exist. 

Goldman end Haberm have calculated the width for this state: 

r(vj-gg)=$+q0),2. 
% 

(10.31) 

For large Mz (the Coulombic approximation), +M+ = I$I ?, 50 GeV, they 
B 

find 

(3 %I5 
I- (% + c3) - - 

M 
8 “a 

M 4 X lo-’ M 
% 

2 40 MeV. (10.32) 

F = 

AM; mq2 cos 2 e 

(mp’-Mi + M$) (mp’ - Mf + MG) 
(10.36) 

and 0 = mixing angle for (-& , i) * (I& , G2). At best this ratio (10.35) is 

This is rather wide compared to querkonium, due to extra color factors. 10%. One would have to look for e missing energy signal. It may now be 

Goldman end HaberW advocate e search for resonant two-gluon scattering at 

large pT. This may be possible at hadron colliders. 

Another technique for gluino searches is in the decays of the 3S, state of 

tt-ijg. (10.33) 

FIG 39 

Since ‘S, has C = -1 and 5 has C ~-1, the Gviolation occurs via the mass 

splitting 

2 2 2 AM< = MqL - MqR. 

These authorslW have found: 

(10.34) 

I- (as, - E3 
I- (as, + PP) 

= + [;1” [&1”‘F2 
g eq 

where 

(10.35) 

that % > M, so this would be ruled out. ’ 

I<eung’os and Haber’ have suggested the decays ‘S, (t;) -+ 

-it% , Gi? and d;i. 

the tc Some euthors’02-1W have considered 
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FIG 40 

Taking qL ==Mp> 6 and l$ smell gives 

, as, 47+9j. (10.38) 

The branching ratio from e ttstete would, be very smell, but from T it is 

B (T + 7 + r~) = (l-3) x 10-4. ’ (10.39) 

It may therefore be possible eventually to rule out % < 4 GeV. 

11. Fermionic Partner8 of Charged Gauge and Higgn Bosons 

Mass eigenstates will in general be mixtures of *, &‘, and f12-. Some 

(10.37) 

This can be relatively large if Mi N mt. The process ‘S, + ggzj leads to a 

superior signal and may give less phase space trouble. 

Others have considered proceases’oz-103*‘~‘m such ss 

as, (K) ‘l3lEi 

579 or -6?, and 

G. 

This latter process may be ruled out by M, < MG 

A processss-“’ which may be very useful in ruling out extremely light 

gluinos (1 < Mqg < 8 GeV) is: 

authors’ refer to the mass eigenstates as “cherginos” or g*. 

Some possible decays of W(or W-ino) are shown in Fig. 41 (this figure 

can be generalized by replacing i@ with g+ end 5 with 2”; note that the T in 

Fig. 41c is assumed to be en on-shell particle). The present msss limits for 

a) 

cl d) 

i?+: yv 
e+ \ 
f 

FIG 41 

, 
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a, 5 and 5 imply that many of these modes could be comparable, so it is very 

diflicult to make predictions. We remain completely ignorant also about char- 

gin0 mixinbs. As * result any msss limits for W-inos are very model- 

dependent. It is essential to state carefully the assumptions which go into any 

quoted mass limits. 

Charginos can be produced in e+e- machiness”~ss*‘OB-“o via the diagrams: 

FIG 42 

The 7, Z-exchange diagram hss only a /3 (not 9) threshold suppression (unlike 

the scalar leptons and quarks). The Fe-exchange diagram can be large if M- is 

small. 

The analysis of these processes is complicated by the different angular 

distributions expected from the two diagrams (whose relative size is model 

dependent). If the Z” contribution is significant, then a large forward- 

backward asymmetry is possible. 

At hadron colliders,51~sc@2 the following diagrams may be contribute 

(where z* may be %@e or &*, and p may be 5, %’ or ii,“): 

(b) 

.-,a (Cl * d611.1 

FIG 43 

The i? W processes are unlikely to have a good signature. However, w 7 

may lead to identifiable characteristics such as w T 
-c 7 

iii 
e 

V 

FIG 44’ 

Another technique for producing charginos (and neutralinos) ‘is by pro- 

ducing W and Z bosons which may (for apkropriate M,+ and Mp) decay into 

jje and j;*. I will not discuss this technique here but refer the reader to the 

extensive literature (Refs. 87-89, 111-115). 

i 
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Recently, the JADE,“s Mark Jr” and CELLO’O Collaborations have 

reported new msss limits. I will quote those from JADE. I repeat that all 

mass limits are L umption dependent. If MC < 18 GeV and if all charginos 

decay into lepton plus “v, then (95% CL.) 

Mff (J C) 2 22 GeV. (11.1) 

When hadronic decays occur, then we find (95% C.L.) from the expected 

increase in total hadronic cross section: 

Mzf (R (hadronic)) > 16.5 GeV. (11.2) 

For other decay modes, the limits are more dependent on Mq and on the 

branching ratios to [ E and ql?@. In general, though for large branching 

ratios for a given mode, they can exclude a region from 1-13 GeV (depending 

on M$ up through 23 GeV. I refer the reader to Ref. 116 for figures which 

show these results more clearly. 

12. Fermionic Partners of Neutral Gauge and Higgs Bosons 

The weak interaction eigenstates 

mix to give mass eigenstateslw which are sometimes referred to a “neutrali- 

nos” or p. As for the charginos, the unknown masses and mixings imply 

significant uncertainty in couplings and cause difficulties in calculations. 

The neutralino decayss’*n’c h s own below are possible (where X* may 

be w or &*, p may be ;i, z” or @ and f refers to quarks or Ieptons): 

(d) 

FIG 45 

The Z and Ii exchange diagrams (c) are comparable if & w We. 

Neutralinos (such as 2”) can be produced in e+e- annihila- 

tionss~wgl~n’s~lle-l’g via the diagrams: 1 

I 
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FIG 46 

The process e+e- + 5 Z” can lead to dramatic one-sided eventsg’@s~lls as 

shown (where the circle represents the beam pipe): 

FIG 47 

The first type events will typically have f of the total energy missing. The 

backgrounds include r+r- -+ e+e-; however these background events would be 

more back-toback, and one would also see e+p- events from this background. 

Another background is 27 events, but here the missing momentum ordinarily 

points in the beam direction. The z* Z” events could give e+e-p+p- events 

with 5 missing energy (again the circle represents the beam pipe): 

py et 
e- 

p+- , 

+ 

PX 
cc- 

FIG 48 

At hadron colliders’~‘*’ possible procwses include: 

FIG 49 

The Z” exchange may be either on-shell or off-shell. The cross section for 5 “z” 

production is 

u (pp -+ 7 2” + anything) - 0.1 - 1. pb. 

The signatures are similar to those described for e+e- annihilation. 

(12.1) 

Another mechanism for producing p is via the production of W and Z 
I 

bosons which (for appropriate MT) in turn decay into neutralinos. This 

mechanism is discussed in Refs. 88-89,91,111-115,120-121. 
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Recent mass limits from tbe JADE’% and Mark 5”’ Collaborations have 

been reported. I repeat that all mass limits are assumption dependent. If one 

aSSume3 M? =12-S GeV, & 5 50 GeV, B @ L ee 7) M 5% and 

B @” + a~?) w 5%, then Mark J excludes MZ between about 6 and 33 GeV. 

The JADE Collaboration finds comparable limits for the decay modes e+e- 7, 

p+p-T, qc7 and q<g. The limits depend on hQ, MS and on the branching 

ratios to each mode, see Ref. 122. Limits can also be obtained for p from 

monojet searches in e+e- annihilation; see Reb 123-125. 

A technique for finding w has been suggested by Campbell, Scott and 

Sundaresanms who assume MT = 0 and no mixing. They calculated the 

width for a heavy quark state aSI to decay radiatively to $‘: 

I- (3S, 4 5 RO) 
= 

81 f a ee* GF (m,* - ML)* (mV2 + 2 Mb) 

l- f3S, + ax) 20 fi a23 (r? - 9) Mb 
(12.2) 

where mV = m(3S,). This could.yield a dramatic signal. 

13. Flavor-Changing Neutral Currents 

As discussed in Sec. 10, the pbenomenological ressons for needing small 

splittings for the scalar quarks (c, a, 5, Z and 6) originate in the small magni- 

tude or flavor-changing neutral currents. W” The relevant diagrams include: 

(0) (b) 

FIG 50 

While the calculational techniques are somewhat different here, the experl- 

mental techniques are, of course, the same ss for ordinary particle exchanges. 

14. Conclusions 

Experiments are beginning to set good limits on the masses of supersym- 

metric particles. However, none have yet reached mW. If supersymmetry is 

to explain the origin of the electroweak scale, then it is natural to aSSume that 

this is the relevant scale for supersymmetric masses. Therefore, supersym- 

metric signals may be just around the corner. If we are lucky, the signals 

could be spectacular. If we are unlucky, much bard work will be necessary to 

confirm supersymmetry (at high-energy badron &olliders we will need to know 

bow to scale up lower-energy calculations). As 4 result, I conclude by noting: 

Our luck is model dependent. 
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1. Introduction 
I 

In most papers which discuss the phenomenological Implications of “low en- 

ergy” supersymmetry,‘-s ’ rt is usually assumed that the photino (7) is the lightest 

supersymmetric particle (LSP). In nearly all supersymmetric models, all parti- 

cles possess a conserved multiplicative quantum number called R-parity given by 

R = (-1) 3B+L+*J where B is the baryon number, L is the lepton number and J 

is the spin of the particle.’ (The possibility that R-parity is broken has been dis- 

cussed in the literature. ‘*s We shall assume here that R-parity is an exact discrete 

symmetry.) It is easy to show that all presently observed particles have R = 1, 

whereas their supersymmetric partners would have R = -1. Cosmological argu- 

ments suggest that the LSP must be both color and electrically neutral.’ Then, 

a conserved R-parity implies that the LSP is exactly stable, weakly interacting 

and will be produced in the decay products of any heavier supersymmetric par- 

ticle. That is, the LSP behaves like a neutrino and will typically escape collider 

detectors. Thus, the best experimental signature of supersymmetry is to find 

evidence for a new neutral weakly interacting particle which is not the neutrino. 

The assumption that the photino is the LSP implies a very definitive pattern 

to supersymmetric phenomenology. For completeness, it is important to consider 

other possibilities. One possible alternative candidate is the scalar-neutrinos (9. 

If the photino were the second lightest supersymmetric particle, then the photino 

would be unstable, decaying via 7 -+ I$. (This occurs by a on+loop Feynman 

diagram similar to the decay v” -+ 4 in the usual scenario.’ ) Because the 

Y and i7 will escape collider detectors, the 5 will also be unobserved and the 

phenomenology will be unchanged ss compared with the usual case where the 7 

is the LSP. The other possibility for the LSP is a neutralino (i.e. some mixture of 

neutral gaugino and Higgsino) which is not a pure photino. In Section 2, we will 

discuss some general features of neutralino mixing and investigate a particular 

special case where a pure Higgsino (3) is the LSP. In Section 3, we diicuss 

the phenomenology of a supemymm etric model with the fi as the LSP. Our 

conclusions are summarized in Section 4. ’ 

2. Neutralino Mixing 

Let us begin by making a list of all neutral color-singlet states with sero 

lepton number in the minimal supersymmetric extension of the Standard Model. 

(The last restriction has been imposed to eliminate neutrinos and their super- 

partners from the discussion.) One particular noteworthy feature of this model is 

the existence of two complex Higgs doublets which are necessary (in a supersym- 

metric model) to give msss to both up and down type quarks.lo’lr The complete 

list of particles with the above properties in thii model is: 

B, W3 (neutral gauge bosons) (14 

Rr, Hr (neutral complex Higgs bosons) (14 

S,E3 (neutral gauginos) ’ (24 

Br, fir (neutral Higgsinos) ’ CW 

I 
We have listed the “interaction” eigenstates, i.e.. the fields that have definite 

SU(2) x U(1) quantum numbers. The physically observable particles are the 

*mass” eigenstates which are obtained by diagonahzing the appropriate mass 

matrices. For example, as every student knows, the physical neutral gauge bosons 
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are obtainej by diagonaliiing the 2 x 2 matrix: ’ 

0 12 

-819 

The resulting states are the Z” and 7: 

2’ = W3coa6w - Esin8w , 

(3) 

(44 

and 

7=Wssin@w+BcosBw (4’4 

where tan 8w = g’/g. In the Higgs boson sector, the diagonalization procedure 

is more complicated but very straightforward. The mass matrices can be found 

in Ref. 12; after diagonalization, the resulting states are: 

@=fi[-(RcRr-ur)sina+(RcZZs-ur)cosa] , WI 

Zz$=~[ZmR~sinf3+ZmH~cos/3] , (5c) 

and 

cO=\/Z[ImH,colrp-ZmE*sin8] (‘3) 

where 

(7) 

and the angle a depends on coefficients which appear in the Higgs potential. The 

vacuum expectation values of the neutral Higgs bosons are denoted by (ZZi) G Vi; 

in this model, we may choose a phsse convention such that ur and us are both 

real and positive. This implies that 0 5 R < f. Note the connting of degrees 

of freedom here: we started off with two complex neutral fields (Eq. (lb)) and 

ended up with four real neutral fields (Bqs. (S), (6)). If one computes the masses 

of the scalar fields given by Eqs. (5) and (6), one finds that the mass of G“’ is zero. 

In fact, one can show that this field is the Goldstone boson which is absorbed 

(“eaten”) by the Z” when the Z” gains mass via the Higgs mechanism. Thus, 

at the end, three physical neutral Higgs bosons (given by Eq. (5)) remain. By 

examining the couplings of these physical Higgs bosons to fermions, one finds that 

@ is a pseudoscalar and @’ and @ are scalars. The massen of these neutral 

Higgs bosons are not independent due to the relations of various parameters 

of the Higgs potential which are imposed by supersymmetry. One finds after 

diagonalizing the Higgs boson mass matrix that:‘1-‘3 

1 
4f:Jq = 2 + rni)’ - 4rnirnh cot9 2p 

I 
. (8) 

By convention we take @ to be the lighter of the two boson mssses in Eq. (8). 

Note that Eq. (8) implies that rnq 2 ma and rnq 5 ml. The mixing angle a 
i 

(defined in Eq. (5)) is given by: 

ainla=-sin2@(zf$$ . ’ 

Using the conventions stated above (where 0 _< J9 5 Y), it follows that we may 

choose -f 5 a C: 0 (since by Eq. (Q), sin2a is negative). This completes the 

analysis of the particles listed in Eq. (1). 
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We now rep t the analysis with the supersymmetric partners of the gauge 
v 

and Higgs boeons (see Eq. (2)). These particles are all fermions with identical 

conserved quantum numbers (e.g. they are color and electrically neutral); hence 

they can all mix.” We employ the term Yneutralinos” to describe the mass- 

eigenstates one obtains by diagonaheing the mass matrix, ss these states can 

be complicated linear combinations of gauginos and Higgsinos. In the minimal 

supersymmetric model the neutralino mass matrix is given by” : 

i 

Ml 0 -mz sin Bw 0x3 /.I mz sin Bw sin 0 
0 M mzca3Bwcos~ -mz cos Bw sin B 

-mZ sin 19w cos p mzc08ewc03p 0 --Ic 
mz sinew sin p -mz cos ew sin B -a 0 

O-0) 

where the matrix is arranged with respect to the weak interaction eigenstate 

basis: (B”, 53, gr, gr). The angle /3 is defined in Eq. (7). Three new parameters 

appear: a supersymmetric Higgs msss term p and two gaugino Majorana mass 

terms Ml, Mr corresponding to mssses for g and Es. The terms Mr and Ma 

are actually sof&supersymmetry breaking terms which depend on the precise 

mechanism for supersymmetry breaking. In many models, they are related via: 

where the coupling constants on the right-hand side of Eq. (11) are to be taken 

as running couplings evaluated at a scale Qr # O(mi). (For example, Eq. (11) 

appears naturally in grand unified models. At the grand unified scale, &r’s = gz 

so that at this scale Ml = MS which is equal to the common grand unified 

gaugino mass.) 

It is convenient to discuss a simple mod& in which Eq. (10) can be diagonal- 

ized explicitly. Here, we shall consider the model where 

p=o. (13) 

Actually, using Eq. (11). we see that Mt # Ma at the electroweak scale. However, 

(12) 

ss long ss Ml, Ma < mz, it is not a bad approximation to take Ml and Ms 

equal. The advantage of studying the limiting case displayed above is that we 

may immediately write down the physical neutralino eigenstates’s : 

7 = GV3sinBw + iZii,08ew , (14) 

i?=firsinP+fircos~ , (15) 

.!?+=(EscosBw-~sin&v)cos&+((E?cos/3-&sin/3)sin.& , (16) 

and i 

.Z- =75 [-(Rcosew-8sinhv)sin~+(I?l~~p-~~sin8)car~] . I (17) 

I 
The corresponding mssses are ss follows: M; is the photino mass (hence, the 

definition given in Eq. (12)); and: 

ME*=0 0’3) 

, 
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The mixing angle h in Eqs. (16) and (17) is given by 

tanzfjo=$. 
1 

(19) 

(20) 

Thus, in thii model i?o is a pure Higgsino state which is the LSP. The .& are 

mixtures of a pure sine z” = %s cosb - 5 sin& and Higgsino states; their 

mssses satisfy Mz- 5 ma and M- z+ > ma. The Dirac matrix 7s has been 

inserted in Eq. (17) so that the mass of the .$?- is positive as shown in Eq. (19). 

(This is necessary since the corresponding mass eigenvalue as computed from Eq. 

(10) is negative. For further details, me Appendix A of Ref. 12.) Typically, one 

takes MT small so that in thii model the neutralino spectrum satisfies: 

(21) 

with three of the four neutralinos leas massive than the 20. 

To guide our thinking, we will sometimes further restrict the model by taking 

MT a mz and wr w us. (The near equality of the two Higgs vacuum expectation 

values H common to many low energy supergravity models.” ) Then, Eqs. (7)- 

(Q), (19) and (20) imply that -a = p = &J = 4S” and me = Mg = mz. 

This corresponds to the supersymmetric limit where (q,z-,$,Ze) combine 

to form one common massive supermultiplet. 

3. Phenomenological Consequences of a Light Higgsino 

We will study some of the implications of a model whose neutralino states 

are given by Eqs. (14)-(17) with mass,spectrum as shown in Eq. (21). First, let 

us list in Fig. 1 some important Feynman rules ls’l*JO involving the 3 (which 

in the model considered here is the massless state exhibited in Eq. (15)). In 

diagrams (a) and (b), the factor of 1 - 7s (1 + 7s) corresponds to the production 

of &(&). Similar vertices aho exist for up and down type leptons. The rules 

involving the .?- depend on the fact that a 75 appeara in the definition of the 

state (see Eq. (17)). As a result, a factor of 7~ appears in diagram (e) involving 

the scalar I?$‘, but does not appear in diagram (f) involving the pseudoscalar Z$. 

A derivation of the Se couplings can be found in the Appendix. 

An important feature of these rules is that the 9qTverte.x is suppressed by a 

factor of mr/mw. This is a well-known property of the coupling of Higgs bosons 

to quark pairs (@qg vertex), and it occurs here by virtue of the supersymmetry. 

Note also the appearance of mixing angles in the rules: h (Eq. (20)), /3 (Eq. 

(7)) and a (Eq. (9)). In some limiting csses, these angles take on values which 

may cause certain interactions to vanish. For example, in the supersymmetric 

limit discussed at the end of Section 2, we saw that -a = &J = p = 45”. Thii 
i 

implies that in thii particular limit, the Feynman rules for the vertices shown in 

Fig. l(d), (e) and (f) vanish exactly! ’ 

We may now discuss the phenomenol 
F 

ical implications of the scenario de- 

scribed above. First, since the photino is no longer the LSP, it ie unstable. There 

are two possible types of decays: 

01 7 + jr? (/ = any fermion such that ml < MY/~) (22) 
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Fig. 1. A partial list of Feynman rules involving the 
Higgsino go, in the model described in the text. 

1 

(ii) 5 -+ -y+ ii0 . (33) 

The decay mechanisms are shown in Fig. 2. One can easily show that the process 

7 + r+ H -0 f D the dominant mechanism z”‘sl’ls (unless the photino is very heavy). 

The reason is that Fig. 2(a) is suppressed due to the smallness of the fiOff” 

coupling (which is proportional to mf/mw). On the other hand, in Fig. l(b), 

the loop is dominated by the heaviest quark. In fact, in the limit of large mt, 

Mi with rnt/Mi - O(l), the rate obtained from Fig. l(b) approaches a constant 

non-zero value. The result of a complete calculation (where for definiteness, we 

take rnt = Mi and p = 45’) is: 

(34) 

which indicates that the photino decay is prompt unless MT is sufficiently light. 

How do previous analyses on maw limits of supersymmetric particles change 

under this scenario? We shall assume that the photino decay is prompt (i.e. 

MT 2 0(1 GeV)). Consider the process e+e- -+ G, followed by 5 -) rgO. 

Events of this type will be observed ss e+e- + &+ missing energy. Such events 

have been searched for at PETRA; no signal abqve background has been seen.*’ 

This implies that the cross section for c+e- + 37 cannot be too large.’ Since 

this process occurs via the exchange of a scalar&lectron (g), the absence of this 

process implies a limit on the scalar-electron mass. Jn Ref. 22, the limit obtained 

was roughly ME 2 100 GeV. (Note that this limit only applies in the cave of an 

unstable photino which decays before leaving the detector.) 
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I 

(0) 
/ 

T 

7 

Fig. 2. Mechanisms for Photino Decay. The one-loop process 7 -+ -y + fro 
dominates 7 + /fE” (where f is any fermion which is kiuematically allowed in 
the decay). 

Next, consider the production of pcalar-quarks and gluinos at hadron colli- 

ders. ‘s In previous works, it was assumed that these particle decayed via 6 -+ qy 

(or qi if kinematically allowed) and i -+ qfi. If the Higgsino is the LSP, one 

must consider these same decays with’? replaced by 9. But in each case, thii 

involves a q+i?O vertex which is suppressed by a factor of m,/mw. Hence the 

decays of i and i into photinos will dominate over decays involving Higgsinos. 

However, the final state photinca will decay via 7 + -ri?o with lifetime given 

by Eq. (24). Thus, e.g. for the gluino, the decay chain will be 5 -+ qhg”, 

where the 3 will constitute the missing transverse energy of the event. Two 

conclusions follow. First, in events with scalar-quark and/or gluino production, 

less missing energy will result in this scenario as compared with the case where 

the 5 is the LSP. This implies that fewer such events would satisfy the cuts and 

triggers applied by the UAl Collaboration in their search for monojets.” Second, 

such events would contain isolated photons. It is not known at present to what 

extent such events can be ruled out in the UAl detector. The end result is that 

the bounds on scalar-quark and gluino masses are less severe in the case where 

the $ is the LSP. (For a quantitative discussion, see Ref. 23). 

The phenomenology of supersymmetric decays of the 2’ must also be recon- 

sidered. Recalling that Mz- 5 mg, we compute’s : 

qzo + LEO) 
qz” + VD) =2cw2&sina2~ C-5)’ (l+$) ’ 

t2’) 

If we use Eq. (19) for Mz-, Eq. (20) for q%e and take M; < mg, we obtain 
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Typically fl= 45’ so that sin 2a RI 1. Thus, lf MT is not too small, the branching 

ratio for ~ + Liio could be non-negligible. The signature of Z” 4 z-i?0 could 

be spectacular at SLC or LEP if the mass of the z- is sufficiently light. The 

3 will not be detected, while the z- will decay into leptons or hadronic jets, 

resulting in a “one-sided event” (i.e. nearly all decay products approximately 

confined to one-hemisphere of the detector). For a heavier Z-, the signature 

will be less striking but should be observable on a statistical basis due to the 

missing energy resulting from the escaping Higgsinos. In this regard, it is useful 

to examine in more detail the possible decay channels of the L. In Fig. 3, we 

exhibit three possible classes of decays: 

and 

(iii) L + 9He . 

[A fourth channel: Z- -+ F*qq’, z*‘fly via W* exchange is possible if there exists 

a chargino state, jif lighter than the t .] We shall assume here that Me > M;?_; 

otherwise, % + & would be the dominant decay channel. If M; < Mz-, then 

the decay Z- + @qp will certainly dominate since it involves a strong interaction 

icq vertex. Otherwise, the major decay channels are somewhat model dependent. 

It is amusing to observe that the sequence Z” + 2-p followed by z- + fi”Ho, 

may provide a new mechanism for producing and detecting Higgs bosons (@) 

at SLC and LEP. 

Fig. 3. Mechanisms for z- decay. We do not show the 
possibility of Z- + pqg, which is similar to mechanbm 
(a) via W-exchange (where Xy is a chargino state). In 
all diagrams above (except (l$ with a final state gluino), 
we may replace quarks with’ leptons. We assume that 
MG > Mg- ; otherwise, z- +. 6 would be the dominant 
decay channel. 

, 
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We have already remarked that in the minimal supersymmetric model, there 

necessarily $* I&I a neutral scalar Higgs boson (denoted by I# with rnq 5 mg. 

In fact, from Eq. (8), we 8ee that in the limit of ~1 = v) (i.e. fl = C), 

mR: = 0. Thii is a tree level result only. If we include radiative corrections d la 

Coleman and E. Weinberg,” we 6nd rnq LL O(10 GeV). Thii is good news for 

the traditional Hii bouon searches at SLC and LEP. In particular, one would 

expect to discover such a Higga boaon in a number of ways% : 

(3 P 4 &+P- , (30) 

(ii) 2’ + H,Oy , (31) 

and 

(iii) c+c- -* z”@ , (32) 

(iv) ‘&PI -+ @-I (33) 

where aSr(tf) is the toponium spin one bound state analogous to the tj. Further- 
-,” 

more, if S = -a = 45O, then the Z-He@ vertex vanishes and there is no new 

aupertrymmetric process. However, it b quite easy to design a model where the 

z-i?oI!@ vertex is not particularly suppreesed.““Q For certain values of the e 

mass, the process: 

could well be the dominant mode for Higgs production in Z” decays. The domi- 

nant decay of @ would be into a6 pairs 10 that the signature of such a process 

would be a b& event (which might be diitinguished with a vertex detector) along 

with substantial missing energy. 

In the above discussion, the Higgs @on @ is a scalar particle and is neces- 

sarily lighter than the Z”. There also exists a pseudoscalar, i$ in these models 

whose mam is more model dependent-it may be either lighter or heavier than the 

.Z”. If there exists a light pseudoscalar ‘@, the above analysis may be repeated 

with I$ replacing Ht. Note in particular that for a pseudoscalar Higga boson, 

processes (30) and (32) do not exist because there ia no tree level Z”Ze@ vertex. 

(The proof of this claim is easy. aa Since @ is a CP-odd state, the only poesi- 

ble gauge-invariant form for the Z”ZeII$ interaction in c,,,,,,~F~Fafl@ which is 

dimension five and thus cannot arise in tree level.) Thus, among the processes 

considered above, only processes (31). (33), and (34) can be used for detecting a 

light pseudoscalar at a high energy e+c- colhder.” Finally, there exists one new 

possibility to consider: the decay Ze + q@. Using the rules given In Ref. 12, 

I find: 

qzo --* Ezpg) _ 1 
I-(ZQ + le) 

- 5 cos’(~ - a) B3 

where B3 is the usual pwave suppression factor which occura for Z” decay into 

a pair of scalars. If vr = ur, then -a = S = 45’ and the rate for Z” -+ 3% 

vanishes. Otherwitle, the branching ratio can be non-negligible, in which caSe 

this process may provide a good signature for discovering a pair of light Higgs 

bosons. 
i 

Let rnv return to examine further conseduences of a light Higgsino. From Fig. 

l(d), the existence of a Ze&‘$ vertex suggests rearchmg for the process: 
I 

c+c- --* -fiioiio (36) 

and using the photon to tag the event (since the Higgsinos will mcape unde- 

tected). Thii process is shown in Fig. 4; it is exactly analogous to the classic 
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Fig. 4. Detection of Higgsinos using a “neutrin+counting” 
type experiment. The Higgsinos escape the detector and 
only the radiative photon is observed. 

neutrino counting experiment which has already been used by the ASP Collab- 

oration to set limits for the ? and 5 masses. sa It is easy to show that: 

qzo -+ r?oiiO) ’ 
qzo + UP) 

= cos2 28 (37) 

which indicates that an H -0 will at beet count as one extra neutrino. 

We have for the most part neglected the ‘chargino” states, XT and x:, (i.e. 

the mass eigenstates which result from the charged gauginc+Higgsino sector) in 

the discussions above. One of the charginos may be lighter than the W* (the 

appropriate formulas are similar to Eqs. (lQ), (20)). For example, there is 

a W-F+fiO vertex analogous to Fig. l(c), which would allow for the decay 

W* + F* + fro. The analysis is parallel to much of the discussion above. 

4. Conclusions and Discussion 

Even if supersymmetry exists at the electroweak scale, there is at present no 

strong reaSon to assume that the photino is the lightest supersymmetric particle. 

In this paper, a simple model is constructed where the lightest supersymmetric 

particle is a pure Higgsino state. Because the *qi vertex is suppressed by a 
i 

factor m,/mw, the phenomenology of a light Higgsino is quite different from 

that of a light photino. Some of the changes to the Standard” supersymmetric 

phenomenology are discussed. Some emphasis is 
P 

laced on signatures of super- 

symmetry in Z” decays. In particular, a new mechanism for the production of a 

light Higgs boson via Z” + g”f70Ho is examined. 

I shall end with two words of caution. First, certain vertices in the model 

depend on combinations of mixing angles which can vanish in certain limiting 
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cases. Secon 
1? 

when more realistic models are developed, it could turn out that 

the lightest supersymmetric particle F is dominantly made up of a Higgsino 

component but with some admixture of a gaugino component. The strength of 

the pqi vertex will then crucially depend on the precise amount of thii gaugino 

component. Thii will have an important bearing on the phenomenology of the 

supersymmetric model. 
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APPENDM: Z” Coupliii to Neutralmos: A Tutorial 

In thii appendii, we demonstrate how to compute the coupling of the Z” to 

a pair of neutralinos. 1 

Consider the general case of a four component fermion: 

(Al) 

where (L and no may have different SU(2) x U(1) quantum numbers. If we 

denote their quantum numbers by !F~L, Q and TSR, Q respectively (where the 

electric charge Q of & and nR must be the same), then the Feynman rule for the 

$$p vertex, denoted by V (Z”@), is: 

arM [(Tsr.-8sin~Bw)(l-7~)+ (TsR-~~~~&v)(~+~s)] . (-44 

We shall rewrite this rule in the following form: 

* 7’(!w + OA75) (~43) 

where 

and 

1 

gv =Ter.+TaR-2Qsin’Ow , h (~44) 

!. 

gA = TSR-TSL . (-45) 

As an example, for the electron, TJL = -i ,TSR = 0 and Q = -1, leadiig to 

gv=--f+2sinZBwandg~=) asexpected. 
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It is often wenient to lit the fermion content of the theory in terms of 

left-handed fields only. For example, given two left-handed fermions & and r)r, 

of opposite charge, I can construct the Dirac fermion of Eq. (1) by identifying 

r)R = (n,#, i.e. the charge-conjugated state. I would then identify TSL = T3(&) 

and TSR = Ts(n~) = -Ts(t)~). Thii diicussion is also valid for a Majorana 

fermion, i.e. where .$ = r) in Eq. (Al). It then follows that for a Majorana 

fermion, Tsg = -T~L and Q = 0. 

We illustrate these ideas by computing the Feynman rule for the Z”s%’ 

vertex. Using Eq. (15), thii vertex can be expressed as, 

where gr and Es are the (left-handed) weak interaction eigenstates (with definite 

SU(2) x U(1) quantum numbers). Note that V(Z”kll?;) = 0 since the Z” does 

not couple off-diagonally to weak interaction eigenstates at tree level. The states 

fii and fir are neutral Majorana fermions; therefore TSR = -T~L in each case. 

In supersymmetry, fir and gr have opposite hypercharge, and Ts~(i7) = i 

and T3,5(E?)2) = -i . Using the above results, it then follows that gv = 0 and 

gA = toss S - sin2 S which reproduces the rule stated in Fig. l(d). 

The Z”%‘z- vertex can be obtained in a similar manner. Here there rue a 

few subtleties. We must keep track of which fermion is outgoing in the vertex 

(that fermion will have a bar over it), and we must pay attention to the factor of 

73 in Eq. (17). It then follows from Eq. (17) that: 

V(Z”~o~e) = cos&sinScosS [v(Z”zr7sfir) - V(Z”~~75w)] . (A7) 

Otherwise, the calculation is analogous to the one above, and we 6nd pv = 0 and 

gA = -2 cos &J sin@ cos /3. Inserting thii into Eq. (A8), we obtain the rule given 

in Fig. l(c). 

The method described above is of course applicable to the Z” coupling to any 

fermion pair. As one last example, consider the charged left-handed Higgsino 

states fir and fiz with TSL = -f and +# respectively. A Dirac fermion z+ 

can be constructed: 

In thii example, T3r. = TSR = i so that the Zeji+F coupling is purely vector. 

From Eq. (A4), it follows that 0~ = 1 - 2 sin’ 8~. 

The presence of the factor of 7s in Eq. (A7) changes the Feynman rule given in 
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1 Introduction 

Most phenom 
T 

ological studies of supersymmetric models have been done as- 
suming an effective low-energy SUSY theory in which baryon and lepton number are 
absolutely conserved. Thii requirement is not dictated by the supersymmetry, but 
must be imposed by hand. In this note, we examine the experimental consequences 
of relaxing this assumption. 

2 What is R-Parity? 

Supersymmetric theoriee have an additively conserved R quantum number which 
can be defined such that left chiral superfields 0 have R = 2/3, vector superfields 
V have R = 0, and the anti-commuting e(g) variable has R = l(R = -l).(l) The 
superfields @ and V can be written in terms of component fields as, 

Cp =A+45BJ,+803 , 

and v = -e4~Bv, + iee#X - ia8eA + ieeaan (11 

where A, $, and 3 are the scalar, Majorana fermion, and auxiliary component fields 
of 0 and v,, A, and D are the vector, Majorana fermion, and auxiliary component 
fields of V.(*) 

In a supersymmetric Lagrangian, global R invariance ls conserved (modulo 2) 
and the allowed renormalizable terms in the Lagrangian are, 

@+e”‘@ ID, ww (PI as (P, (a’)” IPI VD (2) 

where WW Jr contains the kinetic terms for u, and A. The F and D terms are de- 
fined to be the 6’0 and BB@~ contributions to the expansion of a product of superfields 
in terms of component fields. For example, 

and so 

(3) 

+ &%A, -I- jF,A,A, + zA.Ab. (4) 

In a renormalisable Lagrangian, R invariance can be broken only by terms of the 
form, 

(@I%) I? or (0) IF . (5) 

In a supersymmetric version of the Weinberg-Salam model, R-parity is certainly 
broken by the vacuum expectation values of the Riggs fields, (H) and (H’), since 
the Eggs fields have R = 2/3. These VEVs must be non-zero in order to break 
SU(2)r. x U(l)r and to give the quarks and leptons masses. R-parity is also broken 
by the Majorana mass terms of the model, 

&g = m(XX + XX) 
7 

since X has R = 1. Such mass terms must be present because cosmological limits 
prohibit a massless photino or gluino.tsI L 

In most supersymmetric models, however, there remains a conserved muhiplica- 
tive quantum number which we call k-parity. frequently, R-parity is a linear 
combination of R-parity and discrete symmetries of the model. The R quantum 
number is +l for all of the known fields and -1 for their supersymmetric partners. 
The R parity of a particle is, 

ii = (-qls+sB+L 



where S, B, and L are the spin, baryon number, and lepton number of a particle. 
Note that the gaugino mass terms and the VEVs of the Higgs fields both conserve 
2. 

I 
An immediate consequence of E conservation is associated production - there are 

always an even number of SUSY particles produced in hadronic or e+c- interactions. 
Also, R conservation forbids mass mixing between the SUSY particles and the 
known particles. 

3 Why Break E-Parity? 

If R-parity is conserved, then baryon and lepton number are automatically 
conserved. In the non-supersymmetric SU(3) x SU(2) x U(1) model, the gauge 
symmetries alone prohibit the addition of any terms to the Lagrangian which break 
baryon or lepton number. In a supersymmetric model, however, R-parity, and hence 
B and/or L, can be broken either spontaneously or explicitly.(‘~s) 

If we construct the most general effective low energy supersymmetric Lagrangian 
consistent with the gauge symmetries, then we can include terms of the form, 

+ hL, d&i,. + . . -1 
- D.(A,.4d,. + . - *) 

- E. (h.th~. 42,. + . - *I 
+ h.c. (8) 

where the . . . indicate SUSY permutations of the fields and the coefficients C,,, D,,, 
and E. are arbitrary. (&‘. is the left-handed charge 2/3 quark of generation a 

and A,. is the associated scalar, etc. and all of the SUSY fields are denoted by 
tildes. The notation is that of Ref. 5.) For simplicity, we have assumed that the 2 
violating terma of Eq. (8) are diagonal in generation space. 

To forbid the Lagrangian of Eq. (8), it is necessary to impose B or L (or ii) 
conservation or some other discrete symmetry by hand. For example, an invariance 
under H + -H,Q -+ -0.0 4 -0, and J!? 4 -E does not allow any fi violating 
terms in the Lagrangian. 

&conservation can also be violated by allowing the scalar partners of the neu- 
trinos to obtain VEVs. These VEVs introduce mass mixing between the SUSY 
particles and the ordinary particles. There will be milting between the wino, Hig- 
gsino, and charged leptons and also between the photino, zino, neutral Higgsinos, 
and neutrinos. This m’uting will destroy the property of associated production of 
SUSY particles and allow processes such as pp + ri, etc. (Cross sections for 
pp -t ri and pfi -+ r+ at fi = 540 GeV are given in Ref. 5). 

In the absence of any compelling models of low energy supersymmetry it is im- 
portant to examine the consequences of R violation on the experimental predictions. 

4 Consequences of R-Parity Breaking 

Lepton number violating interactions will allow numerous rare proceeses such ss 
v 4 cu, p --) ~7, and p + 3e, for example. .Unfortunately, the limits obtained by 
looking at these processes are not stringent since they always involve the exchange 
of at least one SUSY particle of unknown mass. For scalar SUSY masses near 1 
TeV, experimental restrictions allow C. - 10-s and D. - lo-s.(‘~‘) 

, 

B-parity violation also allows one of the neutrinos to obtain a Majorana mass. 
Assuming that thii is v, and that m, < 55 GeV,(“) we have, 

(9) 

for scalar SUSY masses near 1 TeV. (6. are the scalar sneutrino VEVs). 

Finally, the term proportional to E. in Eq. (8) allows proton decay which 
requires El 5 lo-ss for scalar mssses near 1 TeV and Cr - 10-s. 

In most SUSY models, the lightest supe&ymmetric particle is taken to be the 
photino and it is assumed to be stable. However, in theories with 2 violation, the 
photino can decay in numerous ways, I 

i)jd7v 

ii) + + qpv 

iii) 5 -+ use- 
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In addition, the sneutrino can decay to a neutrino, anti-neutrino pair. The ;i lifetime 
depends on the barameters of Eq. (8) and on the sneutrino VEVs and is given in 
Ref. 5. However, for a wide range of reasonable parameters the photino will decay 
within the detector. 

As an example, consider the process pp -+ 5s. If the photino is stable (and 
fighter than the gluino), then we expect i 4 qij?. Then the signal for pp -+ SC is 
5 4 jets plus missing pr. Jf the photino decays to 7v, then the signal will be 5 4 jets 
accompanied by 2 photons, but the + decay will degrade the missing pr signal. If 
5 -+ qpv, then there will be 5 8 jets. In all cases, the decay of the photino leads to 
a degraded missing pr signal which yields significantly smaller cross sections since 
fewer events will pass a given missing pr cut. For example, only about l/100 as 
many events pass a simulation of the UAl cuts if 5 + qpv as for a stable photino. 

The different photino decay modes change the ratio of l- to a-jet events. In Fig. 
1, we show the l- and Zjet cross sections for gluino pair production at ,/X = 540 
GeV as a function of the gluino mass (and for fixed squark mass) for each of the 
assumed 5 decay patterns.(fl The largest jet cross sections result when the photino is 
stable, with the two jet cross section becoming larger than the one jet cross section 
for a gluino mass between 40 and 50 GeV. The jet cross sections are approximately 
an order of magnitude smaller when 5 + 7~. Thii is because we have included the 
photon energy in our definition of the total transverse energy, ET, which means that 
fewer of the events can pass the EF’n’“’ cut. The jet cross sections are considerably 
smaller when 3 4 qpv with the 2-jet cross section always dominating over the l- 
jet cross section. In thii case, the yet cross section becomes dominant for gluino 
masses greater than about 60 GeV. 

. 8. ” ” . . ” w ” . . 
‘i (-*I 

Fig 1. Jet cross sections for the reaction pp + jr? at fi = 540 GeV. The 
solid lines are the onejet cross sections and the dashed lines are the tw+jet 
cross sections. The three sets of curves repr?t a stable 7, 5 -P 7v, and 

7 + qi5v. 

5 Conclusion 

In supersymmetric models with g-parity violation, the phenomenology will be 
quite different from the usual SUSY theories. Single production of SUSY particles 
will lead to spectacular new signals. The most striking new signature, however, will 
be the decay of the photino which leads to degraded missing pr signatures. This 
will considerably complicate the search for supersymmetry! 
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CERN, 1211 Geneva 23. Switzerland. 

The prcscnt lecture notes arc no mon than a few elemcntaly eommcnts on the sfach 

for supasymmetry using hadmn colliders.[ I] At the time of writing, the analyses of CoUider 

data contributing to this search are stiIl very prcliminsry. An excellent account of the most 

recent conclusions which may be drawn from these data is given by R.M. Bamett in his 

lectures. Hem, however, considering that futher elaboration on this matter would be 

pmnaturc, I take a di5mnt approach. My ambition ir rather to bring a number of 

cxpcrimcntal aspects. specific to hadmn colliders, to the attention of M audience largely 

composed of c+c- experts. My aim is not to give an exhaustive review of all possible 

supcrsymmetry pmccsses and ‘kccmd’ which may be within reach of h&on collider 

searches : I shall usually find it su5cient to consider a few typical processes which are proper 

at illustrating the main fcatuns. Lo the same spirit. 1 shall usually assume that the photino is 

the lightest particle with odd R-parity and that s&u quarks (whatever the flavoor and 

handedness of their partners) are nearly degenerate in mass. Diffcnmt assumptions would be 

of little r&Vance to my comments. 

I should like to express my wannest thanks to Pmf. G. Feldman, F. Gillman, D. L.&h 

and B. Richter for their vcly kind hospitality and to T. Hans&Kozanecka and 

A.F. Rothenbcrg, in their role of Mendly”provocateum’: for their thouBthful sod helpful 

cmmncnts. 

0 P. Darriulat 1985 

-163- 



1 

CONTENTS 

1. HADRON COLLIDERS : THEIR SPECIFICITY 

IWOdUCtiOfl 

soft mllirions, pcctatofa 

structw fimctions 

Fragmentation 

Hard processes 

Missing tlznsvcrac momentum 

2. GLUINOS AND SCALAR QUARKS 

Production mcchaniml8 

Decay modu and photino spectra 

UA data on monojets. dijets, etc... 

Baclrgroundr 

Evmt topologies 

1. HADRON COLLIDERS : THEIR SPECIFICITY 

t 
>.I Introduction 

Hadmncoll idcnofhighermdhighcrcncrgicahavcbcencondructcd to Pk 

interactions at shorter and shorter distmces. In this mle h&on collidax am ia foa used aa 

pat-ton mllih, the hard cdlision of two incoming pations, with tprBc trmwcrx 

mommtum particks in the hid state, h&g the proms md~ ttudy. While the posibility of 

new collective phenomena involving quark-gluon plasmas is not without interest, I &all 

ignom it in the present lecturea. 

Aa a muIt of using k&on colliders as pa-ton mlliders. and in contrast with e+c- 

colliders. a few spu56c features = immediateIy apparent : 

i. Ibc c.m.s. energy J%ilable for the hard collision is canallu than the c3n.s. 

cncrgy fir the IxdMing hadmns. 

ii. T&C prcsmce of collision products from the soft interaction of the spectator partons 

complicates the analysis of the final state. 

iii. The cmtre of mass system of the hard cobion differs from the kdxwatory system. 

3. GAUGINOS AND SCALAR LEPTONS 

Pmduction of gaIlginos 

Decay3 of Sz&nos 

Days of eJectrowcak bosons into a pair of scalar lcptons 

The masses and widths of the elcctroweak bosom 

md 

iv. Highly selective t&era am xxcaary to disregard the overwhelming majority of soft 

cdlmtive interactions (it takes on average one billion pp intemctions to produce a 

zo--c+c- at the SPS collider). 

Despite thew drawbacks, hadmn collidera mjoy a number of privileges which amply 

justify the &forts dcvotcd to their construction and operation : 

4. CONCLUDING REMARKS 
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i. Ifor k&nical ICIWOIIS, at least until now, the highest mcrgim have always been 

attained with badmn mllidcrs. This usually o-mpcnsata the price to pay for 

the low 35 ratio. 

ii. A wide spcctmm of klues is available tium a single s-v&e, making energy scans 

unnccessaly in cxplomto?y acarcllw. 

iii. The wailability of different parton types in the initial state is a very favourable 

factor in the CLIC of nome pmduction pmccsaes : for euunple. a single W  is e&y 

produced in pp cdlisions ad the lmult of ia or Gf fusion, while e+e- collkions 

requim the pmduction of a w+w- pair to achieve signiticant rates. 

iv. Last, but not least. the expaima with the SPS pp cdidcr has demonstrated the 

adequacy of hadron colliders to study a number of hard proasaes. Evkmce for 

thiSiSsboWnillFigunlWh~the tnuumse acrgy dmsitics of four typical 

events are shown as a function of solid angle (so-called lcgo plots). 

An artist view of the various pma!.ws involved in * typical hard collision of two 

badmns is shown in Figure 2. Two partons interact, with an energy ~mdependently from 

the otbcrs. They cxpceicncc 83 bard dlision with large tranmmc mommtum parlicles in the 

Snal state (t&s just&s talking about two intcmcting partons, a malt of the conneclion 

bctwansmalldistaccsad~tnnsvam momenta, or bet- asymptotic 6udom and 

w 4’). ThJ le.fbhg partons (spectators) intcnct adlcctivcly producing scvcral low 

tmnsvum mommtum products (soft collision). Ea.& of the two sets of particles (hard and 

soft) bavc a ncgligiblc total t tanmm mommtum but Ggni6amt (and opposite) longitudinal 

momenta. The cross section for a given hard collision process involving two partons i and j 

carrying fractions 3 and xj of their parent h&on momentum (i = x# is the result of a 

convolution of tbt stmctmc functions F(x) with the hard subprocess cmss x&on. 

r, 
Srrlr ’ 

VII 

CERN pp 4s .5&O GeV 
10 tsv UA2 experiment 

D CEV 1 
-1 

Fig. 1 

Four lcgo-plots illustrating the clear signatures of hard p-rocesa at h&on colliden : P two-jet 

cvmt (top left). a threejet event (top right), a W  +adccay(bottomkft)andaZ-cey 

decay (bottom right). 
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9 iv. Multiplicity distributions exhibit approximate scaling in the mean. They M  wcu 

described by models in which the independence of the ~sonance production 

mechanism is slightly akrcd by the existence of long-range correlations (which 

have indeed been obsavcd and studied). 

v. The collision products have small transverse momenta @T), with a steeply falling 

distribution, as expected for the Fourier transform of the radial distribution in a 

hadron having a radius of LI I fm. Approximate independence on particle identity 

is observed when the cmss section is cxprcsscd in terms of transverse mass 

mT = (m’ + y.‘)‘/‘, m  being the mass of the produced particle. 

vi. The total intcmction cmss section, “(2 bn)‘, in-s very slowly with 6 Thir 

latta property. of a slow @cpendence, is shared by all paameten implied in the 

description of soft collisions (Figux 4). 

In hard hadmn collisions. it is commonly assumed that the spectator interaction 

displays the same features as a soft non-difkactive collision, howcvcr at reduced energy 

< JGp s mstead of ,&and with a non-zero total longitudinal momentum. ln fact, we 

have only qualitative evidence in support of this awumption. The underl$ng event associated 

with W/Z production (i.e. all produced particles excluding W/Z) msmnbles minimum bias 

events (apart for the occasional wmciatcd production of W/Z and hard jets), while that 

associated with the production of two hard jets exhibits P larger associated multiplicity and a 

larger transverse energy density. [2] How much of this triviality results from gbmn 

b+mnsstrahlq in the final state is unclear. DiEcrcnas in the underlying events asso&kd 

with W/Z and two-jet productions arc cxp&cd as a result of different colour contigumtions 

(Figure 5), and both could dilk from minimum bias cvcnts. A quantitative undcntanding is 

stilll.?&ng. 
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The main variables describing soft h&on collisions depend slowly upon $-Their relative 

dcpcndcncc upon tn (,/$ (with respect to the ISR value at fi 53 GeV) is illustrated for a 

number of them : 

- otot, the total cross section, 

- b. the slope of the elastic cross section, 

- < nch > , the mean charged particle multiplicity, 

- D/pn& >, where D is the dispersion of the multiplicity distribution, 

- I/o L/d?, the height of the rapidity plateau, 

- m,,. the half+idth of the rapidity plateau, 

-< 3 > , the ~vcragc transvcrsc momentum of pions. -168- 
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Per unit of rapidity. the tranmne energy carried by the u&dying event (at SPS 

Collider energies) is, on average, 4 to 5 C&V for W/Z pmduction and 8 to 10 GeV for 

two-jcl production. It has wide fluctuations around these mean values (Fi 6). 

1.3 Struc:un functions 

Tbe p&on content of hairons is described. in terms of their fractional momenta, by 

structure functions. The proton structure functions are known fium leptopmduction 

experiments which probe &ctiwly quarks and antiquarks of various flavours. Despite 

uncettaintia attached to these m  easumncnts (such as resulting from nuclear effects), they are 

usually suffcicntly accurate to serve u input to parton model interpretations of badmn 

collider exprimcnti. This is not the case, howewr, for gluons. which arc known to carry 

= 50% of the proton momentum. Glwns are probed indirectly in lcptopmduction 

experiments, through their ability to produce virtual quark-antiquark pairs. and the 

evaluation of their struc(urr function requires a delicate analysis of scaling violation &cts. 

Recent m  easumncnt at the SPS Collider have provided dim3 mcasuremcnts of the gluon 

stmctwe fimction. The results arc in good agreement I31 with the leptopmduction data, aRex 

evolution to the rclcvant range of q1 (Pii 7). In fact, most of the gluons contributing at 

SPS Collider energies result from this evolution. 

The cxlstcna of P e vatcx implies the possibility for B’ to be found among proton 

constitucnts,[41 the wohttion with q’ of their stmchuc hnction being &scribed by the 

AJtaAi-Parisi equations. This eventuality is worth contemplating becduse interactions 

bawcen~jlnd1partonoftbeotha~nwouldproducefinalstltcscontaining~~e 

pdide of odd R-parity, and ultimately a single ;. In such events the missing transvux 

momentum signature is. on mcragc, more powctful than in cvcnts containing two photinos, 

> 
s 

I 1 I 
20 30 40 50 

& tGeV) 

Fig. 6 

The transvmc cncrgy h distribution (over 2 units of central rapidity) of the underlying event 

zasmciatcd with a jet pair of total ttansvmc cne%y I$- is shown for various intervals of %.[2J 

Its shape does not depmd upon I?.,. and is less steep than for minimum bias events or for 

W/Z production (see text). 
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Fig, 7 

The gluon structure function measured by the CHARM Collaboration [31 agrees with the 

direct meas-cnts of UA1/2 once evolved to the relevant range of q’. 

partly compensating each other tnmsvuu momenta. In gcncd, bxausc of their higher 
t 

cdlour charge, g are expected to be more abundant in pmtms than heavy quarks Of the -c 

mass (Figure 8). However. the Altar&i-Parisi equations allow for a rakxdation of their 

q’-dcpu&ra only and pmvidc no information on their threshold behwiour which must bc 

defined cxtcmally kom some P priori aswmptio~. This is an imporiant source of 

uncertainty when eval~ting cross sections for which the contribution of the i stroctuoz 

function is dominan t near thmhold. Such is the cam for fusion pmc&rcs of the type 

u + g - ; (Figure 9) which have been studied by Bargcr and collaborators.[Sj 

In any cast. well above thrcs.hokl, ghinoa may bc cxpcotcd to cany a few pcrccnt of the 

parent parton momentum and to contribute signiticantiy to the production of odd-R 

particles. The effect on the structure fimctions of ordinary partons will usually bc negligible. 

1.4 Fragnwntafion 

Most of our knowledge of quark fragmentation comes from c+e- amihilation, a 

privileged laboratory for the study of the jti pair nsulting from the hadronization of a 

quark-antiquark pair. Qualitatively, jet fragments exhibit very similar properties with respect 

to the jd axis as do the products of a sot3 hadron collision with respect to the beam axis. 

Recently much dfort has been devoted to the study of the fragmentation of quarks 

having a well-detined tlavour. Biw-free measurements an performed by tagging the quark 

flavour from the leading fragments of the antiquark jet (or conversely). The &agment which 

carries the tkwour of the parent quark is observed to have a large fractional momentum, the 

larger the more massive is the parent quark (Figure 10). Its fragmentation function can be 

adequately parametrized (61 using a form : 

D(z)= (1/2)[1-1/2-E/(1-2)1’, 
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Fig. 10  

~anentum fraction of c-jet6 carried by D* and Do mesons. 

9  
’ Two pmceses amtribute to the formalion of jets : 

ii. ‘Ihe non-pcrturbative pnxesr by which a&xned partons must ultimately hadmnim 

into colout singkts, produces huhns having limited ttanwas momenta  with 

mspecttothcjetaris:thcanguhrapature asso&tedwiththispiuassdMusw 

&XOdil lglyWiththCjCtmagy. 

Di&mnt mod& of the &agmentat ion mechanism have been proposed, dcpmdkg upon 

their way of deal inS with the competit ion between the two above promrerl91 but pmlcntly 

available data do  not al low unambiguous conclusionr on  their relative adequacies. 

The. hgmmtat ion of g luon jets has bsn studied at the SPS Collider, what they arc 

copiously pmduccd. Diffcmnces with mspect to quuk jets have been evidaadJ 101 ho- 

much too small to al low for their idcntikation on an event-by-t basis (Figum II). 

Al though limited, our understanding of the fragmentation mecha&m of quarks and 

gluons is appmpliatc for a  plrdiaion of the main featurer of the fragmentation mechanism of 

scalar quarka and gluinos. They have the aamc ability to radiate &ons, with the same 

coupl ing strmgth, and they have the same colour mrdiSuration. with the - ncaaity of 
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ultimately fragnmtating into colour singlets. One should therefore expect scalar quarks to 

&oducc similar jets as quarks of the same mass. and ghaino jets to be slightly softer. In 

particular P vety light gbaino would generate a jet vbtually indistinguishable from a duon jet. 

Do the cantmy a very massive SC& quark or &ino would transfer most of its momentum 

to a kading hadmn with odd R-parity which would then decay and emit a photino, in the 

same way as a top quark should transfer most of its mommtmn to a “toped” meson which 

could thm decay weakly. This somewhat naive picture (111 is used to dcscribc scalar quark 

and &no jets in most model cakulations. using kagmmtxtion functions of the same form 

as for massive qua&.(61 An example is shown in Figure 12. 

I.5 Hard processes 

As mmtioned in the intmdwtion. our experience with the SPS CoIlida is a very 

important factor in evaluating the adequacy of hadmn colliders to study hard processes. A 

brief summay of the pment achi-mts mnvsponding to P total luminosity of * 0.3 pb-’ 

per experiment is useful in this context.[ 121 

A hl lesson is the relative ease of selecting hard collisions : a simpk calorimacr trigger 

requiring the production of a total transverse cncrgy exceed+ 8 given threshold within. 

cmtd mpidity region is perfectly adequate at rejecting soft coNisionr. The only conditions 

sue * 4 control ovn the calorimeter energy mspons in order to obtain l shatp thmahokl. 

~dalimitcdmpidity~~,Lnplying~rusoluklcmdch~tbcwnidcr~ 

$-and the bard collision mergy & the selection of mnts containing a single ckctmweak 

hoson in the &ml slate is stmigbtfo~ard at SPS G9lider mcrgia and nearly impossii at 

SSC mergks. The IS&ICY of a total tmmwene mergy trigBn is, of comae. mduced when 

hard neutrinos or photinos xrc produd. As we shall see in the neat pmgnph, this 

The charged partick multiplicity of SPS Collider jets is mcasmed tofaIlbet-thatofqu&uk 

jets (extrapoktcd from Petm) and that predicted for ghxm jets (emu-hatched mgion). 
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Fig. 12  

Fragmentat ion functions of b  quarks and of giuinos using the paramctrisation of Peterson et 

al. 161 F m m  Ref. 5. 

@rawback is partly overcome whm the invisibk particks carry P large totxl ttao- 
1  
mommtum : such a  situation occurs whm only one of them is pmdoad at a  time, otherwise 

they may significantly balance each other txanmme mommta.  

The bulk of the evmts which satisfy a  large tmnsverse energy txigger msult from strong 

intaactions between coll iding partons (at Gdida magier, for values of F  s m  the vicinity of 

the Z  mass, the cm-responding cross section is of the order of a  nxnobam pa GCV of 

trmsvase magy and per unit of rapidity). As P result, the contribution of the UA 

cxpaimmts to the study of strong interactions has ban important : the gluon stmctturr 

function and fragmmtation function have ban meas& and many crudal QCD texts have 

hem @onned,  inchcling mcasummm ts of the strong coupl ing constant as. However, two 

ess.zmid diBicuhies have to be  faced : the importance of nonleading order contributions 

(K-factors) severely limits the p&sion of QCD model  interpretations, and ambiguit ies in 

assigning soft jet fragments to the proper parent pakton preclude accurate jet magy 

measuemmts.  Concerning this latter poi& a  reliable association between a  parlon aod a  jet 

is only possible for hard mough  jets, exceeding 15 GeV or so of transwsc energy. 

The large QCD cross section (Fii 13) is a  do  minant source of background in the 

study of weak processes. Until now, it has precluded tbc observation of the decays of W  md  

Z into quark-antiquark pairs, a  sid expected to amount  to - 10% of the QCD 

background. The necessary addit ional signature is often provided by the selection of evmts 

containing a  hard lepton io the 6nal state : pure QCD processes do not produce such eventa 

directly, but only via the subsequent weak decay of a  hard hxdmn, in which case, homver. 

the decay lepton carries only a  fraction of the magy of its parent. 

Ekctmn idmtitication io the UA experiments is of sdkimt quality to select hard xnd 

isolated electrons in virtually backpound fru conditions, w the early observxtionr of 
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The inclusive jet-pair cross section mead  at two d&rent vahm of JGs * function of the A mc.as-cnt of the missing energy carried by a  pair of photinos is unfortunately 

jet-pair mass m. The -s ihstrate the e&ct of a  futher structure inside partons on the unpractical at hadron colliden.It would imply an  Bccurate “leas-mt of the mergjes of the 

conventional QCD calculation. many particles produced at very small angles to the beam lines, incompatible with the 

iw * ev and Z +  CC decays have demonstrated. The isolation condition, imposed by the 

&wlarity of the detectors, brings addit ional rejection against hadmn jets : to mimic an  

isolated clectmn. a  jet must consist of a  single charged particle accompanied by Ps at a small 

angle, a  rather unlikely contiguration. Typical rejection powers against h&on jets of l(r to 

IO’ are commonIy achieved in the transverse momcntwn rang of 15  GeV to 30  GeV. Using 

more sophisticated detstion techniques, this number could be  improved by one to two 

orders of magnitude. For the t ime being, however, the rejection power has not been 

sufiicicnt to identify unambiguously the handful  of W  + 16 (t +  bev) decays which may 

have been produced. This illustrates the di5culty of identifying electrons having less than 

- IS GeV of transverse energy in configurations where they are not fully isolated. In 

principle muon  identification, which is acassible only to the UAI detector, requires no  

isolation. neighbow hadrons beiig filtered out. Despite the di5culty of achieving momentum 

measurements of sufficient accuracy, muons give therefore access to studies out of reach of 

electron dctccton. 

The above examples have illustrated at least qualitatively some of the possibilities and 

limitations of hadmn colliders, even if in several cases significantly better performances could 

be  achieved using more sophisticated detectors. ln the search for supersymmetry an  essential 

signature is the existence of an  important missing transverse energy carried by the produced 

photinos. This is the subjti of the next paragraph. 

1.6 Missing transverse momentum 
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gmmctty of the collider (vacuum chamber and low B qoadmpoks).  This ic io 8tmng contrast 

with c*c- colliders and severely limits the possible achkv-ts. An evmt having two 

photinos balm&g each other tramverse momenta  in the 6oal state will be  onootiad, 

despite the possibly large missiog energy, and the visible cnagy of the other hard pmdocts 

being much smalkr than &ilI rckgatc the cvmt in a  region dominated by much softer 

mIlisio”s. 

cooseqomt1y. missiog cncrgy sigoaturcs arc limited to the trmsversc plane. The total 

transverse momenta  of the particles prod& in the soft spectator collision and in the hard 

collision arc both expected to be  very amall, less than * GeV or so (their sum is, of course. 

exactly zero). In principle a  measurement of the total transverse mommtum of the hard 

cdision products which are detectable provides direct access to the missing transverse 

mommtum of relevance, carried by hard neutrinos sod photinos. In pwtice. however, the 

usignmmt of a  given collision product to the spectator collision or to the hard collision may 

be ambiguous : all visible moounta must in fact be  measured. 

It is ofieo said that a  “folly hermetic” detector is necessary for a  reliabk measurement of 

the missing ta~svcrse momeotum. In fact. full hermeticity is only necessary over the rapidity 

range associated with the hard cdision : spat&or collision products emitted outside this 

range. at small a&s to the beams. carry a  malI total transve~~~ momentum, the 

meas-mt of which would anyhow sulfer from important uncertainties attached to the 

small production angles. 

There arc three main souras of errors in missing transverse momentum measorcments : 

i. Spurious energy deposit ions, not associated with the hadron collision, such as 

eleztmnic pick-up, or cosmic rays, or beam halo stray particles, ax potmtially 

9  dangerous when sltpaimposcd on * Ital event. Tiit t imiog cuts reduce moogly 

their G-X~~~CI and they often give rise to - cnag~ ,?Trtcms Which can 

be used to rcjccl the event while tvhning * major hction of puine collisions. 

ii. whcn~hard~ktscppesdmaionbmustof~tckofdaectorcovcngsorIs 

the mtdt of a  faibxc of some detector wmpoomt,  the event appears to contaio a  

SigniJicant missing tnuwmc mommtum.  As idready stated, the amount  of 

coverage ncfcssary at malI urglcs to the beam Lines depmds on the ratio i/s. This 

is ihstratcd in Fii 14  where the apparent missiog tnmsverse momentum, faked 

by events in which a  jet escapes detection, is showo as a  fimction of detector 

covcragc. [I31 Another example L  provided by the UA2 detector io which 

compkte calorimetry is available over only two units of rapidity : the yield of fake 

monojets exceeds 0.1 nb/GeV aa soon Y the monojet  transverse momentum is 

smdkr than 40 GcV (at fi= 630 Gel’). When  the ab- of detector coverage 

is conLed to limited azimuthal regions, as is the CPIC in the UAI detector for the 

“cracks” bctwem “gondolas”, it is easy to reject evmts in which the missiog 

traosvme momentum points to these dead regions. 

iii. Mwumnmt  en-m on energies and/or angles alter the missiog transverse 

momentum nmsuremmt. Their Lnprlance &pads strongly upon the nature of 

the event. lf, for cxamplc, the only visibk hard particle is an  ckctmn, as is the use 

for most events containing a  W  + tv decay, its mommtum is accuately meas~, 

and so is the missing transverse mommtom (Figure Is). lf. instead, the 6oal state 

consists of hadmn jets, the accwacy ia poorer. lo soch a  case, while the study of 

min imum bias events provides P simpk way to evaluate the contribution &oom 

spectator collisions, a  detai led understanding of the calorimeter response to h&on 

-176- 



1 

I 1 I 1 1 

00  loo 2o" 3o" 10° 500 
a  

/ 
/ 

/’ I I 1  I I 1  
10  20 30 LO 

Fig. 14  Electron transverse energy IGevt 

Avcmgc missing tnnsversc momentum as a  fimction of the calorimeter polar angle covrrogc a  

(the calabncta covers the polar an& intend ktwcm m  and IsO*-a). The solid -s are 

computed from all the particles except muons and neutrinos. while the dashed -s are 6um 

caIorimcter cds (J;-- 20  TcV). 
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Fig. 15  

The clear correlation between the ckctmn tmnsvcrac energy and the associated component  of 

the missing transverse e-nqy for W  q  CI events observed by UAl. 

50  60 
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jets is mandatory. The UAI Collaboration has performed detaikd studies [141 of 

these &cta (Figw 16). More subtk soumes of errors can fake substaotial missiq 

transverse momenta.  Ao cxampk is given by the UAl detector when two hard 

~cleshit8suncgondola,oncatcochcnd:thisir intaprrtedbythcdcMorrr 

~dnglcpprt idcinthcmiddleofthegondok,with~mcrgynuringthcaunof 

the two parlick acrgks. 

A missing transverse mommtum signatun is not su&knt to demonstrate the prc- 

of photinos. The c0nventiooa.l ioteqxcwion is to assign the miss&g trpnsvasc mommtum 

to a  neutrino. If * ncutxino is pmduad from stmdatd pmasscs. it most be  usociated with * 

char@ kpton (or with mother ncutrino). If, however, the char@ kpton escapes dete&m, 

it will geoaatc a  f*e phot ioo sigoatore. This source of background caooot be  arbitrarily 

reduced. In particdar elcarons produced among jet mts will usully lanein 

undetected. A missing transverse mommtum distribution resulting &om d the above 

processes which may fake P phot ino signatorc is shown io Figure 17. The cakuktion is for a  

nearly idcal detector operated at &= 20 TeV on a  p-p collider. It i l lustmtes the limits of 

the aenitivity of hdron colliders when aarching forwqm.nymmet~. 

2. GLUINOS AND SCALAR QUARKS 

2.1 Product ion mechanisms 

To soy QCD subprocess describing an interaction bctweeo partons (pi), 

P1 +  Pz - PI +  P4 

supcrsymmctry associates * new process 

MISSING E, DISTRIBUTION 

FOR TWO-JET EVENTS 

-Monte Carlo 
0  Data 

To study the contribution of energy resolution effects to their monojct events, UAl hwe used 

a  Monte Carlo simulation taking into account the response of their calorimeter to hadron jets [ 14). 
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IS 

Fig. 17 

Di5cmdi.d moss a&ion as a function of missing pT at &= 20 TeV from wnventional 

souras. The solid and dashed curves have the same meaning 85 in Fig. 14. Fmm Ref. 13. 

whem~,andp,anthesu pznymmetricpatnersofp,andp,.[lSl Tokadingwdninthe 

strong coupling constant Qhe new amdhihtion graphs arc obtained by simply chan&g the 

sign of the R-parity of p1 and p, while the new exchange mphs require the additional 

change of the R-parity of the cxcbanged pattick. Consequently the new cmsa u&ma differ 

from the old ones by factors depending only upon the masses of the patticles of odd R-puity 

involved in the interaction, and accounting for the different spin contigwation. As an 

example, we cornpan in Figure 18 the cross sections for gg - gg [la] and gg - &15l It 

shows the ratio (Lgdt)/(dagg/dt) as a function of -t/s for two values of mg2/s. 

Then am gmphs such as gg - s which involve no scalar quark. Consequently the i 

pair pmdoction cmss edion will mnain cipihnt, if gis light mough, whatever the v&e 

ofi;iq.sithereatcgmphs,mlchasg - iit via 6 es&an& which involve no duino. 

Consequmtly the S pair production cross section will remain sigsihnt, if i is light enough. 

whatever the value of mg. As a result, the nonobservation of fmal .statcs containing particles 

with odd R-parity will set lower limits on both &q and &g. An iUusWtive summary [17] of 

the bchaviour of the g and i production cross sections is g&n in Figure 19 for vprious 

vahcs of Gg and &q. 

2.2 Decay modes andphotino spectra 

Under the assumption that the photino is the lightest pat-tick of odd R-parity, scalar 

quarks and ghduos decay into a photino and a set of patticks of even R-parity. The latga 

the fractional momentum cxmicd by the photino. the cl- the missing tnnsnnc 

mommtum aigoatmc : the two-body decays 6 - @and g -c 6 would tbacfom be welcome 
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in this respect. unfo?tunate1y they m  unlikely to mntriite sigacantly. The former 

l8quires Yilg > I;19 in mdu to domblEtt!, othenvise it is supprtssed by a factor 413 (a,/ = / 

es’) with respect to 6 + 6 (wbe es is the quark charge). The letter is C-vi0lEting (it 

proceeds via a q-s’ loop) and requires +Ittinc between the scalar quark masses ti),mdGiR 

wsociatedwithleA-urdright-handcdquarks:itocnnsat~rete~11 

ThcmorceonvcntiollPl~andg’deuys,q~q~-qq~mdg-q~tranafcrasrmlla 

&action of the pant momentum to the photino. The total tnnsvaemomentumcakedby 

the 6nal state phothos, d-,-, is the quantity of relcvan~ when discussing supersymmetry 

signames. To undentmd its behaviour let us first consider, w an illustration, the very simple 

example of. pair of scalar quarks, each decaying iota a quark-photino pair. For relativistic 

scalar quarks (2 gq << Jt ) the photino momenta have nearly opposite directions and each 

cmics * uniform &8&m of its < parent mommtum, 6. Their vector nun * had therefore 

a distribution obtained 6um the & distribution via the parent-child relation : it has a nearly 

identical shape but is reduced by a fiaor. For scalar quarks near thnzhold, when $kceeds 

only sli&tly 2 Gq, the photino momenta have nearly isotropic and uncoalati otitati~ 

but . mmmon length l/2 r;19 (neglecting quark and photino masses) : the * distibution is 

thmuniformbetweenomd?ilq. 

3 

Missing transverse momentum distribution for the production of L { pair, each < decayiug aa 

6 + c$. From Ref. 18. 

0 20 LO 60 00 
p, ImwngI (GeV) 

Fig. 20 
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A similar behaviour is observed for a pair of giuinos,[ 191 each decaying into qG 

(Figure 21). However, as a mnaequence of the threebody gb&o decay, the #T did&don 

hasbecomelessuniforminthesum-rdaUvisticmgion* < Gg. 

Alartexamplcofa~Tb~irahowninF~23forthcproductionofa 

photino-gluino pair.[20] Despite its favourable 6nal state topology, this process contributes 

onlyaYnall~onoftbctotalaossscaionataBivcnvalueof~,theinitialri 

produclion being mluced by a factor ala,. 

2.3 UA thata on moncjets, &jets, etc... 

The limitcd angular coverage of the UA2 detector Mtrias its abiity to rexed 

supersymmetry signatures. Two-jet events in which one of the jets escapes detedon at small 

angle to the beam line appear 0s “monojet? associated with a large miuing tramvme 

mommtum. This e&ct (which gas worse at higher values of fi is illustrated in Figure 24. 

As a result the limits quoted by UA2 (211 at &= 630 GCV 

o(monojct b > 65 GeV) < 23 pb at 90% C.L. 

o(monophoton pT > 45 CM) < 14 pb at 90% C.L. 

ld 

I 

10-l 1 

10-l 
0 

py“ IGeVI 

Fig. 21 

Missing tran~v~~ momentum distribution for the pmduction of a 9’ pair, a& ~&saying as 

i- qq7 From Ref. 19. 
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$ I- E  Y 
c q 1cY2- 
b 0 

rcj4 - 

8; (GeV) 

Fig. 22 

hlhing transverse momentum distribution for the production of a i pair. The e&t of the 

hgmmtation of the i jet, using IYI, = 5 GeV. is il lutmted. From Ref. 5. 

lo-’ 

lC+ 

2 
P  

9 10-9 

Q 
,b ", 

I B  

10-16 

lo-" 

- rni = 10 GeV 
----- rni = 30 GeV -I 
--.-. ma = 50 GeV 

0 10 20 30 LO 50 60 70 80 90 
PT IGeVl 

Fig. 23 

Differentialcms.ssectionat8 = Wfor;+ ~pmductionfordihentvaluesof~gandand. 
9 

pr and 0 M  the total transverse momentum and angle of 9: Fran Ref. 20. 
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+ UAZ 19llL 
/t dt=HOnb- 

- ISAJET 2JET 
Monte Carlo 

I I 1 
I 10 50 60 

p~/GrV 

Pig. 24 

0 

W~~lanned implementation of a auxe compkte calorimeter co- to be opuhmal by 

end 1987 (the example shown i for dijets awokted with missing W annadun). 

i.~~out~mntr,kbclledA~BinFisurc26,~obravcdinthc1983 

datasamplc,uchco~mortlyofa~krp tranmncmMlmtumjet 

(UKlMjct). It was. and rmuinr,diEiCUhtOgiVCUlintaprrutOXlC.fthC8Cncntrill 

termsofstmdardprocnur. Ho-the1984dataumple~aoNchevmt 

(dcspitetkmorethantwiccIarger~Iuminosity),thehardestmonujet 

ha* a tranwae rnommtum of ody 40 GeV. 

ii. gimihdy the presmce of a *monophoton” cvmt in the 1983 sample (event 0) did 

notrecurin 19&4;thc”moMpboton**in~~tobeamoaojdfngmentino 

into several rteutd piona. 

llhemissingtranmne mommtum distribution in the UA2 detector from two-jet events in 

whichafonvardjetisuhteckd (fi- 630 GeV). From Rd. 21. 
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iii. A significant xuktion of the event sample (by about an order of magnitude) ia 

achieved by what UAl calls “event validation by scanning”. Typical rejection 

criteria UC: 

- a mnligumtion charactuistic of P beam halo or beam-gas interaction, 

- P cosmic-ny intuaction. 

- the prcsmcc of two beam-beam interactions in the same bunch crossing, 

- ~‘problems” of rcconstmction, 

- the observation of “vertical activity” suggesting the possible presence of a jet in 

the intergondola region where calorimetry is lacking. 

The implementation of these rejection criteria in a computer coded algorithm 

would make one feel mom con6dent that they do not generate uncontrolled biases 

and that the eftickncy of the cuts at ret&kg genuine pi interactioos is cmuctly 

evaluated. 

iv. The UAl experiment hsl been performing detailed &udir of the offact of energy meunremsnt 

errors on the h distribution. excluding that they could signiticantly contribute to 

the data of Figure 26. 

A major question is of course the evaluation of the contribution of standard pmcesscs 

to the UAl missing transverse energy data. It is addressed in the following subsection. 

i. The decay W  + VT, r -+ v  + hdm~, L a mJor nowu of monojeta.[HI Iiadronic r deuya 

hceed for llD/ t 0 0 a single pion, for 22% to two pions (mostly p), for 13% to 

three pions (mostly A,) and for 6% to four piona (mostly p’). The #T dktributiona 

~sociatcdwithcachofthcscprooMrcs~ahowninFigun27anddi&r~ 

on the helicity and masses involved. A conseq- of the small I mass is the low 

multiplicity and narrow angular aperture of the decay hadruns cornpad to l quark 

or gluon jet of same tranmnc momentum. The UAI acperinwnt hu wad thb futun to identify 

w + 7” decays [Zs]. 

ii. The decay z + VG b anothar aowce of monojeta when the z baon b produced in uoci~tion 

with a large transvcrac momentum gluon, the only tiblc 6d state product. The 

large (18%) branching fmction makes this process P possibly important eoorce of 

monojets. thmary to those of W  e II origin, which have a transwa 

momentum cutting-off near mw/2, the jets assodptcd with Z pmdwtion may have 

much higher transverse momenta (Figure 28). This can, in principle, be used to 

place a limit on the Z w * decay rate, and consequently on the numba of 

possible additional ncutrinor.[26] 

iii. Similarly, the associated production of a gbwn jet with a W  decaying into cy will 

appear as a monojet if the electron is not de&ted (aa being too soft, or ove@iog 

with the gluon jet, or entering a part of the detector which is not pmpcxly 

instrummtcd). 

2.4 Bockgrounds 
iv. Finally, pair production of heavy 5vour quarks contibutcs to the. lower $,. &on. 

Four main conventional sources of missing transverse energy can signifiwtly contribute 

to the UAl data. While the acaratc evaluation of their respective contributions is still in 

progress, their main features can be briefly reviewed. 

While it - likely (271 that the above processes may account for the bulk of the 

missing transverse entyg cvmts observed by UAl, we must await for their analysis to be 
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r&ased before mnchlding on the interpretation of the few events associated with the w 

values of p+. A reliable evaluation implies P deep understanding of the UAl &t&or which 

can only be obtained by the cxpaimenters themselves. 

2.5 Event toporogics 

It has been customary to categorize the UAI events in terms of the number of hard jets 

observed in the detector. This is in principle a mea&gfol signature to differcntiatc between 

various decay mnfiguntions. In practice, however, that is little n&ion between the number 

of jets and the number of hard partons in the 6nal state. Several -ns contribute to this 

unfoltunatc fact : 

i. Jet dctining algorithms, such aa that used by UAl. arc matched to the 

chanrctaitdics of the detector and cannot be fully faithfid to the actual parlon 

multiplicity. In particular the number of observed jets depends critically on the 

transverse energy threshold used in their &&&ion. 

ii. The presence of two competing photinos in the 6x4 state favours asymmetric 

configurations in which a hard photino is associated with soft hadrons and the 

othm soft photino is aswciated with hard hadmns. The set of softer hadmns is not 

cxpectcd to feature a clear jet topology. 

iii. Olwn bnmsstrahlung 05 the final state pa-tons, or heavy quark fragmentation, are 

me&anisms by which extra jets can be produced. A typical example is given by 

R.M. Barnctt in his lectures when he mentions the important wntribution of final 

states in which a gluon is produced back to back to a gltio pair (allowing for the 

two photino momenta to add). 

Examples of topological cross ations calculated for various proas.w are &own in 

l@gw 29 and illustrate the above comments. It m  the&ore inappropriate to U.YC the jet 

topology as a . dxsmimbtor bctweat various pmasscs. Tlu uw of variables such u the 

moments of the transverse energy distribution, which de&be its shape in a continuotu 

manner, should instead be encoungcd. Tbc malt of a typical aoalysis (281 of the UAl 

monojet data is shown in Fii 30. While its details may still be subject to changes u a 

consequcncc of the many tumrbinties mentioned above, it provid.es an excellent illuntmtion 

of the main features. ln particular it shows that an upper limit of one monojet 

&.> 32~V)perl00nb-‘mmrpondstoalowalimitof-60GcVonboththcgluino 

and scalar quark masses. 

With an integrated luminosity of - 10 pb-‘, as will soon be available with TcV I and 

ACOL, m  should be able to cxplo~ ghdno and scalar quark masses up to _ 90 GCV, &we 

which value the backgrounds reviewed in section 2.4 will preclude further arches. 

2.6 Miscehni 

I last mention very bridly three other topics in relation with gluinos, only in the spirit 

of providing the reader with &vant refclaces : 

i. The possibility to observe E bound states as bumps in the mass distribution of jet 

pairs has been contemplated by Habu (291. At fi= 40 TeV and for an integrated 

luminosity of IO’S an-2 a sensitivity to gluino pain of up to so0 Gcv moss may 

be (optimistically) achievul. 

ii. Gluino pair production using polarized antiprotons has a very chvaaaistic angular 

depcndencc of the h&city asymm&y. [30] 
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Fig. 29 

q (GeV) 

Topological cross sections calculated for various mass aanerii in the UAl detector (from 

Ref. 17). 

40 60 80 100 120 
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Fig. 30 

A typical summay of the monojet yield in the UAl detector as a function of &g and Gq 

(hm Ref. 28). 
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iii. A remake of beam dump experiments has been proposed by De Rujula and Franco 

[311 using very high energy future colliders such as LHC and SSC. From an 

educated guess of gltio production by diBactive dksociation, they evaluate which 

limits ccwld be placed in the (Gg, tits) plane (Fii 31). 

3. GAUClNOS AND SCALAR LEPTONS 

3.1 Production of gauginos 

The four supersymmetric parmers of Wf and of the charged Higgses may mix to form 

four mass eigenstates, ;, f and i, f , the charginos. Depending on the mixing coe.Ewients the 

; states may ressemble Wmos or Higgsinos. I shall mainly consider the lightest &tates, it, 

since they are the oneswhich atz most likely to be produced at C&der energies (SPS and 

TeV 1). 

Similarly the four supersymmetric partners of 1. Z and of the neutral Higgses may mix 

lo form four mass eigenstates, je ncutrabnos. We assume the photino, <, to be the tightest 

and we shall refer to the next lightest as i,,. Lkpending on the mixing coefficients it will 

ressemble the Zino or the Higgsinos. It does make sense to contemplate the possibility that 

i* and 2 be produced at mllider energies : there exist sensible models of supergravity which 

predict that i* and 2 are lighter than Wf and Z. Such examples (321 are illustrated in 

Figure 32. ln the rem&ing of this section, I shall usually assume that indeed 
a . 
my < mx < mwz. In the spirit of the present lectures, this mass scenario is amply 

fllffitient to illwtratc those gzneral features which deserve consideration. 

1 
, 

$5 I’ ’ ,’ .’ 1 \ 
E 

102 CA 

\ ssc 

\ 
\ 

LHC 

10' L * lILI1..- 
100 10' --k- 

In Ip, 

Fig. 31 

Regions of mq and mg excluded by past experiments and cxplorable at futuz Colliders (kom 

Ref. 31). 
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$ Gaugirm pairs can lx produced from the interaction of a quark and an antiquark either 
/ 

via annihilation into W. 2 or via exchange of a scalar quark (Figure 3.3). Wbencver possible, 

confzgwations in which one of the gauginos is a photino will dominate the cmss section. Tbe 

exchange cmss x&ions are usually smaller than the amdhilation muss sections, a 

consequence of the large mass of the exchanged scalar quark (r;19 > 25 Gev). For typical 

mixing angles (E arctg mw/t;;x,) significant cross sections are prediacd 1331 in the allowed 

kinematical moge, in excess of a percent of the W, Z production cross sections (Figure 34). 

An alternative I201 to the production of a x’ <pair via scalar quark exchange is obtained 

by replacing the photino by a gluino. For the production moss section to be significant it is 

necessary that both i and 6 be light, which, in most models, implies & 
X 

= mWz In this 

case tbc cross section approaches that for (W.Z) + g production. 

A last, attractive, possibility [34] is to obtain charginos as decay products of scalar 

quarks. For a mass biemrchy r;lg > 1;19 > &, > 4, in which the decay s’- G is 

forbidden, the < + & channel has ao impor(ant branching fraction (the main competing 

process is 4 - 9;). This is illustrated in Figtam 35 when the branching fractions for 

d-u;+and~-dx?:~shownasafunctionofr;kfora40GcVscalarquarkanda 

wiio-Higgsino mixing angle of a/4. 

This brief and incomplete review of some gaugino production processes shows that 

cross sections of at most a few picobams can be hoped for at pmsmt collider cnergia. It is 

therefore mandatory to 6od charatistic signatures in order to isolate such small signals. 

3.2 Decay modks of gauginos 

A b nmdtcr of diagrams contribute to the c decay modes, some of which am shown 
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Some amdhilation and exchange diagrams contributing to the production of a pair of gauginos 
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m,- (GeV) 

Fig. 35 

Branching frdons for the decay of a 40 Gev scalar quark into a quark-gaugino pair as 

functions of the gaugino mass. From Ref. 35. 

in Figure 36. Dcpmding on the I% values involved,one or the other of these processes will 

dominate. Jn all cases a sign&ant momentum is given away to an invisible photino. 

A number of possible processes lead to 6nal states containing exclusively badmna and 

photinos. An example is shown in Figure 37. Such events, sometime mferred to as ‘Yen’* 

evmts,[Js] ressemble those of the pmceding section md do not call for iiutber comment. I 

shall rather concentrate on fmal states containing a charged lepton with the hope that the 

simultaneous presence of a charged lepton and of missing transverse mommtum, two 

unusual features of h&on collisions, will provide * su&ient signature to isolate the small 

expected signal. 

I firs3 consider a simple example [36] which is proper at illustrating some gmaal 

features : 

(W -0 vc) 

F- 4 

6- c;, . 

The final state contains only invisible patticks (neutrino and photinos) apatt for a single 

hantelearonhavingmarergyspectrumdepcndingstronglyonthescalarelecrronmus 

(Figum 38). This process competes with the more abundant events fmm W  + a, 

W~n-aw,andpoputtcsthcsoftamegionoftheW~~J~bianpcak.Itcoutdbc 

revealed if one were able to evidence an -s of low transverse momentum elcctmns 

corresponding to only one-third of those from conventional nourcea in the @on py(e) < 30 GCV. 
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Fig. 38 

The ekctron energy spectrum horn the decay of a heavy lepton of mass 50 GeV or of a icr of 

the same mars. The variable y is defined as y = 2&W. E being the electmn energy in the * 

cmtre of mass. Curves ax shown for various values mg of the scalar electron mass. From 

Ref. 37. 

.This is a wry diflicult task, especially in view of the fact that no angular asymmetry is to be 
t 
cixpected (the asymmetry present io the i rest frame is washed out in the collider frame). 

Even if the existence of such events were demonstmtcd,we note that they could cqozdly well 

be interpreted as evidence for a new seqomtial heavy lepton having the same mass as ; . . . . 

but this is no cause of worry. It would, in any case, be a major discovery. 

As a second example (341 let us consider ,$-states obtained from the scalar quark decay 

mode < - G* and themselves decaying as c - &. The cross section is dominated by 

cotigwations in which a cjcj pair or Gpair is pmdoced near threshold and is significant only 

if riiq is low enough. However. to obtain as well sigoificant decay fractions, it is also 

necessary to have the relation 

mg -> mq > r;;, > m, 

in which ke itself is known to exceed 25 GeV. This does not leave much freedom for an & 

spectrum allowing for observable rates. Assuming, however, that this is the case, WC expect 

events in which both scalar quarks decay as : - e; -. q &and events in which only OIIC 

does so, the other decaying as (I - qq ln both cases, the scalar quarks being produced near 

threshold have small transverse momenta. Site $ cannot be much smaller than mq for 

obtaining detectable rates. the quarks kom the 6 - sx’ decays are expected to be rather soft. 

Only in the second case where one of the scalar quarks decays as G + qq does one expect a 

large tmnsverse momentum jet in the final state. Therefore, io the iirst case the signature is a 

pair of isolated leptons associated with missing transverse momentum. Likcaign pair8 are 

expected (the main source of background is from B&, mixing) as well as ep pairs. In the 

second case the signature is a single isolated lepton associated with hard hadmns and missing 

tmnsvme momentumJ37J the dominant background being from W  + g production. 
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For c-pairs produced ti W  or Z amihilation, the dominant me&a&m as soon as G 
9 

becomes h’ge, we dso expect muhikpton fmd statcsJ38] associated with missing transverse ’ 

momentum but virtually no hadmoic activity. The process Z + 2x’- yields only opposite 

sign dileptons,but here again e(r pairs are cxpectcd, a very powezfol &mtore. ‘l-k process 

Wf - ;fg yields trilepton events when 2 decays as 2 - e’e-< For favoorable m  

spectra, 40s sections as high aa - 10 pb have been calcolated.[381 in&dio8 the e&t of 

cxpcrimcnta cuts used by UAl in their analysis of multikpton events. Of course the W, Z 

anmhhtion channels are also a source of iepton + jet + missing tmmveme momentum 

dgnaturcsJ37j e.g. via Z - 2(- hairons + ;) + G-c-0 6). 

Whm the ; states arc too massive, which in many models ia related with rather light 

scalar quarks, the associated production of a c and a gmay become important and approach 

the wg and Zg cmss sections. This has been studied io deIail by AltareJli et &[201 whose 

conclusions are summarized in Fis39 and 40. Here agaio we expect 

Iepton(s) + jet(s) + missing tmnsverse momentum signatures from reactions such as 

The cross sections, however, never exceed a few p&barns. lo their 1983 data UA2 had 

observed [39] two outstanding events having an e + jet(s) + missing transverse momentum 

signature which might have suggested interpmatiom in terms of the above pmcesses. A 

conventional interpmtation in terms of W  + g production, the missing transverse 

momentum being attributed to a decay neutrino from W  - ty, was found very unlikely from 

an analysis in which an upper limit to the (W - w) + g rate was inferred fmm the 

meawed upper limit on (W -qq) + g. However no such cvmt has been obscmd in the 
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Fig. 39 

Dihential distributions at B = 90’ for g + (2 e e& ) compared with the conventional 

process g + (Z - ee) for different values of mg and I$. b and 0 refer to the total transverse 

momentum and angle of g or i From Ref. 20. 
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Differential -butions at 8 = 90’ of various pmcesscs contributing to events with one 

electron and one or mom hadmnic jets at large transverse momentum. b and B M  the total 

transverse momentum and angle of the partick which produces the hadmnic jet. From 

Ref. 20. 

1984 data. despite the krger (- x 2.5) integrated huninosity.[40] Awaiting more statistics, 

fY ithe most reasonable attitude towards the UA2 data is to interpret the two outstanding 

events as a statistical fluctuation in the W  + g production rate. The present situation is 

summarized in Fii 41. 

3.3 W, Z decays into a pair of scalar leptons 

The decays of W, Z into pairs of scalar kptons [411 will take pkee, if kinematics @t. 

with branching fractions of up to one. half the branching fractions of the corresponding 

kpton channels (Figure 42) : 

r(w-Tj) I r(w4) = 112 [(mW’-~~z-~~~)~/mW’-~~t~~mW~]3~2 

r(z-n) 1 r(z4t) = 112 [ 1 - 4G1z/*zz13/2 . 

Consider tint the case of W  + = decaysJ42] followed by c’- cq? The signat= is a 

single isolated cl-n associated with missing transvasc momentum, like for w - ev, 

W  - T(-wv)v. A similar cast was coddued in the pmcdng subs&ion with 

W  - G- (01’6 However, the situation is now *MC favoumbk, the elcdron mtaining a 

Lwgm fraction of the e momentum (two-body decay) than of the ; momentom (three-body 

dccay).Alsothclngulpr~~~oftheelstroninthcWantrcofmasshwa 

charpacristk si& distribution, aa 0ppa.d to (1 f cd)* for W  - a. In the (Q(C), e’) 

planetheco*petingproasscsW-erandW -aantherefcmexpectedtopopukte 

di%ent regions (Figure 43) and, after appmptiate cuts such as a cut in the ekctmn-tidng 

~t”“mrscmass.~signalof~fewpicobamscanbecxpstedovcrabrckgrormdofaimilu 

-197- 

, 

3 



1 

5 80 

s 

-is 
60 

, 

- 

* 
0 20 

. 

UA2 1983*1984 

807 events 
SIgnal 

. 

. 
. 

. 

_’ 
‘..’ . 

‘: : 

40 60 80 100 
pr’ IGeV/cl 

Fig. 41 

60 

50 

40 

E 
2 30 

i 
= 20 

IO 

0 
0 IO 20 30 40 50 60 

Me, (GeV) 

Fig. 42 

The branching fraction I = T(W + w )jT(W + CP) as a fimction of GV and r%e. Fmm 

Ref. 41. 
The UA2 cvcnts containing an electron, a missing transverse momentum Q” and hadronic 

jets having a total transverse energy l+j. Fmm Ref. 40. 
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Fig. 43 
Expected rates (421 for producing an elcetron of transverse momentum pr and polar angle 0 

from the conventional processes W-w and TY (thin CWCS) and from W-G(thick ~WCS). 

The -s arc lab&d in p&barns. 

! magnitude if tiic just cds its present lam limit of 23 GeV. For larger values of I%, the 

branching fraction decreases rapidly (Figure 42) and the electron distribution approaches that 

of the W  -. cv Jacobian peak. 

The decay z * tee (I$ ) (i ) gives two isolated electmns in the find state.[43] 

associated with missing tran- mommtum. The competition from z - a is not * 

pmblem. the pair-mass beiig a powerfid di scriminator, but Drell-Yan pain aw now the 

dominant background (Figure 44) which must be mppresaed using a cut on missing transverse 

momentum. If me is low enough,thc signal can be recognised at the - I pb level, above 

background (additional backgrounds are from DA-Yan T+I- pairs and from heavy quk 

pairs). However it disappears rapidly when me approaches 40 GCV. 

I have implicity a.ssuIncd. in all pwious considerations, that scalar neutrinos decay into 

invisible particles. It is indeed customary to assume that the dominant decay mode is ;-- 6, 

which occurs via one-loop diagrams. However thm are many other possible channels, with 

multibody fmal states containing visible particles,[44] such as ; + & ; e WC with Aual 

x’. c’, w. This opens the possibiity for z -. ; decays to be, in principle, detectable 

(Figure 45). but it is dif&lt, in practice, to imagine a distinctive signature which could 

isolate a signal. The case in which one of the two scalar neutrinos decays into 6 and the 

other into (mostly) visible ptiiclcs would give a monojet signature, if iv wclc low enough. 

3.4 The masses and widths of W, Z 

Supmymmctry can be expcctcd to induce moditications to the parameters of the 

Standard Model of the clcctroweak theory. For example, contributions of up to a few 

100 MeV to mwz are expected, mostly from the gauginwIfig&m sectoi.[4Sj Ho-, 
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these mxrections affect about equally mw and mz, making their observation practically out 

of reach. Similarly the corrections to the p-parameter should not exceed 3.10-‘. and cannot 

be evidcnad.[46] 

The situation is quite different for the W, Z widths, rw and rz. Important corrections 

[471 to the Standard Model values will be present if kinematics allow for W. Z decays into 

particles of odd R-parity (Figure 46). Awaiting accwatc mcas-mts of Tz using c+e- 

didcn, signi6cant information can already bc obtained at present pp co&den. A direct 

measurement of Tz implies a detailed understanding of the detector energy resolution to 

disentangle, in the obsmred pair-mass distribution, instrumental ctfects from r proper. 

I’nxmt UA limits are 

rz < 3.3 GCV/C~ t0 90% C.L. 

The ratio rzbw can be indcpcndently meamred from the ratio R between the W  - cv and 

Z - cc yields via the relation 

rz / rw = b(z)b(w)l mz-+lrW-91 R 

for which we have reliable theoretical evaluations of the cross se&ion ratio 

u(wyv(Z) = 3.3 + 0.2 

and of the pa&l width ratio 

r(w+~)/r(z+ce) = 2.72. 

This method is particularly well suited to reveal phenomena having signiticantly difknt 

efkcts on rw and rz. This is the cue for new heavy kpton families including a light 
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M, (GeV) 
Fig. 46 

Contributions to the W  (top) and Z (bottom) widths from various supersymm etric processes. 

The calculation (471 is performed for the N = 1 supergravity model of Weinberg and Arnotitt 

1321 as a function of the light chargino mass I;k = M,. 



neutrino. such that the only new decay to which they participate is Z -+ r~ : R is cxpcacd to 

increase by AR/R = 6.5% per such new family. Supersymmetry usually afear both rw 

and rZ, however differently. Depmding on the model, important enough diffemncr msy 

exist [481 betwan ATz and Ar, to induce e&&s on R. AR/R P 10%. Such examples arc 

illustrated io Figure 47. Fmm the present UA data the number of possible oew lepton 

faoGlies is less thao 2.6 f 1.7 to 90% c.L. 

3.5 Backgrounds : a few cmnments 

Some of the most relevant sources of backgrounds to fioal states wntainiog a charged 

lepton and missing tmoswrse momentum wcrc mentioned in the course of the prcrmt 

ecction. The psrmx of an elwtron or muon is, in principle, a very powerful signature at 

hadmn coUidera. For conventional proccsscs, it implies the simultaneous presence of another 

lcpton, neutrino or charged. 

The main conventional mu-cm of leptons are W/Z decays, JIIrell-Yan pain and heavy 

i lavoum Decays of W/Z into the electron and muon channels am mostly identified from the 

mass of the e&r) pair or the transvmc mass of the e+) pair. But the 7 chanoels generate 

a punicioua background : the three-body decay T 4 WY fakes su persymmetry signatures by 

dtening the elwtmn spwtrum and gmcxating missing transverse momentum associated with 

no Lipton nun&r. Similarly, while cc and clr Dmll-Yan pairs are strongly suppressed by 

application of a missing traosverse momentum cut, TT pairs cannot be simply rejected. lo 

case of heavy flavours, the asso&tcd hadronic activity is the main rejection criterion. In 

many uses, however. it will equally zrjwt an importaot fra&on of events having a 

~pasymmary sipnatufc. 

14 
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Fig. 47 

The ratio R between the W-w and Z--a production cross s&ions is calculated for the same 

N = 1 supergravity model as used in Figure 46 (full lines) and for the Ellis and Sher model of 

Ref. 41 (dashed lines) for 3 and 8 families separately. Standard Model vahxs are also iodicated. 
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4. CONCLUDING REMARKS 

From the few illustrative examples which were considered in the course of the pment 

lectures, hadron colliders do not appear as the most appropriate laboratory to search for 

~pcrsymmctry. Nevertheless, &cause of their exclusive privilege of reachiog otherwise 

tmaccessiblc regions of i they may ten& for a long time the only tools with which 

supmymmetry may be rrfcaled. 

In the scalar quark&in0 sector lower limits of at least 80 GeV on Gq and i, are 

within reach of ACOL and TEVI in the years to come. The limitin8 background is from 

associated production of W/Z with gluon j&s and it precludes exploration of the I% -& 9 g 

range beyond 100 GcV. 

We also considcmd a number of processes with Lzpton(s) in the final state. 

Cross sations may bc expected at a few picobams level and the signal has usually to be 

isolated from a ditlicult background enviromnent. 

In geoeral. the presence of two photinos in the final state implies that a fraction of the 

total energy, carried away as the mass of the photino pair. is lost for cxpcrimental 

observation. This is in strong contrast with e+e- colliders where the missing energy (not 

only the missing trans\nm energy) is measura ble. At h&on colliders, instead. the two 

photioos partly balance each other transvmc mommta : not only part of the missiog energy 

is unnotiad. but the visible event appear at a reduced value of i in a region of higher 

population from conventional sources. 

Despite these cxpwimcntal difEcultks the search for supcrsymm etrywillbeamajorand 

most exciting chapter of hadmn collider physics in the coming years. The UA cxpcrimmts at 

ACOL and the CDF sod DO experiments at TEVl will &vote much tiorts to such studies. 
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1 

It is an old topic for speculation that spac&ime contains more dimensions 

than the four familiar from our experience. Already in 1921, just after Einstein’s 

development of general relativity had given a precise basis for investigationsof the 

fabric of spacetime, Kaluza’ proposed an unseen fifth dimension as the origin 

of electromagnetism. In the past few years, however, this line of speculation has 

come to be a major element in the search for a fundamental theory underlying 

the known interactions of elementary particles. 

An outsider to field theory, even one educated in quantum mechanics, might 

well be puzzled by this. If he is open-minded, he will admit that the number 

of space-time dimensions is an experimental question, and he might well grant 

that the answer to thii question has not yet been decided. We see 4 macroscopic 

dimensions, but perhaps there exist others tightly curled, perhaps into rings of 

radius R. But then the minimum nonzero momentum that can be excited in 

these dimensions is of order l/R. If R is large, this momentum is very high, 

and we cannot probe directly for the signs of such extra dimensions until we 

reach comparably high energies. In principle, it is possible that R-’ is just out 

of reach at TeV energies, but theorists seriously contemplate values of R-’ of 

order the Planck maas mp - 10” GeV. Such speculations would seem to be 

completely irrelevant to our current scientific concerns. But they are not, and 

that is the issue I wish to explain in these lectures. Even though the most direct 

manifestations of higher dimensions appear only at energies of order R-l, there 

are consequences of this structure which can be felt at much lower energies, 

perhaps even at energies now accessible to experiment. The purpose of these 

lectures is to explain how this can be true, and what insights we might obtain 

from higher dimensions on the issues in elementary-particle physics which we 

puzzle over in today’s experiments. 

These lectures were prepared for an audience of experimentalists. They pro- 

vide an introduction to the subject of physics in higher dimensions, but only at 

the most basic level. The student of theoretical physics who wishes to do research 

in thii field might find a quick reading of these lectures useful, but he should then 

4 
begin working through one of the more serious introductions to the subject, for 

example, Refs. 2-4. 

These lectures will proceed as follows. In Section 1, I will carry out some 

simple exercises which clarify the physics of a Bdimensional world in which one 

dimension is curled up to a radius R. In Section 2, I will discuss a technical prob- 

lem necessary to generalize this discussion to d dimensions, the determination of 

the sizes of spinors in higher dimensions. One feature which we will see emerging 

in the simple analyses of these first two sections is the presence of eigenmodes 

of a higher-dimensional field with exactly zero energy. These zero m&o will be 

of central importance for our discussion, since it is the existence of zero modes 

that allows the physics of the large scale R-’ to become visible at much smaller 

energies. In Section 3, then, I would like to explore the origin of such zero modes, 

using as examples conventional models of field theory. Section 4 gives the final 

bit of background material, a review of general relativity, formulated as a gauge 

theory. Finally, in Sections 5 and 6, I will come to the central results which I wish 

to describe. Section 5 will discuss, in general terms, the conditions for the ap 

pearance of zero modes in spac&ime geometries with compactified dimensions. 

Section 6 will illustrate the physics of these zero modes in a series of examples, 

from the original construct of Kaluza and Klein”’ to the currently fashionable 

superstring theory. 6,7 

1. The Cylinder World 

To begin our discussion, consider space-time in the shape of a cylinder, with 

four extended dimensions z” - z3 and a fifth spacelike dimension z’ bound up 

to a size 2rR, as indicated in Fig. 1. To be more precise, consider a space-time 

with coordinates 

zM = (2°,21,2’,23,2’) , (1.1) 

on which all functions are periodic in z’ with periodicity 2rR. Let us examine the 
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3-66 
5366Al 

Fig. 1. A model cylindrical space-time. 

solutions to the wave equation on such a space for a variety of different particles, 

from simple scalars to gravitons and gravitinos. 

Our first example is a scalar field. The solutions to the wave equation a24 = 0 

for a scalar field on this cylindrical space have the form of plane waves, 

+) =  c-5 , 0.2) 

with k* = 0. The periodicity condition in z’ implies that k’ is quantized: k’ = 

n/R; then the energy spectrum of scalar field modes takes the form 

k” = [(i)‘+ (t,‘]’ . (1.3) 

Apparently, we can interpret the various quantized values of k’ as the squared 

masses of 4-dimensional propagating particles. The mass spectrum is shown in 

Fig. 2. 

To impress you with the generality of this structure, let me  digress to consider 

a more complicated background space. Let spacetime have 6 dimensions, with 

two of them curled into a sphere of radius R, as is indicated in Fig. 3. The wave 

equation on such a space is given explicitly by 

a24 = ([&-(a)‘] - j$[&j~sin&$+ &&]}d = 0. (1.4) 

The solutions to this equation have the form 

4 = e--ik,=’ . y,,(8,p) . 

The plane wave appears because the system is translation-invariant with respect 

to lY = (zO,z1,2 z ,2 ), 3 * the spherical harmonics are of course the natural eigen- 

functions on the P-dimensional sphere. Inserting (1.5) into (1.4), we find that k” 
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3-66 5366A2 

Fig. 2. Four-dimensional ma88 spectrum of modes of a scalar field on a 5- 
dimensional cylindrical space-time. 

3-66 
5366A3 

Fig. 3. A model space-time with two spherical dimensions. 
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must satisfy 

k0 = [(St+ (!ig,]! ; 
that is, the eigenvaluw of the spherical harmonics provide the values of mz for 

a series of the Cdimensional scalar particles. The 4-dimensional mass spectrum 

emerging from this theory is shown in Fig. 4. It should be clear that this result 

generalizes to any space in which the wave equation can be solved by separation 

of variables. 

Let us now return to the cylinder world and examine the wave equation for 

fields of higher spin. In an open space of 5 dimensions, the wave equation for a 

vector field AM(Z) would have solutions 

-ik.+ A~=e,uc , (l-7) 

where k2 = 0, and the polarization vector is spacelike and transverse: 

tO=O, i.7+k4c4 =a (1.8) 

In 5 dimensions, there are, of course, three transverse directions of polarization. 

As in the scalar case, k’ is quantized; k” again satisfies (1.3). Thus, we find a 

quantized mass spectrum of 4-dimensional particles. Consider first the massive 

particles, n # 0. The three polarization states satisfying (1.8) are: 

A(‘) 
M = (0, <,O) e-ik.2 , AM = (O,&l)e-ik’= , 

where 4, i = 1.2, are the two vectors orthogonal to k’ in ordinary space. These 

three states naturally form a massive vector boson. For ra = 0, we have massless 

modes. The possible polarization states are: 

A$ = (0, c&O) c-ik.= ) AM = (0,6,1) c-i”= . (1.10) 

3-66 5366A4 

Fig. 4. Four-dimensional mass spectrum of modes of a scalar field on the 8 
dimensional space-time of Fig. 3. 

The two states involving the c give the two transversely polarized states of a 

massless vector particle. The third state is a new massless scalar. In general, in 
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a d-dimensional theory with all dimensions but 4 curled into rings, the massless 

modes comprise a 4-dimensional trsnsverse vector plus (d - 4) scalars. 

A similar analysis can be done for the spin-2 field. Propagating gravitons 

have wavefunctions of the form 

hMN(Z) = CMNC?-‘~.= , (1.11) 

where e is a symmetric matrix and k and L satisfy the physical-state conditions 

k2=o, QN=CMO=O, 6~~~0, k”E&fN=O. (1.12) 

I will write the solution to these constraints only for the sector corresponding 

to 4-dimensional massless particles: k M = (k,i,O). For simiplicity, take k’ I( i. 

Then there are two solutions for c which involve only the dimensions O-3: 

! 
6 0 0 -4 (1.13) 

These are the conventional gravitational waves of polarization r=~ and -I-. In 

addition, there are three solutions which involve the new fifth dimension: I c2 c3 0 63 1 4 0 2 3 1 1. (1.14) 

The first matrix displayed here represents the two components of a transverse 

vector. The second gives a massless scalar particle. This is the reduction first 

noticed by Kaluza and Klein: the content of S-dimensional gravity, with one 

dimension compactified, includes 4-dimensional gravity plus a photon. 

2. Fermions in Higher Dimensions 

To complete our discussion of the cylinder world, we should investigate the 

spectra of spin-) and gravitino fields. To do this, however, we must determine 

the correct higher-dimensional equations of motion for these fields. This general- 

ization, immediate for integer-spin fields, requires an extra bit of analysis in the 

half-integer case. 

To begin this analysis, recall the original basis of the Dirac equation. Dirac’s 

theory tells us that if we can find a set of d matrices satisfying the algebra 

cl”,7N) = 2gMN , 

then we can write an equation which implies the Klein-Gordon equation but has 

half the number of solutions. For, if we write 

scting on this equation with the operator (i-y”aM - m) gives 

(2.2) 

o = (T”rNh4aN + m2) 4 = (a’ + m2)11, , (2.3) 

if we use (2.1) to remove the 7’s. Equation (2.2) is the Dirac equation, written 

in a form that applies to any dimensionality. The solutions to thii equation are 

of the form 

+ = (,-ik.2, k2=m2, (2.4) 

where [ is a vector in the space on which the 7’s act. 

It is a standard result that, in 4 dimensions, the 7 matrices must be 4 x 4. 

We can build up the rule for more general dimensions by examining a few more 
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csses, beginning with Zdimensional space-time. In 2 dimensions, the following 

set of 2 x 2 matrices satisfy the Dirac algebra (2.1): 

It is useful to define the chirefity matrix 7 by 

7 = 7~& = 1 0 ( ) 0 -1 . 

(2.5) 

Here 7 satisfies 7’ = 1 and anticommutes with the F’s. If we now take $J to be a 

Zcomponent column vector, we can write the Dirac equation (2.2) in components 

ss 

(a0 - &hh + mh = 0, 
(2.7) 

(40 - &)JIl + rn$2 = 0. 

In general, the Dirac field $J will be complex-valued. However, it is clear from 

(2.7) that, in the specific case of 2 dimensions, the real and imaginary parts of 

$J do not couple to one another, and we are free to insist that w is purely real. 

The imposition of such a reality condition is called a Majorano reduction. For a 

Dirac field of zero mass, a further reduction is possible. Setting m = 0 in (2.7) 

produces decoupled equations for $1 and &, the eigenvectors of the chirality 

operator ‘J. We are free to keep only one of these components. Then the content 

of (2.7) becomes 

or 

$1 = $r(z” - z’) (a right - moving fermion), 
(2.8) 

$2 = &(z” + 2’) (a left - moving fermion). 

The imposition of such a chirality condition is called a Weyl reduction. 

Given a representation of the Dirac algebra in 2 dimensions, it is easy to 

construct one in 3 dimensions: simply append to the algebra -$z) = i+$,). A 

similar trick allows one to construct Dirac matrices in any odd dimensionality 

2n + 1 from those in dimensionality 2n. 

To reach 4 dimensions, however, we must increase the size of the matrices, 

since there do not exist 4 mutually anticommuting 2 x 2 matrices. It is possible, 

however, to build up the 4-dimensional matrices by using the g-dimensional ma- 

trices ss components. YE, may be given as 2 x 2 matrices of 2 x 2 matrices in 

the following way: 

$4) = , cc = 0,192; . (2.9) 

The matrix 

7 = i7F4)7f4)7t4)7f4) = 
1 ( ) -1 

(written in 2 x 2 blocks) anticommutes with each member of (2.9) and so defines 

the 4-dimensional chirality. This matrix is, of course, just rs. This construction 

in fact gives a general procedure for finding a representation of the Dirac algebra 

in 2n + 2 dimensions, given a representation in 2n + 1. 

In 4 dimensions, all 4 x 4 matrix representations of the Dirac algebra are 

equivalent up to unitary transformations, so we are free to convert (2.9) to an- 

other, more convenient, form. One possible choice is the one made in the Bible.* 

A second is a representation in which the $,, are all pure imaginary. This repre- 

sentation allows us to define a Majorana reduction. A third choice is one which 

is manifestly amenable to a Weyl reduction: 

where ~9‘ = (l,o’), 8‘ = (0,-a?, and 0’ are the standard Pauli sigma matrices. 

, 
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In this basis, ‘j, defined in (2.10), again takes the form 

The massless Dirac equation i-y.a$ = 0 has solutions which are plane waves with 

k2 = 0, kJ‘ = (k,i). If we write 

(2.13) 

the tw+component Weyl spinors $R, $L obey independent equations 

(k-~*+h=O, (k+i-8)$L=o. (2.14) 

These equations express the fact that $R has right-handed spin polarization, 

and w,r. has left-handed polarization, as shown in Fig. 5. It is worth recalling 

that Weyl spinors are physically very important: Since the weak gauge group 

SU(2) x U(1) has chiral couplings, it sees ss fundamental objects Weyl, rather 

than Dirac, spinors. 

It is not hard to trace the pattern of the representations of the Dirac algebra 

into higher dimensions. In 2n or 2n+ 1 dimensions, 2s x 2” matrices are required. 

The Weyl reduction is possible, if m = 0, in any even dimensionality. The 

Majorana reduction, however, is more subtle; this reduction is possible only in 

8n + 2 and 8n + 4 dimensions, and the Majorana and Weyl reductions may be 

simultaneously applied only in 8n+2 dimensions.g We saw that this simultaneous 

reduction is indeed possible in 2 dimensions, but not in 4. It is next possible in 

10 dimensions. 

With thii introduction to epinors in higher dimensions, let us take up the 

question of spinor fields in the cylinder world. Consider first the csse of spin i. 

Let us construct the plane wave solutions to the Dirac equation, imposing, as 

3-66 5366~5 

Fig. 5. Polarization of Weyl fermions in 4 dimensions. 
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before, k’ = n/R. Since S-dimensional spinors have 4 components and -y&, = 

T(‘), we can write the Dirac equation M  the following condition on the spinor t 

in (2.4): 

(-(,)S - i&))f = 0 . (2.15) 

Define u = exp[-iaT]. This matrix satisfies ~$,~’ = u2$‘,, = (-i7) . $‘,,. 

Thus, (2.15) is equivalent by a unitary transformation to an ordinary Dirac equa- 

tion in 4 dimensions. The particle msss is n/R, ss before. A crucial feature, 

though, is that we cannot obtain Weyl  spinors, even for n = 0, except as mem- 

bers of R-L pairs (as in (2.14)). The same result would have been obtained if we 

had started from a &dimensional Weyl  fermion, since this is also a 4-component 

object containing both left- and right-handed 4-dimensional spinors. 

W e  have now encountered a severe problem with the idea that the world 

is in fact higher-dimensional. Higher-dimensional fermions necessarily contain 

components of both 4-dimensional chiralities. However, the weak interactions are 

observed to couple to fermions of definite chirality. How could this be possible? 

I will refer to this question as the chirality problem. One of the main goals of my  

lectures will be to explain ‘the quite nontrivial mechanism which gives a solution 

to this problem. 

Let us turn, finally, to our last example on the cylinder world, the spin-i or 

gravitino field. Plane-wave gravitini have wavefunctions of the form 

-ika 
‘bM.=hC , (2.16) 

where 4 is a spinor index, and the elements of (2.16) satisfy 

k2=0, b.=O. 7: tMb=o* k”& = 0. (2.17) 

The third condition removes the spin-i piece of the polarization vector. I will 

write the solutions to these equations only for the massless sector-n = 0, k =  

The spinors satisfy q”c,, = 0. Since there are 2 gravitini, the 5-dimensional 

theory must reduce to N = 2 supergravity. In addition, there are two sets of 

solutions which correspond to spin-4 particles in 4-dimensions: 

(k,&O)-setting k’ ]] i. W e  may represent the c’s as matrices with five rows, 

corresponding to the possible values of M, and two columns, giving the 7 = fl 

pieces of the spinor. Two sets of solutions correspond to spin-) particles in 4 

dimensions: 

0 

1 

1 ! 

2 - ;02qr, 

3 - )&r, 

4 tlL 1. 

(2.19) 

All four of these states come in paired chiralities, a reflection of the generality of 

the chirality problem we have just posed. 

3. The Theory of Zero Modes 

Having now gained some experience with multidimensional physics by con- 

sidering the cylinder world, we are ready to discuss the features of the higher- 

dimensional spectrum of states in greater generality. Let us take ss our starting 

point the observed fact that, whatever the dimension of space-time might be, 4 

of its dimensions are extended, while the rest are extremely tightly curled. The 

extended dimensions curve slowly over distances of order 102’cm; for the pur- 
poses of elementary particle physics, we may regard them ss flat. The curled 
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dimensions have R < lo-‘%rn, based on the fact that we observe no massive 

counterparts of the photon such ss the ones which appeared in the analysis of 

the previous section. I encourage you to imagine, however, that R might be much 

smaller, of order the Planck scale, 10-33cm. 

The solutions to the wave equation on such a space have the form 

8-e -ik*=* . F&‘,z5,. . .) . (3-l) H = 
I 

dz [;(W,’ + V(O)] . (3.2) 

The plane wave in the familiar dimensions reflects their simple Minkowski char- 

acter. The functions FA(z’), by analogy to the discussion of the previous sec- 

tions, are eigenfunctions of an appropriate wave operator on the compact (d - 4)- 

dimensional space. Their eigenvalues become the masses of the 4-dimensional 

particles which this theory produces. Most of these masses are very large: By 

dimensional analysis, we expect rn: - 1/R2. Only eigenvalues which turn out to 

be small compared to the characteristic scale of l/R2 will correspond to particles 

which we can readily observe. 

If we are really envisioning values of l/R of order mp, the only relevant 

eigenvalues will be those which are extremely small on the natural scale. It is 

most natural to require that the relevant eigenvalues be exactly equal to zero, at 

least in a first approximation. For quarks and leptons, this is the requirement 

that these particles have zero bare mass, that is, that all of their mass arises from 

SU(2) x U(1) symmetry breaking. We must ask, then, under what circumstances 

wave operators have eigenvalues exactly zero. This may happen by accident, but 

presumably there are no accidents in the Grand Design. It may happen also for 

reasons of physics. In fact, two rather elegant mechanisms for generating zero 

eigenvalue modes are known from the study of model field theories-one relies 

on symmetry, the other on topology. In the remainder of this section, I would 

like to explain these two mechanisms for generating zero-eigenvalue states (zero 

modee), by discussing some simple (nongravitational) examples. 

‘r / 

3.1 SYMMETRY ZERO MODES 

Let us first consider some examples of zero modes generated by symmetry. 

The simplest example arises in considering a domain wail between two regions 

of spontaneously broken symmetry. Such a system would be described by the 

Hamiltonian 

where V(4) is a double-well potential of the form shown in Fig. 6(a). The 

states of lowest energy are those for which d(z) remains always at a minimum 

of V: d(z) = rtds. However, if we insist that d(z) + +& as z -+ oo but that 

d(z) + -&, as z + -co, we find instead a solution of the form of Fig. 6(b). In 

particular, the variational equation which follows from (3.2) is 

-V2l#(z) + $s(4) = 0. 

Let p(z) be the solution to this equation of the form of Fig. 6(b). 

Consider the small oscillations about this solution: 

d(2) = d(z) + W(4. 

Inserting (3.4) into (3.2), we find 

H= {;(V&’ + b’(J)} + a#{ - v2J + $b)) 

(3.4) 

(3.5) 

The term linear in 64 vanishes by virtue of (3.3). To analyze the stability of the 
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domain wall solution, we must treat the (6d)l term as an eigenvalue problem 

(a) V 

~ 

4 

I 
-40 40 

3-80 

(b) $(x1 

-----_ 

* 

x 

-40 - $7x) - 40 

5JBIAB 

Fig. 6. Appearance of domain walls in a model system with spontaneously 
broken symmetry: (a) the potential energy V(4); (b) the form of the domain 
wall solution J(z). 

-V26d + g(l)64 = ~‘64. 

Try, in this equation, the solution 

64 = &i. 

The left-hand side of (3.6) becomes 

-&v2t$ + $j,) = 0 ! 

(3.6) 

(3.7) 

Thus, (3.7) is a zero mode of the differential operator (3.6). 

There is a good physical reason to expect a zero mode to appear in this 

situation: The original problem wss invariant under translations, but the domain 

wall solution singles out a preferred position, its center. Any translation of 

the wall will give a new solution of the original variational equation (3.3) with 

the same energy. Then the infinitesimal translation must be a mode of neutral 

stability. This is precisely the statement that (3.7) should be a zero mode of the 

stability operator (3.6). (It should be noted that the higher order terms in the 

expansion of H in small fluctuations do induce an energy cost for translations. If 

we go to eigenstates of P, the generator of translations of a domain wall, terms 

of higher order induce a kinetic energy term E = P2/2M.) 

Let us now consider a second example of symmetry zero modes, to show 

that such modes can potentially form a multiplet under a non-Abelian symme- 

try group. This example involves the model of nucleon structure invented by 

Skyrme” and recently revived by Balachandran, Nair, Rajeev, and Stern 
11 

and Witten. l2 This model imagines the nucleon to be a condensate of pions, in 

the following way: In the strong interactions, the pions form an isospin triplet 
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and thus are in l-t-1 correspondence with the generators of isospin. Construct, 

then, the SU(2) unitary matrix field 

To make the exponent dimensionless, I have supplied a factor f. with the dimen- 

sions of mass. (Using current algebra, one can in fact argue that this factor must 

be the pion decay constant.) Equation (3.9) ia of the form 

where n defined by this equation is a general unit vector in 4 dimensions. The 

set of all vectora n sweeps out the unit sphere in 4 dimensions. Since this sphere 

is a bdimensional surface, we may imagine cutting it open at the north pole and 

stretching it out to cover Bdimensional apace. Thii produces a field configuration 

topologically trapped in 3 dimensions. Just aa WM true for the domain wall, 

this configuration cannot be continuously deformed to a trivial configuration in 

which g(z) is constant. The form of the pion field corresponding to thii solution 

ia shown graphically in Fig. 7, its explicit form is 

Fig. 7. The pion field configuration in Skryme’s model of the baryon. 
where f(r) tends to 0 as r + co and equals rr (the south pole, according to 

(3.10)) at r = 0. More generally, we may imagine placing on 3-dimensional space 

N bumps of the form of Fig. 7, so that the A vectors associated with Z/f* cover 

the unit sphere N times. The number N in unchanged by amall deformations; 

it is a conserved quantum number. Skyrme identified the solution (3.11) with a 

baryon and the conserved number N with baryon number. 

Our main interest in this solution liea in the problem of the small oscillations 

about f?(z). Because the form of c(z) involvea a spatial vector i and an isovector 
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C’, Z?(z) picks out a preferred orientation in space and in isospace. Rotations in 

space or iaoepace generally change the form of Z?(z): 

R4 4 eiZfr)fRJ’).’ (rotation In space) , 
(3.12) 

O(z) + e’Zf’)‘Qtrq (rotation in isospace) , 

where RJ, RI are rotation matricee. Note that these two motions duplicate one 

another, so that combined rotation generated by I’+ .?leaves the Skyrme solution 

invariant: 

I+ QISkyrmion) = 0. (3.13) 

Either can be expressed as an isospin rotation of the pion field. Since space 

and iaarpace rotations are symmetries of the strong interactions, the rotated and 

tutrotated pion Belds must have the aame energy. Then the in5nitenimal rotation 

&.Rij(O) +)I,, (3.14) 

must be a zero mode of the&ability problem -iated with the Skyrme solution. 

The three Independent rotations give three sero modes 

~(i),i = &ik [+kf(r)] ; (3.15) 

these three rtatea form an spin triplet under the symmetry (I+ ..I1 preserved by 

the Skyrme solution. (In a higher order analysis, one finds that states of definite 

I, .Z (with Z  = J, because of (3.13)) receive energy E = Z(Z + 1)/2Z. It is 

permiwible to quantize I, J  as half-integer angular momenta’s ; in this case, 

the two lowest states have Z  = .f = Ij (the nucleon) and Z  = .Z = g (the A).) 

t 
3.2 TOPOLOGY ZERO MODES 

The second physical mechanism for the appearance of zero modes is a more 

subtle one which is easier to illustrate than to explain. The simplest example in 

which it appears is in the motion of Dirac fermions about a magnetic vortex in 

a superconductor. Let me  pose this problem carefully and show you that a zero 

mode does appear. 

bet us 5mt set up a magnetic 5ux quantum in a 2-dimensional superconduc- 

tor. Particle physicists view a superconductor as a system with a complex-valued 

Higgs field (physically, this is the electron pair condensate) which acquires a vac- 

uum expectation value I(d) 1 = &J. D ee p inside the superconductor, there can be 

no electric or magnetic fields; this is the Meissner effect. It is possible, though, 

that some magnetic 5ux lines might thread through the superconductor, driving 

it normal or partially normal in a localieed region. This situation is illustrated 

in Fig. 8. W e  should try to determine (d(r)) and the magnetic vector potential 

i(r) in the vicinity of such a flux tube. These functions are constrained by the 

integral 

/d%B = fdt?-vi, (3.16) 

which gives the flux of B passing through the contour C in Fig. 8. If C is far 

from the 5ux tube, B = 0 there. But this does not imply that A’ = 0, since if 

A’ = dA for some A, we still have B = 9 x A’ = 0. This statement reflects the 

fact that A’ can be changed by a gauge transformation: a gauge motion carries 

. - A-=(,, d=& + A=ViJ, ~=~it’~O~ (3.17) 

Using this form of A’, we can evaluate (3.16) as 

fdi.ii =  f dZe dA = AAj,ircuit a (3.18) 

This integral is not necessarily zero: By (3.17), X is proportional to the phase of 

(4) along the contour C. If one circles this contour, (4) must come back to the 
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5366A6 

Fig. 8. Configuration of magnetic 5ux and supercurrenta when a bit of magnetic 
flux traverses a superconductor. 

sam; value, but its phase may advance by 2m. In that caee, 

(3.19) 

The total magnetic flux flowing though C is then quantized! A simple, regular 

form for A’ which satis5ea the constraint (3.19) (with n = 1) for a suffiiciently 

large contour is 

A’ = I(t)j - f(r)(y-q ( 
CT cr r , 

(3.20) 

where r = (2: + z:)i and j( r is a function which vanishes aa r -B 0 and ten& ) 

to 1 aa r --t 00 (and I have returned to he = 1). 

Let ue use this A’ in the maseleee Zdimeneional Dirac operator 

iy“(L$, - icA,,)+ , (3.21) 

and look for zero modes. To write (3.21) explicitly, we need two spacelike -+“s: 

d, = (2). (3.22) 

Inserting (3.22) and (3.20) into (3.21), we 5nd that the condition for a zero mode 
in +I ie 

1 
- (aI _  i&) _  f(r) ( 21  - h  

r ---,)~I =  0. r 

Try a solution of the form +I = g(r); thii equation becomes 

-(- -;iQ){;g+!pg} = 0. 

W e  find, then, that 

(3.24) 

is a zero mode of (3.21). Note that the conditions on f(r) given at the end of the 

previous paragraph imply that this form for +I is regular at r = 0 and faIIe to zero 
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aa r + co. An analogous argument can be made for &; thii leads to a solution 

of the form of (3.25), but with the crucial change of - to + in the exponent. 

Thii solution blows up as r + 00 and so doea not belong to the physical Hilbert , 
space. Thus, in thii example, +r haa a Zero mode, but b doea not. 

To understand the signi5cance of thii result, we should think about the more 

general eigenvalue problem 

i-+‘(a,-ieA,JJ, = X-~/J. (3.26) 

Defining 7 for thii system by f = -irrq’, we can see that, if we have an eigen- 

vector $A with eigenvalue X, then + = ~+i in another eigenvector with eigenvahre 

-X. The spectrum of eigenvaluw of (3.26) thus consists of pairs f.4, M  indicated 

in Fig. 9. The corresponding eigenvectom must be states of mixed chirality. The 

only statea that need not be paired are the mro modes, and these may have defi- 

nite chirality. Let the number of zero modes of positive and negative chirality be 

N+, N-. Consider now the effect of making a small change in the vector potential 

A’ used to define (3.26). The nonzero eigenvalues may move slightly, but their 

pairing is preserved. In principle, zero modes may move to nonzero values. But 

they must move away from zero in pairs, each pair being composed of the two 

possible linear combinations of a positive and a negative chirality eigenfunction. 

Pairs of nonzero modes may move to zero by reversing this process. In all cases, 

however, the value of N+ - N- remains unchanged. The difference N+ - N- 

must then be determined by an expression which ia insensitive to local changes 

in k Indeed, Atiyah and Singer” have proved a theorem on the zero modes of 

the Dirac operator (the Zndez Theorem) which reads, in this case, 

N+ - N- =  / d’z -&c’~F,,~ 

A’ 

ol ---- 

I 3-36 
5366A9 

Fig. 9. Spectrum of eigenvalues of the Dirac operator in a typical electromagnetic 
field. 

I  

where the integral in the last line is taken around a contour at in5nity. Our 
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explicit result in the previous paragraph, N+ = l,N- = 0 for a situation with 

(3.19), n = 1, is a special case of this general formula. 

Ae wee first noted by ‘t Hooft,l’ the Atiyah-Singer Index Theorem is closely 

related to a well-known result in field theory called the azial vector anomaly. By 

considering a process of the form shown in Fig. 10 in 1+1-dimensional space- 

time, ‘t Hooft argued that a zero mode of the Zdimensional Dirac equation could 

be interpreted an a chirality-5ip proceee in 1+1-dimeneione. Let j* = @ ‘T$ be 

the chirality current and Qs = j dxj a the associated charge. Then ‘t Hooft’s 

arguments related (3.27) to the equation 

(3.28) 

or, in local form, 

Thii last equation also follows directly from the Feynman diagram of Fig. 11(a), 

aa wan first shown by Schwinger. 16 

The whole set of results we have just discussed have a natural generaliza- 

tion to 4 dimensions. The analogue of (3.29) in the Adler-Bell-Jackiw anomaly 

equation 17 

(3.30) 

(The right-hand side of this equation is proportional to d * 2.) Equation (3.30) 

follows from the Feynman diagram of Fig. 11(b). It is well-known to field the- 

orists because it constrains the whole set of diagrams shown in Fig. 11(c) and 

thue allows one to compute the r” + 27 decay width. The integral of (3.30) over 

4-dimensional space, connected to zero modes by ‘t Hooft’s argument, gives the 

Cdimeneional Atiyah-Singer Index Theorem. 

3-66 5366AlO 

dP*A= 0 

Fig. 10. A process in l+l diieneione which Ieade to a chiiality flip in the vicinity 
of a magnetic 5ux quantum. 
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Fig. 11. Feynman diagrams which violate chiral current conservation (a) in I+1 
dimensions, (b) in 3+1 dime&on& Thii latter diagram enters the computation 
of the class of diagrama shown in (c) and actually dominates the evaluation of 
the x0 + 27 coupling. 

The Atiyah-Singer theorem actually applies in general higher (even) dimen- 

sions. The ita general form is 

N+ - N- = (constant) 
/ 

d% c~~"~~~F~F~~ -. - . (3.31) 

The quantity on the right-hand side can, quite generally, be written an a surface 

integral at infinity. 

W e  have now discussed two physical mechanisms for obtaining zero modes 

of wave equations. The first arose from considerations of symmetry. The second 

arose from the nontrivial topology of the background fields. It is reasonable 

that both of these mechanisms have analoguea in the study of wave equations in 

higher-dimensional spacea. The topological mechanism is particularly promising, 

because it can produce fermion zero modes of definite chirality; thus, it could 

potentially solve the chirality problem noted at the end of the previous section. 

Let u8 now investigate how exactly these mechanisms can work in gravitational 

contexts. 

4. General  Relativity as a  Gauge  Theory 

Before beginning this discussion, however, we should review one further bit 

of formalism. W e  would like to generalize results obtained in ordinary gauge 

theories to theories involving gravity. This generalization will be made easier if 

we can cast the theory of gravity into a form which looks aa much like a gauge 

theory aa possible. In the process, we will gain some useful insight into the gauge 

structure implicit in the theory of gravity. 

Einstein’s theory of gravity haa aa ita basic dynamical variablea parameters of 

the geometry of space. Consider, then, some general curved space, for example, 

the one shown in Fig. 12. One way to describe distances on this space is to define 

a set of coordinates ~9 and then to summarize local measurements of distance in 
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Fig. 12. A piece of curved space, and some orthonormal frames to use in mea- 
suring it. 

a metric tensor gcV(z): 

dsz = g,,,,(z)dz’dz” . (4.1) 

Let VP be the components of a vector referred to this coordinate system. An 

alternative approach, which we will find preferable, ie to set up at each point 

in the space an arbitrary orthonormal frame. Let eJ’(z) be the expression in 

the coordinate representation of the ath vector of the frame at 2. Then the 

components of a vector with respect to the orthonormal basis obey 

V” = e,rp. (4.2) 

In 4-dimensional space-time, eJ‘ represents a set of 4 vectors and so is called a 

vierbein or tetrad. (Its higher-dimensional analogue is, of coume, the uiclbcin.) 

Let us define the matrix ea, to be the inverse of e,‘; this matrix inverts the 

relation (4.2), converting components VJ’ to Va. The invariant square of a vector 

is given by 

v’ = qoflvva = g,,V’V” , (4.3) 

where rod is the usual metric tensor on Minkowski space: l- = (1, -1, -1, -1). 

Inserting into (4.3) the inverse of (4.2), and comparing terms, we find: 

The orthonormal frames we have constructed can have any orientations, and 

these orientations can vary arbitrarily from point to point. Thii arbitrariness 

in the way we may construct the frames is precisely a local gauge Invariance, in 

which the gauge group is the group of rotations or Lorenta transformations. To 

make thii gauge symmetry an invariance of the equations of motion of fields, we 

should introduce a covariant derivative, including a gauge field which I will label 
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w,,*. The superscript A labels a group transformation; the elementary transfor- 

mations are rotations in planes, so we may replace A by a pair of antieymmetrized 

indices a@. W e  may now write the covariant derivative more explicitly, on vectors 

DJ“ = (i3,Va +  w,,“,Va) , (4.5) 

and on spinom 

DpJ, = (W + +papW) , (4.6) 

using 19 = f[~~, 7P], the generators of Lorentr traneformatione on spinom. A 

vector (or spinor) is parallc&tranqorted along a curve in the direction of the 

vector nfi if 

npD,,V” = 0. (4.7) 

A vector which is parallel-transported around a closed loop on a curved eur- 

face will generally return rotated from ita original orientation. This is illustrated, 

for the case of a sphere, in Fig. 13. Around an infinitesimal loop, we 5nd an 

infinitesimal rotation, which depends on the plane (a, /3) of the rotation and on 

the plane (PV) of the loop: 

6VQ = 
/ 

d=P R,,vaa Vb . (4.8) 

This equation defines the Riemann curvature tensor. This tensor is given explic- 

itly by 

This is exactly the form of a field strength tensor Fpy corresponding to the non- 

Abelian gauge symmetry of Lorentz transformations. 

Fig. 13. Parallel transport of a vector around a triangle drawn on a sphere, 
beginning and ending at the north pole. 
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Since R,,,“fl is a field strength, it is transforms covariantly under gauge trans- 

formations. It therefore can retlect directly the symmetries of the space it de- 

scribes. Consider, for example, the curvature tensor of the bdimensional sphere, 

which is parametrized by 3 angles w, 0, 0. The nonzero components of R,,,,“fl are 

R#p = $, Ily,* = $  ) &J+ = f , (4.10) 

with R on the right-hand side being the radius of the sphere. The equality of 

these three elements retlects the spherical symmetry. For completeness, let us 

define two contractions of the curvature tensor, the Ricci tensor &, and the 

curvative scalar R: 

&’ = c~,~c$’ R,,,.lp , R =  ha. (4.11) 

For the bdimensional sphere, the Ricci tensor is forced by symmetry to be pro- 

portional to the unit matrix 

(4.12) 

W e  may now write Einstein’s equation for the gravitational field: 

R PV - ;Repu = ~AGNT~ . (4.13) 

3-66 5366A 14 

Fig. 14. A general change of the coordmate system, accompli ihed by makii 
local translations of the coordinate points. 

So far, we have discussed only the gauge invariance of the theory of gravity 

under local borentz rotations. But this theory has a second set of local invari- 

ance+ the freedom to make local changes of coordinates. Thii freedom may be 

viewed as a local translation invariance, as is illustrated in Fig. 14. To under- 

stand how this second local gauge invariance is implemented, it will be useful 
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to work out the variation of the vierbein associated with a change of coordi- 

nates zp 4 z”‘. Let us write the expression for an infinitesimal vector of fixed 

orientation located at the point 2’: 

&“e’a;(z) = Ifs” C”“(Z(Z’)) 

= dz!g ea”(t(t))) . 
(4.14) 

Let z’ differ from I only infinitesimally: ~9‘ = ~9’ + (J‘(z). Inserting this formula 

into (4.14), we find the transformation law: 

P P - cop = -&F’C”” + E’&& . 

If we consider an approximately flat space and take ear,, to be a natural uniform 

choice of the orientation of frames, cop = 601rr the transformation law (4.15) 

taken the form 

6eQp = a,(” , (4.16) 

a transformation of a set gf gauge fields by the gauge parameters to. At least in 

thii linearised approximation, then, the vierbein provides the gauge fields for a 
local translation invariance. 

The field strength constructed from this gauge field, 

T,,“O = D,,eay - DYeQp (4.17) 

is called the torsion. In Einstein’s theory of gravity, the torsion has no physical 

content. The Principle of Equivalence implies that all invariant information about 

the structure of space is contained in the curvature tensor. It requires us to set 

Tj,,,O = 0; this constraint is a set of equations connecting e“,, and w,,@ which 

6xea the w,‘s in terms of the vierbein. Note, however, that the constraint is 

covariant with respect to both of the gauge invariancea that we have discussed 

and leaves them both in force. 

5. Zero Modes of Geometrical Equations 

Now we are ready to address the basic issue toward which we have been work- 

ing: Given a space of some higher number of dimensions, with some dimensions 

curled into a compact space, what zero modes will we find for wave equations 

on this space? To answer this question, we will need to generaliee the discussion 

given in Section 3. I will discuss this generalization in some detail for symmetry 

zero modes, and then more quickly for topology zero modes. In this section, I 

will refer to the decomposition of a vector fl into components lying along the 

extended and compact directions by writing 

ZM = (z@, y”) (5.1) 

withp=O ,..., 3,q=4 ,.... 

Let us first ask how to find symmetry zero modes of the basic waveequations. 

These are produced in several ways. The first possibility is quite trivial. The 

scalar field wave operator on a compact space 

--D’~(Y) (5.2) 

always has a zero mode given simply by the constant function. Thus, scalar 

fields on a space with extended and compactified dimensions will always have low 

energy modes of the form of (3.1), with F in this equation a function independent 

of the yq. The components of vector and tensor fields in which all of the indices 

point into the extended directions O-3 also may be decomposed into terms of the 

form (3.1) with F(y) an eigenfunction of the scalar operator (5.2). These fields 

thus have low-energy modes 

A&,Y) = (A,(z) ) , C!MN(z.Y) = (gJz) ) , (5.3) 

corresponding to one 4-dimensional photon or graviton field for each such field in 

the d-dimensional theory. Note, however, that this trick does not work for spinor 
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fields, either spin-$ or spin-i. The reason is that, while a vector in &dimensions 

can be written as the sum of a 4diiensional and a (d - 4)-dimensional vector, 

a spinor in d-dimensions is, by the considerations of Section 2, the product of a 

4-dimensional spinor and a (d - 4)-dimensional spinor. 

A second mechanism for producing zero modes is more closely connected to 

the symmetries of the compactified space. To introduce this mechanism, let me 

consider the simplest example, the cylinder world of Section 1. We have already 

analyzed directly the light particle content of this theory, but it is instructive 

to reconsider this theory in order to count its gauge invariances. Despite its 

compact structure, the cylinder has its full translation symmetry in 5 dimensions. 

A 4-dimensional local translation symmetry has its gauge fields contained in the 

4-dimensional gravitational field shown in (5.3). But we have one more gauge 

degree of freedom which requires a corresponding gauge field. Where is it? To 

see+ consider the effect of making a local translation into the 5th dimension 

be massless. Thii is exactly the conclusion we reached at the end of Section 1 

by explicit computation: the off-diagonal components of gMN contain a massless 

I-dimensional vector. Now we have identified that vector as a gauge particle. 

Kaluaa and Klein, in their original work, went a step further and identified this 

particle with the photon. 

Thii method of generating gauge bosons from the gravitational field can be 

readily generalized to more involved situations. Let us, then, consider a general 

compact manifold described by the metric tensor gsc(y). Let @J(g) be a symmetry 

motion of the manifold, a set of local translations which leaves grr unchanged. 

Using (4.4) and (4.15). we can write thii condition as 

6gsr = aqPg8, + g,,a,f + pa,gqr = 0. (5.8) 

Such a motion is called a Killing vector or an ironretry. Now consider making a 

coordinate transformation on the full space given by 

p = (O,d, A(z)) . (5.4) 

Inserting this into (4.15), we find 

or, using (4.4), 

If gMN is independent of y  = z’, the last term vanishes. Then we find 

(5.5) 

(5.8) 

Thus, g,,4(z) must be the gauge field corresponding to this last local translation 

symmetry. By the usual argument from gauge invariance, thii vector field must 

Inserting (5.9) into the general transformation law for g, we 6nd 

hJrr = apwqb) . (5.10) 

Thus, in general, the off-diagonal terms in the metric tensor contain Cdiiensional 

gauge fields for every symmetry of the compact dh?MiOM: 

gpq = 444 * Odv) . (5.11) 

Let us illustrate this result with a concrete example. Consider a configuration 

of spacc+time in which the total diiensionality is (N+3), with N- 1 diiensions 

curled up to form the unit sphere in N dimensions. Two views of thii space-time 
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are shown in Fig. 15(a) and (b). The N-d imensional sphere is a space of high 

symmetry: It possesses N- 1 symmetries of the form of Fig. 15(c), corresponding 

to N - 1 orthogonal directions in which one can move the north pole of the 

sphere. In addition it possesses (N - l)(N - 2)/2 symmetries of the form of 

Fig. 15(d), this being the number of planes in which one can rotate leaving the 

north pole invariant. In all, there are N(N - 1)/2 Killing vectors, and so we 

must find this number of gauge symmetries and of 4-dimensional gauge bosons in 

the compactified theory. The counting is just that appropriate to a non-Abelian 

gauge theory with gauge group O(N). 

Thii mechanism for producing symmetry zero modes applies also to spin-i 

fields. In thii case, low-energy modes of the field are generated by Killing spinoru, 

local supersymmetry motions c.(y) satisfying 

W.(v) = 0. (5.12) 

If the space-time geometry contains a flat Minkowski space in addition to com- 

pactified dimensions, this condition is equivalent to D,r(y) = 0. Given such a 

Killing spinor, one can consider modes of the d-dimensional gravitino field of the 

form 

*AL4 = !hMl(z) *a(Y) . (5.13) 

Here A is the index of a &dimensional spinor; such a spinor may be decomposed 

into the product of a 4-dimensional spinor and a (d - 4)-dimensional spinor, and 

this decomposition has been used in writing (5.13). Then &,,(z) will appear as 

a masslees gravitino field in 4 dimensions. 

It is considerably more difficult to produce topology zero modes in compact- 

ified geometries. To set up the problem, consider the eigenvalue problem defined 

by the Dirac operator in a geometry of the form of (5.1). We may write 

?Dd = [r“Dp + WW]11, . (5.14) 

(a) (b) 

0 
I I 

0 ,P.\ I’/ \ I \ \ \ 
L!7 
(d) 

0 
5366A15 

Fig. 15. A space-time with N - 1 dimensions compactified into a sphere: (a) 
and (b) show two ways of visualising thii space; (c) and (d) show two classes of 
symmetry motions of the compactified subspace. 

, 

The quantity in parentheses is the Dirac operator on the compactified space. 
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A zero mode of this operator yields a massless fermion in 4 dimensions. These 

zero modes are counted by the Index Theorem; to determine the number of 

zero modes, or at least to determine whether these zero modes have a chirality 

imbalance, we must discover what quantity stands on the right-hand side of the 

Index Theorem. If we were lucky, we might find there the Euler number 

which counts the number of holes in the surface. But (5.15) is even under parity 

and so is an inappropriate candidate. To correct this difficulty, we should con- 

tract the indices a,P,. . . . In 4 diiensions, thii produces an object called the 

Hiebruch number, which does in fact appear in the appropriate index theorem: 

I 

Unfortunately, a theorem of Linchnerowicz insists that the right-hand side of 

(5.16) can be nonzero only if the scalar curvature R of the compact manifold is 

somewhere less than 0. Actually, we really need a somewhat weaker requirement, 

that the right- and left-handed zero modes of the Dirac operator on the compact 

space, considered in terms of the gauge group defined by our earlier analysis of 

the symmetries of thii manifold, should form inequivalent representations of this 

group. But thii still cannot happen on a compact manifold of positive curvature.’ 
Apparently, there is a conflict between the appearance of chiial fermions and the 

hypothesis that all gauge  bosons arise as components of the gravitational field 

associated with Killing vectors of complex manifolds. 

6. Some Examples of Higher-Dimensional Models 

Now that we have discussed the basic theoretical principles to be used in 

working out the low-energy spectrum of a theory with compactified dimensions, 

let us apply the understanding we have gained to analyze a series of models. W e  

will first discuss, one last time, the original scheme of Kaluza and Klein. W e  

will generalize thii scheme in the grandest possible way, arriving finally at the 

11-dimensional maximal supergravity theory. Then, motivated by the conflict 

discussed at the end of the previous section, we turn to a simple model with 

fundamental gauge fields in addition to gravitation. Finally, we discuss another 

grandly ambitious model which incorporates the best features of both approaches, 

the IO-dimensional superstring theory. 

6.1 (GENERALIZED) KALUZA-KLEIN TAF.ORY 

Let us begin, then, by reconsidering and generalizing the model of Kaluza and 

Klein. The results of the previous section can be encapsulated in the following 

statement: If one considers the equations of gravity on a space of the form 

(4 - d Minkowski space) . (compact M) , (‘3.1) 

the low-energy spectrum of this theory contains a graviton plus one 4-dimensional 

gauge boson for each isometry of M. If the isometrics of M  form a non-Abelian 

group, as in the sphere example given above, we will find a non-Abel&r gauge 

symmetry. As long as the gauge symmetry of the theory remains unbroken, 

these bosons remain exactly massless. In principle, such bosoms can be given 

mass by the Higgs mechanism. It is a natural hypothesis that deformations of 

the geometry of M  can act as Higgs bosons, and thii mechanism for giving mass 

to Kalusa-Klein bosons has in fact appeared in some models’s 

Since the general logic of this program is quite clear, it seems not inappropri- 

ate to jump to its grandest known realization. To set up the theory in question, 
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recall our result of Section 2 that a 5- or Bdimensional spin-) field yields, in a 

compactification to 4 dimensions, two 4-dimensional spin-i particles. This is a 

signal that the full theories obtained by compacitification contain 2 distinct 4- 

dimensional supersymmetries. Since the size of the spinor representation doubles 

at every even dimensionality, compactification of still higher-dimensional spaces 

will lead to theories with still more 4-dimensional supersymmetries. Fortunately, 

there is a liiit to how much supersymmetry a theory can reasonably contain. 

Each 4-dimensional supersymmetry contains one helicity-lowering operator, and, 

in a theory with several supersymmetries, these operators act independently. A 

theory with a graviton (which has states of helicity f2) and particles of all lower 

spins can accommodate eight independent helicity-lowering operators: 

3 1 1 3 -2+--c-1c--c0c-c1c-c2, 
2 2 2 2 (6.2) 

but more such operators can only be accommodated if the theory contains fields 

of spin > 2. If we are not to admit such high-spin fields (whose quantum theory 

is known to be extremely problematical” ) the maximum number of supersym- 

metriea we may allow is 8. A theory with this largest supersymmetry would arise 

from a theory with spinom of 16 components, or 32 Majorana components. Thus, 

thii grandest and most symmetrical supergravity theory lives most naturally in 

11 dimensions. 

The Il-dimensional supergravity theory, constructed by Cremmer, Julia, 

and Scherk,re can be compactified in such a way as to maintain its maximal 

symmetry.” In principle, one would like to compactify this theory by dividing 

11 dimensions into 4-dimensional Minkowski space plus a ‘I-dimensional sphere. 

Unfortunately, the energy-momentum generated by the compactification, set on 

the righehand side of (4.13), requirea that the 4-dimensional space have a cur- 

vature comparable to the curvature of the sphere. The resulting 4-dimensional 

geometry is a non-compact geometry of constant curvature-anti-de Sitter space. 

The spatial compactification 

11 - d + (4 - d anti - de Sitter) x  (7 - d sphere) (6.3) 

produces the decomposit ions 

SMN -‘gpv + A,” + . . . 
(6.4) 

The gauge boaone A,” make up the bosoms of an O(8) gauge  theory, in the matter 

that I described in the previous section. The 8 spin-2 particlw r,& J arise from 8 

Killing spinom of the ‘I-sphere; these enter the 4-dimensional theory transforming 

as an 8 of O(8) under the gauge symmetry. The 4-dimensional theory contains 

56 spin-i particles, which form an irreducible, but non-chiral, representation of 

O(8). The maximal supergravity theory forma itself, then, into a beautiful and 

highly symmetrical structure, though one which still stands at some distance 

from the observed world. 

6.2 CREMMER AND SCHERK'S MONOPOLE MODEL 

As we discussed at the end of the previous section, it is extremely difficult 

to obtain a chiral multiplet of spin-$ particles from a compactified geometry 

unless the original, higher-dimensional theory contains fundamental gauge fields. 

It ia worthwhile, then, to review the simplest example of a theory in which 

fundamental gauge fields are present and play an important, nontrivial role. 

This is a model due to Cremmer and Scherk,” which begins in a Bdimensional 

space-time containing a fundamental O(3) (isospin) gauge theory and a Higgs 

field 4 transforming as a vector (3) of this O(3). 

Cremmer and Scherk found a solution to this model of the form indicated 

in Fig. 16. They split Bdimensional space into 4-dimensional Minkowski space 
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and a Zdimensional sphere. They then decorated this sphere with a Higgs fields 

whose direction in isospace is everywhere normal to the sphere 

#  - (i)’ (6.5) 

and with gauge fields whose field strength also haa an isoepin direction normal 

to the sphere 

Fnri - clrri. B. W I 

This configuration of geometry and fields is completely invariant under combined 

space and ieoepin rotations, in just the way that the Skyrme model example dii 

cussed in Section 3 had an invariance under such combined rotations. Thus, the 

low-energy 4-dimensional spectrum of this model containa a full O(3) gauge sym- 

metry, whose gauge bosone are associated with the geometrical transformations 

shown in Fig. 17. 

Another consequence of this invariance is that it forcw the Ricci teneor for 

thii space to take the form 

3-86 5366A16 
RAB = 

Fig. 16. Configuration of Higgs fields in the compactification model of Cremmer 
and Scherk. 

C 

c 
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(6.7) 

where C and D are constants. Equation (6.7) can be a solution to (4.13) if we 

. . *  

to qm (a ecMmologieal  constant). The constant C depends on the curvature of C 

dimensional space aa well M  that of the sphere; to insure that our solution has an 

extended 4-dimension part, we muet adjust the value of thii coemological con&ant 

eo that (4.13) ie satisfied for the C corresponding to 4-diie-neional Mmkoweki  
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space. Thus, the Cremmer-Scherk con5guration doea provide a solution to the 

field equations of their model; however, it requirw a fine tuning of one parameter 

to take a fully realistic form. 

The Cremmer-Scherk model has one further very attractive feature. Since 

the gauge 5eld strength and the Bigge field are always parallel in isoepace, the 

flux of F’, referred to the Higgs direction, has a nonzero integral over the sphere: 

/ 
d’zt”c F,,‘&’ # 0 . 034 

3-66 5366A17 

Fig. 17. Symmetry motions of the compact&d geometry which give rise to the 
4-dimensional gauge bosons of the Cremmer-Scherk model. 

The Atiyah-Singer index theorem implies that, if we add a Dirac field to this 

configuration of space-time, we will 5nd chiial fermion sero modw. Thii model 

might, then, serve M a prototype of theories in which a realistic fermion content 

emergw from compactification. 

6.3 COMPACTIFICATION FROM lo DIMENSIONS 

How can we combine the beet virtues of thii model with the grandeur of ll- 

dimensional supergravity? If such a grand fusion could be possible at all, it should 

take place in the dimensionality which contains the maximally symmetric system 

of supergravity coupled to matter. We might hope that thii dimensionality is also 

the one which describes matter itself ae symmetrically an poeeible. A multiplet 

of matter must necessarily, for our purposw, contain gauge bosons; it should also 

contain spin-i fermiona. In 4 dimensions, we know that we can form a complete 

supersymmetry multiplet from these two components. We should ask whether 

this ie poeaible in any higher dimensions. In 4 dimensions, we can check that 

a gauge boeon and a gaugino can form a complete supermultiplet by counting 

propagating fields: the gauge boeon hae two transverse polarization states, and 

a Zcomponent Weyl or 4-component Majorana fermion aleo has two physical 

states, half the number (counting spine for particle and antiparticle) of a Dirac 

fermion in 4 dimensions. This matching fails in 5 or more dimensions, except, 

magically, in 10 dimensions. There, ae we noted in Section 2, we are allowed 
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to place simultaneously a Weyl  and Majorana condition on spinors. Thus, we 

may define 16component Weyl-Majorana spinors which describe 8 propagating 

fermion states. This is exactly the number of transverse photon polarizations 

in 10 dimensions. Ten-dimensional supergravity with a Majorana-Weyl gravitino 

contains four I-dimensional supersymmetries. By an argument analogous to that 

given in (6.2). this is the maximum number of supersymmetriw allowed if we are 

to have supermultiplets containing only particles of spin 1 or lower. Thus, 10 

dimensions provides the setting of maximal symmetry for theories of supergravity 

coupled to matter. 

Having now settled on the dimensionality of space in our grand construction, 

we must ask, what is the gauge group? Ordinarily, thii question has no definite 

answer; in 4 dimensions, we could choose any possible compact group. How- 

ever, even in 4 dimensions, the specific representations to which we assign chiral 

fermions are constrained by the axial vector anomaly which we discussed at the 

end of Section 3. In general, not only the overall chirality current but also the 

gauge charge currents may have their conservation spoiled by an anomaly. Since 

the whole structure of a non-Abelian gauge theory depends on the conservation 

of the gauge charge currents, one must arrange that these anomalous terms can- 

cel. Thii is the requirement that, in the SU(5) grand unified theory, forces one 

to include equal numbers of 5 and m  multiplets of left-handed fermions. 

In 10 dimensions, however, the cancellation of anomalies is much more diffi- 

cult, for two reasons. First, the IO-dimensional anomalies arise from diagrams of 

the form of Fig. 18; 5 powers of the external field appear because in 10 diien- 

sions there are 5 powers of F,,,, on the right-hand side of (3.31). The diagrams 

giving nonconservation of gauge currents thus contain a trace of 6 group matri- 

ces. Since thii number is even, some invariants which appear in thii trace will 

be necessarily positive for any group representation and so will not cancel when 

we sum over representations. Second, lO-dimensional Weyl-Majorana spinors are 

chiial with respect to their gravitational couplings and are their own antiparticles; 

thii implies that we must consider gravitational as well az gauge contributions 

3-66 5366A 16 

Fig. 18. A typical diagram contributing to the axial vector anomaly in 10 
dimensions. 
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to the anomaly.” Until the summer of 1984, it wez believed that no system 

of IO-dimensional superzymmetric matter multipletz allowed the cancellation of 

all gauge and gravitational anomalies. But then Green and Schwarz” discov- I 

ered that a field in the NJ-dimensional supergravity multiplet cm also enter the 

expression for these anomalies, and that one can use this additional degree of 

freedom to arrange cancellations. Their mechanism works, however, only for two 

speei5c gauge groups: 0(32) and En x En. These two groups, then, provide the 

only possible choicw for fundamental gauge groups of supereymmetric theories 

in 10 dimensions. 

The group Es iz the largest exceptional group in Cartan’s classification. It 

contains in a natural way the groups which appear most often in discussions of 

grand unification; for example, one may decompose 

Es > W(3) x ESJ > O(10) > SU(5) . (6.9) 

In the 5rzt step of this decomposition, SU(3) x Ee, is a maximal subgroup of 

En. Though Ee is somewhat less familiar that its subgroups O(10) and SU(5), it 

is a quite reasonable choice for a grand unifying group. 15 The fundamental 27- 

dimensional representation of E6 contains one generation of quarks and leptons. 

Let us, then, concentrate on the possible gauge group Es x Ea. Candelas, 

Horowitz, Strominger, and Witten’ have proposed the following compactification 

of this theory: 

10 - d + (4 - d Minkowski) x (Ce) . (6.10) 

Here Ce in a 6dimensional space with the property that it pozzwsw a spinor 

field configuration c.(y) satisfying D,a = 0. Such a space is called a Calabi-Yau 

manifold.ld Since this spinor field is a Killing spinor, the 4-dimensional theory 

resulting from the compactification will contain a gravitino and thus an unbroken 

local auperzymmetry. 

The compactification of Candelae, Horowitz, Strominger, and Witten turns 

out to have a number of mathematical features which produce remarkable effecta 

in the physics. First, the existence of a covariantly constant spinor implies that 

the Ricci tensor vanishes, both on the 6dimensional space and on the full l& 

dimensional space. This allows the space (6.10) to solve Einstein’s equations 

without invoking an adjustable cosmological constant term. Second, the rotation 

group in 6 dimensions, O(6), is locally isomorphic to SU(4), with the 4 of SU(4) 

corresponding to the chiral spinor representation of O(6). At each point, the 

covariantly constant spinor picks out a preferred direction in thii representation, 

leaving over an orthogonal SU(3). All of the rotation done by the curvature 

tensor must be within this subspace. Thii allows one to construct a solution of 

the Cremxner-Scherk type, with an SU(3) gauge 5eld proportional to the spin 

connection on the Calabi-Yau space 

w,,~~ = A,i(T’)“b , 

and a corresponding field strength proportional to the curvature tensor 

where (T’) is a representation matrix of O(6) belonging to the SU(3) subgroup 

we have picked out. We have already noted that SU(3) iz naturally a subgroup 

of Es. Fermions in the adjoint representation of Es decompose under SU(3) x Ea 

in the following way: 

(adjEs) -+ (adjEe,l) + (27.9 + (zS.3) +(1,8). (6.13) 

Third, Calabi-Yau spaces have no isometriez. This means that the compactifi- 

cation (6.10) will produce no Kaluza-Klein gauge bozons. This is no problem, 

since we began with a fundamental Es x ES gauge theory, we have more than 

enough already. Fourth, the right-hand side of the Atiyah-Singer Index Theorem 
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in 6 dimensions contains the integral of a product of three powers of the field 

strength. Using (6.12), this integal may be converted to the structure 

More explicitly, the Index Theorem appropriate thii field configuration is: 

Ns - Ns =  ix, (6.15) 

where x is the Euler number of the Calabi-Yau space. In a generic situation, 

we would have only zero modes for fermions in the 3 of SU(3). According to 

(6.13), fermions belonging to the 3 of SU(3) also belong to the 27 of E(6). Thus, 

the fermion zero modes should yield 4-dimensional fermions corresponding to )x 

27’s of Eg, that is, fx generations of quarks and leptons. In this model, then, 

the number of quark and lepton generations reflects directly the topology of the 

compactified component of the higher-dimensional space-time. 

Some difficulties remain in making this 1Gdimensional compactification into a 

complete unified theory of Nature. W e  should, for example, worry about whether 

the theory underlying this computation is renormalizable, so that systematic 

corrections can be calculated. W e  might also ask whether the fundamental gauge 

group En x Es has a geometrical origin, so that the model really does unify matter 

and gravity. These problems seem extremely difficult to address, but, in fact, 

they are answered and perhaps solved if the true underlying theory is taken to 

be a theory of superstrings.6”7 One might ask whether such a compactification 

can correctly predict the spectrum of quark and lepton massw. The answer to 

question is not known, but the IO-dimensional compactification has suggested 

some concrete ideas for attacking this long-standing problem.2* One might also 

worry about another fundamental question, why one particular compactification 

which yields 4 extended dimensions and 3 generations is chosen over all others. 

I think it is fair to say that no one has any idea of how to solve this problem. 

I hope, though, that this stunning example haa succeeded in persuading you 

that Nature could well have more than 4 dimensions, and that the study of such 

higher-dimensional theories is not simply speculation but also physics. Even if the 

size of the extra, compact, dimensions is extremely small, their basic geometry 

can determine crucial features of the physics at much larger distances. Through 

specific examples, I have shown that the isometriw of the compact dimensions can 

determine the gauge symmetries of Nature, that the spinor ieometries of these 

dimensions can determine the amount of supersymmetry in Nature, and that 

the topology of these dimensions can determine the number of quark and lepton 

generations. The idea that there exist more than 4 space-time dimensions iz a 

fundamental departure from previous theories of the basic forces, but perhaps it 

is just the turn required to resolve some of the fundamental mysteries that these 

theories still present us. 
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1. Introduction 
I 

The first particle accelerators were built roughly fifty yearn ago. These first 

machines had energies of the order of MeVn and were used to study a world that 

looked relatively simple. Matter WM composed of four basic conetituenta: pro- 

tons, neutrons, electrons, and neutrincm. These constituents interacted via four 

forces: the weak (to account for radioactivity); the electromagnetic (to account 

for the interaction between chargea and currents); the strong (to bind the nu- 

cleus together); and the gravitational (to account for the interaction of massea at 

large distances.) All our attempb at understanding matter were guided by two 

dynamical principles - relativity and quantum mechanics. 

In the intervening yearn, the energy of our acceleratorn haa grown by rix orders 

of magnitude to reach the TeV level. Our old view of what were the elementary 

constituents of matter has turned out to be wrong. The simple picture of four 

constituents became ever more complicated aa machines of higher energy were 

built and more and more mesons and isobars of the nucleon were discovered. In 

the early IQ6& there were more than one hundred of the “elementary particles.” 

All of thii was swept away in the 1960s to be replaced with the quark model, 

wherein the proton, the neutron, all of those mesons and other particles became 

composites of combinations of quarks and antiquarh. 

In these last fifty years we seem to have lost one force, for our present picture 

is that the weak and the electromagnetic forces are but different manifestations 

of the same basic force. Our theoretical colleagues are struggling (80 far unsuc- 

cessfully) with models that try to combine the strong force and perhaps even 

gravity into a unified picture. 

Our dynamical principles remain the same. Relativity and quantum mechan- 

ics are still our guide and space is still thought to be continuous although some 

are questioning that, too. 

Experiments and theory of the last fifty yeara have given rise to our present 

generation of models that allow us to calculate what happens at the fundamental 

level down to distances rnr abort M  10-l’,centimetem. The key to thi great 

advance in our understanding of the physical world has been the accelerators 

that have allowed experimenta that probe matter to ever rmaller diitancea. We 

have gone from Cockcroft-Walton geuerato~ to Van de Graaffa to cyclotrona to 

synchrotrons to strong focusing to lmacn to colliding beams to ruperconductivity. 

The energy of our machiies haa gone up by six orders of magnitude while the cost 

per unit energy has gone down by nearly five ordem of magnitude in the name 

period of time. To continue our rtudy of the fundamental nature of matter we 

will need more powerful and coat-effective acceleratom that will probe diitances 

where we already know our present theoretical models to be inadequate. 

The Tevatron project at the Fermi National Accelerator Laboratory has 

demonstrated the practicality of ruperconductii magnet technology for large 

accelerators. The SSC project now in the R&D phase in the United Statea builda 

on this technology in the design of a machine to reach 40 TeV in the center of 

mass at what appears to be a cost per unit energy that continues the trend to 

reduced unit costs. 

The SLC project at the Stanford Linear Accelerator Center is nearing com- 

pletion and is intended to demonstrate a new colliding beam technique, the linear 

collider, that reduces the cost per unit energy of electron-positron collidera Thii 

technique can in principle make practical electron collidera of very high energy. 

Eventually, we will want to build accelerators of much higher energy than 

those we talk about now, and in this paper I will do nome large extrapolation to 

see what kind of machines those might be. It is,not enough to consider energy, 

for it is also necessary that the intensity (luminosity) be sufficient to cltudy the 

physical processes of interest. In looking at intensity issues 1 base my analysis on 

the physics that we know and some very general &almg laws. Iu looking at both 

electron and proton machines, the electron machines will turn out to be more 

promising and I will review the basic design principles of very high energy linear 

colliders. 
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I 
2. Luminosity and Energy Requirements 

A. PROTON MACHINES 

Protons are composite particles. Their constituents are three valence quarks 

(u,u,d); gluons that are exchanged between the quarks to bind the system to- 

gether; and the so-called “Sea” quarks which are virtual quark-antiquark pairs 

generated by the interaction of the gluons and the valence quarks. This multitude 

of constituents (partons) within the proton share the proton’s energy. 

A proton-proton collision is like two bags, each containing many constituents, 

hurtling at each other. The hard collisions, the ones that lead to the production 

of large msss phenomena, are collisions of one of the constituents in one of the 

bags with a constituent in the other bag. These hard collisions are relatively 

improbable, and when they occur tend to produce final state particles with large 

transverse momentum and leave behind a collection of excited debris in the bags. 

The individual partons tend to have low energy fractions and so the center of 

mass energy in the parton-parton collision is, on the average, much smaller than 

the center of mass energy of the proton-proton system. 

Figure 1 shows the momentum distribution within the proton of the valence 

quarks, the Sea quarks and the gluons. r The quantity I is the fraction of the 

proton momentum carried by a given constituent. The momentum distribu- 

tion is itself a function of the momentum transfer in the hard collision of the 

constituents. For example, the valence quark momentum distribution is shown 

schematically at several momentum transfers in Fig. 2. The higher the momen- 

tum transfer the smaller is the average fraction of the momentum of the proton 

carried by a particular constituent. 

What all of this means is that while the total cross section for a proton-proton 

collision is very large, the partial cross section for the interesting hard collisions 

is very small and depends strongly on the mass of the final state produced. The 

cross section for the production of some final state with a mass A4 plus the excited 

I 

0 0.2 0.4 0.6 0.8 1.0 
3-(15 II 5clc.7A6 

Fig. 1. The gluon, valence quark, and Sea quark distributions at a momentum 
transfer of 10 GeV2 from Ref. 1. 
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Fig. 2. The evolution of the valence quark distribution as Qz increases. At higher 
QZ the distribution becomes more peaked and is shifted to lower z. 

proton fragments X  has an energy and ms& dependence given by 

o(M+X)+ f $$ 
( > (1) 

where E’ is the center of msss energy of the proton-proton system. An exampk 

of the energy and mass dependence of the cross section is given in Fig. 3. It shows 

the cross se&ion for the production of a Eggs boson as a function of Hi mass 

for various proton-proton center of mass energies. Thii cross section decreases 

rapidly with increasing mass at a fixed center of mass energy and decresses 

rapidly with de-creasing center of mass energy at a Sxed boson mass. 

One can do this kind of analysis for any process one cares to study, and from 

this kind of analysis can define the ‘discovery limit” of a given machine. Thii 

discovery liiit relates the msss of the phenomena that can be studied to both 

the center of mass energy and the luminosity of a proton-proton collider. The 

SSC, for example, now in the preliminary design phase, has a design center of 

mass energy of 40 TeV and a luminosity of 10m cm-s s-r. I liit in the table 

below the upper limit on the mass detectable in various kin& of phenomenon 

where thii upper limit is set at that mass that results in a handful of events in a 

running year. 

Final State Mass Limit (TeV) 

Jet pairs 

lepton pairs 

W ’ 

2’ 

5-T 

ii 

00 
If 

8.0 

IO.4 

3.6 
1 
1.6 

3.2 
!. -4.8 

4.8 

1.0 

Mean Limit 3.0 
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qq fusion 

0.2 0.6 1.0 1.4 1.8 
a-B(L MASS (TeVk2) 508717 

Fig. 3. The total cross section for Biggs boson production by quark-antiquark 
fusion in proton-proton colliiions as a function of Higgs boson msss for various 
center of mass energies from Ref. 1. 

The SSC thus has a discovery limit that depends on the process studied and 

ranges from 0.4 TeV for new lepton pa&, to 8 TeV for jet pair formation. A 

crude mean for the msss reach of the SSC is about 3 TeV. However, it should be 

noted that because of the energy and mass dependence of the crces section for 

a given process (Eq. (l)), the SSC is a ‘“discovery machine” at this TeV msss 

region, and is a precision machine giving:very high event ratea at a few hundred 

GeV msss. 

We now have to look at the requirements for a proton machine going beyond 

the SSC. Suppose we want to move up a decade in mass. To move the “discovery” 

limit up by a factor of ten we have to increase the energy or the luminosity or 

both. Equation (1) shows that raising the center of mass proton-proton collision 

energy by a factor of ten and the luminosity by a factor of a hundred over those 

of the SSC moves thii discovery limit up by the required factor of ten. Can one 

build such a machine using storage ring technology, and could one use such a 

machine if one could build it? I think the answer is no in both casw. 

An obvious problem with the machine will be the luminosity lifetime. Par- 

ticles will be lost from the circulating beams by proton-proton interactions at 

the collision point. This is already a significant problem at the SSC, where the 

luminosity lifetime for the presently favored design is about u) hours. In our 

super SSC with an energy ten times higher than the SSC, we would probably get 

our luminosity up by a factor of a hundred by increasing the number of bunches 

circulating in the mwhine by a factor of ten, and getting the other factor of 

ten from the decreased size of the colliding b?nches resulting from the adiabatic 

damping that occurs in acceleration to the higher energy. If one gets th;e luminos- 

ity up in this fashion and adds in the increas; of the total cross section expected 

from the incresse in the center of mass energy, the luminosity lifetime goes down 

by a factor of fifteen from the SSC value to roughly 1.5 hours. Thii is probably 

too short a lifetime to allow for injection and ramping up to energy in a storage 

ring d&n. 
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As far as the experimental detectors are concerned, the problems are proba- 

bly overwhelm $1 g. There are approximately 100 proton-proton interactions per 

beam-beam collision, and I don’t believe that you can make detection apparatus 

to stand that kind of rate. There are some who argue now that the l@ luminos- 

ity of the SSC will be very hard to use with %eal world” detectors; and I doubt 

that anyone can demonstrate a usable detector technology at 10”. 

B. ELECTRON-POSITRON MACHINES 

In contrast to protons, from what we know now electrons and positrons are 

elementary particles. There are no Ypartons” to share the momentum of the 

primary electron and proton and thus reduce the effective collision energy. The 

energy you build ia what you get. However, cross sections for particular processes 

are small and thus large luminosities are required. The cross section for a given 

process is given by 

0; s3 lo-s’E*-‘& (cm*) (2) 

where ET is in TeV and & is the ratio of the cross section for process i divided by 

the cross section for mu pair production through the electromagnetic interaction 

only. Some typical values of R+ are listed in the table below. 

Final State R 

)r+p- 1.2 

99 (chwe 5) 2.0 

00 (thaw )I 1.2 

w+w- 25 

z”zo 25 

z”7 25 

ZOH 0.2 

Z’ 1000 

FT 7 

y”iG 0.6 

We can define “discovery” limits for the electron-positron mscchmes, too. I 

will set the required yield as 100 events per 10’ seconds. The table below gives 

the center of mass energy at which one would get 100 events in an integrated 

luminosity of 1O’O cm-r s-l. , 

Channel E’ (TeV) at L = lp 

QO (chwce $1 4.5 

Jet-Jet (old quarks) 10.0 

2061 1.4 

E+F- 4.5 

SE 2.5 

As in the case of the proton machines, one spans quite a range of mssses 

as one looks at different processes. Here an integrated luminosity of 1O’O is 

enough to study jet-jet phenomena up to 10 TeV msss or to study Z” plus Higgs 

production to 1.4 TeV msss. I will interpret this table as implying that very 

roughly a machine with 3 TeV in the center of msss requires a luminosity of 10ss. 

The luminosity required for machine of other energies is given by 

L = 1033 T 
( > 

a 
cm-’ 6-l (3) 

where the center of mass energy E’ is in units of TeV. 

There are background processes in electron-positron colliiions which will 

eventually give multiple events per beam crossink for sufficiently high luminosity. 

The dominant background is the s-called two photon process. IIowever,‘the to 

tal cross section for this process is much smallerithan the background generating 

cross section in proton-proton collisions and there is no problem with the two 

photon process until luminosities are much higher than 10s’ cm-r s-r. 
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C. A QUICK SUMMARY OF PROTON AND ELECTRON COLLIDERS 

For proton I colliders: 

1. The effective center of mess energy is much lower than the proton-proton 

center of ma68 energy. 

2. Cross sections are proportional to it4-zf(@/E*z) 

3. The SSC has an effective discovery limit of 3 TeV if its luminosity is lUss 

cm-l s-r. To go to higher energy, the energy, the luminosity or both have 

to be increased. 

4. If the luminosity is held fixed, the machine energy must be scaled roughly 

as the square of the mass limit. 

For electron-positron colliders: 

1. The energy built is what you get. 

2. The cross section is proportional to E’-‘. 

3: The luminosity required is proportional to the square of the cm energy and 

is roughly given by 

I: = 10” (E’(y))’ 

4. Background is not a problem until the luminosities are much larger than 

l@ cm-l s-r. 

3. The Basic Design of High prgy Linear Electron Colliders 

The technique in use up to now for electron-positron colliders is that of the 

colliding beam storage ring. This technology is well understood and is being used 

to construct the 27 km. circumference’LEP storage ring at CERN. However, the 

cost of storage rings at fixed luminosity scales as the square of the center of mass 

energy and so runs into “fiscal feasibility” problems at energies much higher than 

LEP’s. A technique with different scaling laws is required and I believe that that 

technique is the linear collider. 

The basic design of high energy linear colliders is much more complicated 

than that of high energy electron storage rings. in colliding beam storage rings 

the technology is well known and the limits on performance are well understood. 

It is possible to write a few simple equations that define the parameters of an 

optimized storage ring and determine its costs for any choice of energy and lu- 

minosity. However, linear electron colliders are new and we are still learning 

to understand them. in this section I will,summarize some of the basic design 

equations and constraints and give a few examples of parameters for very high 

energy machines. My aim is to introduce some realism into the discussion of new 

technologies for acceleration. 

The beam-beam interaction can be much stronger in a linear collider than 

in a storage ring. In an electron-positron collider the collective fields of one 

beam will focus a single particle in the other beam, as illustrated in Fig. 4. 

The strength of the interaction is measured by a dimensionless parameter D (the 

disruption parameter) which is the ratio 04 the bunch length to the focal length 

of an equivalent lens. For round tri-Gaussian beams D is given by : 

where the bunch has a longitudinal standard deviation o,, a radial standard 
. . devratron a,,, a number of particles N and an energy 7 in rest mass units; re 
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Fig. 4. The effect on a particle in one beam of the macroscopic fields from all of 
the particles in the other beam in a linear collider. 

is the clsesicaf electron radius; and F is thy small amplitude focal length of an 

equivalent thin lens. The effective fields in a linear collider tend to be very large 

and the focal lengths tend to be rmalI. For aample, in the SLC project now 

under construction at SLAC, the fields are on the order of megagauss, F b on 

the order of millimeters, and D b about on,‘. 

The luminosity equation of a linear collider is given by 

e - N’f 1 = N’f a 
4r 4 ( > rmr;* 

where the charge in the two bunches is assumed equal, f is the colliiion frequency, 

0,. is the radial standard deviation of the charge diitribution before the colliiion, 

and If is an enhancement factor which measuree the effect of the beam-beam 

interaction on the transverse dimension of the beama during the colliiion. The 

beam-beam interaction in linear colliders can be no strong that a kind of mu- 

tual pinch occurs, reducing the radius of both beams during the colliiion period 

and hence enhancing the luminosity. The enhancement factor E has been cafcu- 

lated by means of a computer simulation by Hollebeek.’ Hi reeults for a round 

Gaussian beam are shown in Fii. 6, where E is by definition 1 at small vahrea 

of the disruption parameter and rises to an asymptotic value of around six for 

disruption parameters greater than two. 

The large effective fields in the collision region can generate very intense syn- 

chrotron radiation. At high luminosity the rynchrotron radiation, called “beam- 

strahhmg”, dominates the energy spread in the beams. Classically, the syn- 

chrotron radiation spectrum is a universal function of the photon energy divided 

by a parameter E, called the critical energy. 
I 

In this equation h is Planck’s constant, c is the velocity of light, -y is the energy 

in rest mass units, and p is the bending radius of the particle in the field of 
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Fig. 5. The luminosity enhancement factor, H, as is a function of the disruption 
parameter, D. 

the other beam. Classically, if the be’amstrahlung photon energy is measured in 

units of the critical energy, the spectrum is like that shown by the heavy line in 

Fig. 6, rising to a maximum at x = 1 and decreasing exponentially for x > 1. 

This classical spectrum is good as long as the beam energy divided by the critical 

energy is much greater than one. : 

What happens in the case where the beam energy divided by the critical 

energy is less than l? Clearly we can’t have the classical spectrum, for energy 

conservation would be violated. R. Noble,3 and T. Himel and J. Siegrist’ have 

worked out this problem and the results are shown by the dashed line in Fig. 6. 

If effect, the beamstrahlung spectrum follows the classical spectrum up to z = 

Eb/Ec and then drops rapidly to zero. In this case, less beamstrahlung is emitted 

than the classical equations imply. 

The ratio of beam energy to critical energy for a uniform cylindrical beam is 

given by 

Eb DffP -= 
EC Z&C~~~(TL)~ 

(8) 

where P is the power in one beam and r is the luminosity. A useful rough 

approximation for a Gaussian beam is 

~~33104-- 
tDP 

EC EL31a 

where P is measured in megawatts, E is in TeV, and L is in units of 10ss cm-” s-r. 

It turns out that all low energy machines like the SLC are in the classical 

regime and all interesting very high ener 
P 

machines are in the quantum me- 

chanical regime. For the SLC, Es/& is about 100 and safely classical. A high 

energy machine which might be of interest could have a beam energy of 1.5 TeV, 

a luminosity of 10ss, a frequency of 1,000 hertz, a disruption parameter of one, 

and a beam power of 1 megawatt. Such a machine would have &,/EC of 0.06 and 

would be very definitely in the quantum mechanical regime. 
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Fig. 6. A schematic of the synchrotron radiation spectrum in the classical and 
quantum mechanical limits. 

The fractional energy loss 6 of a particle in one beam in passing through the 

other beam is given by 

A parameter of importance for the high energy physics experiments to be done 

with the machine is the center of mass energy spread which is given by 

For most experiments, it is desirable that 6 be less than about 0.35, or o~,,+ess 

than about 10%. This is all very new, and hence I would not be surprised if I 

had lost a factor of two here or there in the above equations. I hope I have not 

lost too many of them. 

In specifying what happens at the collision point in a linear collider, there 

are nine parameters to be related by four equations. The parameters are energy, 

luminosity, energy spread at the collision point, disruption parameters, beam 

power, beam radius at the collision point, bunch length, collision frequency, and 

number of particles per bunch. Three of the equations (luminosity, disruption 

parameter and energy spread) are given above.’ The fourth is an almost triv- 

ial relation between beam power, number of particles per bunch and repetition 

frequency. 

What does all this mean for very high ener& machines? I cannot claim to 

have fully digested the implications of the quantum mechanical beam&r&lung 

regime on machine design. Rather than trying to develop an optimized set of 

parameters, I will give several sets of consistent parameters for a machine of 

sufficiently high energy and luminosity to be interesting. I will take a center 
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of mass enerb of 10 TeV; a luminosity of 10s4 cm’-* s-r; an interaction region 

p function of 1 millimeter (though I have no idea if the magnets can be made 

strong enough to realize such a small beta); a disruption parameter of 0.1, which 

implies a H of 1; and a center of mass energy spread of about 10%. Three sets 

of consistent parameters are given in the table below. In the table r~ is the 

invariant emittance defined as 7uzu,r. 

Consistent Non-Optimized Sets of Parameters 

P WW) 1 3 10 

f(HZ) 3009 9000 30,000 

u,.(microns) 6.4 x lo- I 41 31 1.1 x lo- 2.0 x lo- 31 

In all of the cases, the energy delivered to the collision region per bunch of 

electrons or positrons is constant. As the total power in the beam increases, the 

invariant emittance, and hence the radius at the collision point also increases. In 

all of these cases the invariant emittance is considerably smaller than that of the 

SLC and the beam radii are tiny indeed. 

I emphasize again that these parameter sets are not meant to be taken as 

optimized sets-they are only consistent sets. It will take much more work to 

arrive at an optimized set of realizable parameters and that work will probably 

have to include development of advanced technology to make possible working 

with extremely small beams. 

4. Chdlusions 

My conclusions are relatively simple, but represent a considerable challenge 

to the machine builder. , 

High luminosity is essential. We may in the future discover some new kind of 

high cross section physics, but all we know now indicates that the luminosity has 

to increase as the square of the center of mass energy. A reasonable luminosity 

to scale from for electron machines would be l@ cm-s s-r at a center of mass 

energy of 3 TeV. 

The required emittances in very high energy machines are small. It will 

be a real challenge to produce these small emittances and to maintain them 

during acceleration. The small emittances probably make acceleration by laser 

techniques easier, if such techniques will be practical at all. 

The beam spot sizes are very small indeed. It will be a challenge to design 

beam transport systems with the necessary freedom from aberration required for 

these small spot sizes. It would of course help if the beta functions at the collision 

points could be reduced. 

Beam power will be largeto paraphrase the old saying, “power is money”- 

and efficient acceleration systems will be required. 
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BUILDING BLOCKS 
FOR e+ LINEAR COLLIDERS 1. Introduction 

In the series‘of reviews devoted to the future of e* linear colliders in these 

proceedings,’ this article focuses on the design of a machine with a center of mass 

energy of 1 TeV which uses conventional technology. By conventional technology 

here is meant that the process of acceleration is achieved as is usual in common 

electron linear accelerators, namely that the electron and positron bunches receive 

their energy from RF fields stored in copper structures at room temperatures. 

The RF power is generated by a separate self-contained device such as a klystron 

or other microwave tube. This process contrasts with more futuristic schemes 

described in the other articles which use wake fields, plasmas and/or lasers. The 

1 TeV c.m. energy (ten times that of the SLC) was chosen because it falls into 

an intermediate range where, as will be seen, the conventional techniques can 

conceivably still be used although they must be “stretched” to their capacity, 

but above which different regimes are entered and new approaches are clearly 

required. 

The chain building blocks of a “generic” e* linear collider are shown in 

Fig. l(b), side-by-side with the SLC [Fig. l(a)]. As is seen, the two machines 

contain all the same basic elements. The only fundamental difference is that in 

the SLC, one linac is used for both beams, and their energy is sufficiently low 

that it is possible within the available real estate to bend them around separate 

arcs to their final interaction point. At 50 GeV, the energy lost to synchrotron 

radiation in these arcs is about 1.5 GeV/beam. In the “generic” collider, all the 

building blocks are laid out along a straight line. ‘Damping* systems to pro 

duce the appropriate small emittances are assumed for both beams before they 

are launched into the main linacs. Note that it may be possible in the future 

to design an electron gun and injector capable of producing a beam with a low 

enough emittance that the electron ‘damping” system would not be necessary or 

at least could be much simpler than the positron ‘damping” system. The latter, 

on the other hand, is likely to be quite complicated and costly. 
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Figure 1. Building blocks for e* linear colliders: 
collider. 
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Possible layouts of the beam switchyards, final foci and interaction points 

are shown In Fig. 2. Three alternates are presented. It may seem premature to 

consider theee details at such an early stage except for the fact that the layout 

of the interaction points and the method of acceleration and beam dynamics 

in the machines strongly affect each other. Figure 2(a) illustrates a scheme 

where two trains of bunches of equal energies meet head-on at one interaction 

point. In this scheme it is possible to switch the beams from one interaction 

point to another, thereby doing experiments in separate detectors on a time- 

multiplexed basis. Thii system, however, can work only if all the bunches in 

each train have the same energy. As will be seen later, this is only possible 

if the linac structure is replenished with energy at the same rate as successive 

bunches deplete it. Alternatively, in Fig. 2(b) it is assumed that the bunches in 

the trains have an energy difference such that the banks of DC magnets in the 

beam switchyards can deflect them exactly into separate parallel channels, final 

foci and interaction points. Finally, Fig. 2(c) shows a serial array of interaction 

points where, depending on the firing time of the respective injectors, the bunches 

in each train can meet at a uniquely, pm-determined point. This scheme has the 

advantage of not requiring any major bending of the beams (except perhaps if 

there are chromatic correctors in the final foci) and thus being fairly energy 

independent. On the other hand, it is less Bexible because it does not allow quick 

switching of the beams between interaction points, or doing set-up work in one 

of them while the beams are interacting in another. 

I. 

BEAM 
FINAL FOCI (FF) 

POSSIBLE ILAYOUTS FOR THE 
SW ITCHYARDS (BSY), 
ANb INTERACTION POINTS(IP) 

(a) DC or Slowly 
Pulsed IP 

DC or Slowly 
Pulsed 

(b) DC Mognels DC Mognets 

(cl DC Magnets DC Mognets 

e+ - - l . . n  . . . n, t-l - -em 

- FF u U’ u FF u 
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12-85 
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Figure 2. Possible layouts for the beam switchyards, final foci and interaction 
points in a high energy e l linear collider: (a) train of bunches of equal energies 
directed to one of several parallel interaction points; (b) train of bunches of dif- 
ferent energies directed to several parallel interaction points; (c) train of bunches 
of similar energies directed to one of several interaction points in series. 
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2. Beam Related Parameters Classical beam&&lung parameter 

The design of L&n e* linear collider of a given energy and luminosity is a highly 

iterative process in which a very large number of interdependent parameters must 

be selected.‘*s The process involvesa balancing act between what seems physically 

possible, technically reasonable and fiscally affordable. Even though the major 

parameters from the injectors to the final interaction point(s) are interdependent, 

we will try here to arrive at an overall design by dividing these parameters into 

those related specifically to the beams and those related to the linacs. The former 

are considered in thii section, the latter will be discussed in the next. 

As shown in Ref. 2, it is possible to affect certain key beam parameters such 

as the disruption parameter D and the beamstrahlung parameter 6 by choosing 

tri-Gaussian bunches in which the transverse dimensions o, and us are not equal, 

i.e., the beam cross sections are not round. Certain advantages can be achieved 

as one departs from round beams. However, thii choice also leads to consider- 

able complications, both computational and practical. For thii resson, in the 

discussion below, only round beams (cr. = us = u,) will be considered. Note that 

the choice of the third dimension, o #, is probably one of the most crucial ones 

because it links the beam parameters with the linac parameters: indeed, or is 

on the one hand involved in the expressions for D and 6, and on the other hand 

places a lower liiit on the RF wavelength that can be used. 

The key beam parameters are given by the following expressions: 

Luminosity 

L=fb$?(D)=If$&B(D) . 
r 

Disruption parameter 

(1) 

(2) 

JCL = o’2; z*;;72 H(D) , * 
, 

Beam power for both beams 

(3) 

~PB = 2/b N7 we’ . (4) 

In these expressions,2 the transverse dimension of the beam, or, is related to 

the invariant emittance ca and the beam envelope parameter p at the interaction 

point by the relation 

cl&B 
( > 

v2 
u,= - 

7 
(5) 

The factor R(D) is the luminosity enhancement function due to the pinch 

effect, N is the number of particles per bunch, r, is the classical radius of the 

electron (8.85 x lo-r5 m), f is the repetition frequency, b is the number of bunches 

per RF pulse, and 3 is the focal length of the lens produced by a bunch for a 

particle near the axis in the opposing bunch. 

The first column of Table 1 gives the approximate beam parameters for the 

SLC. The luminosity CD&? is the desired Iuminosity that b dictated by the 

needs of experimental physics. At the bottom of the column is shown LAG, the 

luminosity that results from substituting the relevant parameters into Eq. (1). 

The luminosity desired for a 1 TeV c.m. c* collidr must be at kast two orders 

of magnitude higher, i.e. m  2 x Id2 cm-2s-1 because the cross sections of the 

physical phenomena of interest fall off M  the squy of the energy. We see then 

that if we do not make any excursions away from the SLC except to increase 

the number b of bunches by a factor of 10 (see 6rst 1 TeV column), the beam 

power increases by 100. Since the linac RF and AC power must inevitably grow 

accordingly, this is an undesirable choice. The parameters shown in the second 

, 
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coluBln 
“1 

based on reductions of the invariant emittance by a factor of 3, of the 

number of particlea N by a factor of 2 and of the repetition rate f by 2/3. The 

enhancement factor H(D) ia iucd by a factor of 2. None of these changes 

are drastic, yeA they reduce the beam power by a factor of 3. The beamstrahlung 

parameter, 6 = 0.13, is still acceptable and remains in the classical regime. Note 

that the beam radius at the interaction point, u,, has been decreased by a factor 

of 5 because of the higher energy and the reduced emittance, but not because of 

any assume-d reduction of p. 

Table 1. Beam Related Parameters Round Beams 

SLC 1 TeV (c.m.) 

Km. VW 2x50 2x500 

tDEs (cm-’ =-‘) -2x10= -2x1@ 

J I 
N(c*)/bunch 5 x 10’0 5 x 10’0 2.5 x 1O'O 

f(PP4 180 180 120 

b (bunches/pulse) 1 10 10 

B’ (cm) 0.15 0.75 0.75 

t,=7t(fn0c-m) 3 x 10-s 3 x 10-s 1 x 10-s 

u, = y l/2 (pl) 
( > 

1.5 

us (-4 1 1 1 

H(D) - 1.5 - 1.5 -3 

LAcr 2.4 x lO= 2.4 x 10s2 2.4 x 10s2 

2PB = 2fbNE 144 kW 14.4 MW 4.8 MW 

JCL 0.8 x lO-s 0.8 x 10-l 0.13 

It could be argued that one woulq obtain a more -daring” design if instead 

of reducing the invariant emittance by.a factor of 3, one were to decrease it by a 

whole order of magnitude, or even more. s Thii, however, will not be attempted 

here. 

3. Linac Related Parameters 

We will now discuss the main issues involved in the design of the linacs. 

These include the gradient and resulting energy stored, the type of accelerating 

structure, structure efficiency, peak power, pulse length, frequency dependence, 

types of RF sources, energy compression, system efficiency, wake fields, mergy 

spread, focusing, alignment tolerances, Landau damping, bunch trains and overall 

design options. 

3.1 AccmzRATrn~ GRADIENT AND ENERGY STORED 

Let us begin, perhaps somewhat arbitrarily, with the choice of the accelerating 

gradient G. This choice is crucial because, for a given desired e* energy, the 

gradient determines the length L of the machine. From the usual definitions of 

shunt impedance per unit length r and Q of the accelerating structure’ we know 

that 

where w is the radial frequency and W is the energy stored per unit length. The 

quantity wr/4Q which scales as w2 is often &Ad kt, where the subscript denoted 

the fundamental space harmonic of the periodic structure which propagated at 
the velocity of light in synchronism with tde particles.’ 
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I. 

From these expreesions we see that the total energy stored per lmsc before 

the beam is injqted is given by 

WL-C’L-EC 
4kl 4kl 

where w and c are average values of the stored energy per unit length and 

gradient, respectively. Equation (7) shows that for a given particle energy E, the 

total stored energy scales as d. Getting thii energy to be stored in the structure 

requires a given filling time during which RF losses inevitably take place in the 

copper walls. These losses as well as the losses incurred in generating the RF 

from AC power must be added to the total energy budget. Thus there is a double 

incentive to minimize w L and maximize all the conversion efficienciea’b 

There is, however, a lower limit to the energy that must be stored in the 

accelerator, which is determined by the energy that the beam can remove from 

it. If these two quantities were equal, the last electron accelerated in a bunch 

or bunch train would acquire eero energy. We will see later that in order to get 

a bunch train of reasonably uniform energy, the energy removed by the beam 

should be on the order of 10% of the stored energy. 

Reference 2 contains a discussion on the physical limitations of accelerating 

gradients. The main points are summarized in Fig. 3. An experiment with a short 

standing-wave structure has been done at SLAC” at X  = 10.5 cm (2856 MHz) 

which gave a limit of about 150 MV/m accelerating field and over 300 MV/m 

peak surface field on the copper disks. At this level, there wss a large amount 

of field emitted current inside the structure, and x-ray radiation surrounding it 

(close to a Megarad/hr average on the side of the accelerator at 120 pps and 

2.5 pee RF pulse length). Work is presently being planned at other frequencies 

(C and X-band) to determine if the predicted w’/* dependence shown in Fig. 3 

is correct. In any case, it is certainly desirable to stay below these limits for 

reliable operation of an accelerator. The consequences of choosing a particular 

gradient will become apparent later by illustration of several examples. 

30 

p 0.3 
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0.03 L ’ ’ 1 1 I I I I I 
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I 

Figure 3. Limiting accelerating gradient as qfunction of RF wavelength. 
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3.2 TRjVELlNG-WAVE VERSUS STANDING-WAVE STRUCTURES 
1 

when r small 

There are basically two types of accelerator structures: traveling-wave 

(TW) and standing-wave (SW).’ The choice between them is not clear. The 

TW structure has the advantage that it delivers a constant mAoad accelerating 

voltage after one filling time and that it doea not produce any reflections back 

towards the klystron, but it requires an extra output load to absorb the left-over 

power. In contrast, the S W  structure does not require any output load but it 

doea present reflections to the klystron while it is filling. The reflections can be 

made to cancel if the klystron feeds two sections in parallel whose inputs are 90 

electrical degrees apart, but then a 3 db hybrid with a load in the fourth arm 

is needed as a power splitter. The S W  structure approaches its final accelerat- 

ing voltage asymptotically if a constant input power is applied. For practical 

purposes it reaches 99% of its final voltage in about five filling times. 

Most of the other similarities and differences can best be understood by taking 

a section of length I! and by comparing the expressions giving the attainable 

voltage V, the energy Pt supplied to the input of the section by a peak power P  

during a pulse of length t, the energy I+‘, stored in the section, and the structure 

efficiency, ~ST, defined here as the ratio of energy stored to energy supplied. 

In the case of the TW structure, sections can be of the uniform (or constant 

impedance) type in which the field decays exponentially with length, or of the 

constant gradient (linearly decreasing group velocity) type in which the field 

remains constant as a function of length.’ The key expressions are given below. 

T W, Constant Impedance: 

v = kfz (2+/2 (prQ’/2 (8) 

(94 

(114 

+(1--r) when r small W) 

(‘4 

00) 

TW, Constant Gradient: 

v = (I- 4’2 (P4’I 

ptF= (&) $ 
V2 

+ (1+ 4 W ’L 
u 

w,=s , 
u 

(12) 

(13d 

when r small 034 

04) 

1 - @ r 
r)ST = 7 

+ (1 - r) 

05a) 
I 

whqn r small W) 

In these expressions r is the attenuationpf the section (wC/2upQ) and tp is 

the filling time (2Qr/w) after which steady state is reached and the beam can be 

injected. We will see later that when a bunch train is used, one can inject the first 

bunch before the section is entirely filled: in such a way that the incremental 

energy stored during bunches n and n + 1 is equal to the energy removed by 

bunch n. If this compensation can be made exact, all bunches in the train then 
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acquire the sam 
1 

energy, as assumed in Fig. 2(a). A similar idea can be used for 

SW structures. Both are illustrated later in Fig. 12. 

Note that the expressions for ng~ in Eqs. (11) and (15) are identical. The 

definition for the structure efficiency chosen in Refs. 2 and 7 ]V2(0)/V2(r)] gives 

a slightly different expression for the constant impedance case [((l - e+)/r)‘] 

but the same as (15) for the constant gradient case. The numerical results in the 

range of interest for r are the same within a few percent. 

Traveling-wavestructures are generally built with cavities of length X/4 or 

A/3 (s/2 or 2x/3 phase shit per period) around which the shunt impedance 

has a broad maximum. To give an idea of the orders of magnitude involved, in 

the middle of the SLAC con&e&gradient disk-loaded structure the quantities of 

interest have the following values: 

Frequency F = 2856MFiz 

Phase shift per period 4 = 2r/3 

Cavity diameter 2b = 8.27 cm 

Iris diameter 2a = 2.34 cm 

Disk thickness t = 0.58 cm 

Normalized group velocity us/e = 0.0134 

Shunt impedance r = 57 Mn/m 

c&l = 13,700 

r/Q = 416Ofl/m 

kl = 18.6 x 10” V/C-m 

The integrated value of r for a length f = 3.05 m of 85 cavities is 0.57 and 

the filling time is 0.83 pet. At a given frequency, u,/c varies roughly as (a/b)‘, 

r as - (a/b)-‘/’ and kl as - (a/b)-l. 

Standing-wavestructures are generally built with a sero group velocity and s- 

phase shift per cavity, or preferably with a high group velocity (5 to 15% of e) and 

a rr/2phase shift per cavity, except that every second cavity has no interaction or 

very little interaction with the beam (by bqing either off-& or very short, and 

unexcited). The hiih group velocity means that the power travela very rapidly 

and with very little loss through the structure so that the fields build up equally 

and almost simultaneously in all the excited cavities. The build-up takes place 

through rapid multiple reflections back and forth, and one defines a 6llii time 

t,? M: 

where Qe is the unloaded Q of the stracture, QL is the loaded Q [go/(1 + @)I 

and B is the coupling coefficient of the structure to the input waveguide, defined 

M 

8= 
Power emitted through the coupling hole 

Power lost to the walls of the chructure . (17) 

The attainable voltage for the SW stracture then is: 

v = 1 _ ,-(r/b) 2f11’2 
( > 

I+B (PrL)‘l’ . 

The energy Pt needed to reach the voltage V can be nhown to be miniid’ 

when t = 1.257 tF in which case 

then 

and 

Pt = 1.228(1+ ;, -$ ) 
u 
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Comparing expressions (Qb), (12b) and (19) as well ss (lib), (15b) and (21b), 

we see that t 
t 

ere is a one-to-one correspondence between I (when r small) and i 

(when fl large): in the TW cases, the attenuation is low, the group velocity is 

high and the power propagates rapidly through the section with little loss; in the 

SW case, the section is 8over-coupled” and the fields build up rapidly to their 

final value although this value is not as high as it would be if fl were equal to 1 

(“critical coupling”). E&cause of the mis-match, 22.8% of the energy is reflected 

at the input and never gets into the section. One might conclude from this that 

the TW structures are inherently better than the SW ones. However, it turns out 

that the values of r and r/Q can be made 25 to 40% higher (r N 80 Mn/m and 

r/Q m 5500 n/m) for the SW structures by using irises with a smaller diameter 

(2a) and nose cones which improve the transit time factor through the cavities. 

As a result, it is not clear at this time whether TW or SW structures are better 

suited for future linear colliders. The choice may be influenced more by other 

issues such sz ease and cost of fabrication. 

3.3, STRUCTURE EFFICIENCY, PEAK POWER, PULSE LENGTH AND 
FREQUENCY DEPENDENCE 

Figure 4 shows the structure efficiency and normalized peak power per unit 

length ss a function of r for the constant gradient case. The structure efficiency, 

qs~, is given by Eq. (15s) and the normal&d power, (P/l)/(@/r) which is equal 

to (1 - e-z’)-r, is obtained from Eq. (12). It is seen that there is a trade-off 

between the two quantities: for large r, the required peak power per unit length 

to obtain a given gradient is comparatively small but the structure efficiency is 

poor, and vice-versa for small r. A small value of r [r = (wL)/(2u,,Q)J arising 

from a larger group velocity implies that the pulse from the RF source can be 

short but its peak power must be large for a given desired energy stored and 

voltage gain. The value of r = 0.57 chosen for the SLAC structure is actually 

a reasonable compromise: it gives a structure efficieniy of about 59% and a 

normalized peak power per unit length of 1.47. 
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Figure 4. Structure efficiency and normalized peak power ss a function of 
attenuation parameter r for constant gradibnt structures (note SLAC case for 
r = 0.57). 
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Let us now examine the frequency dependence of these quantities. If we 

assume constan 
tl 

T, up and G, the following scaling rules apply: 

r u wvz 

Q w ,-liz 

.+ 

kl -c&J2 

w-w-’ 

tp m “-sP 

c - w-w 

P/section -w-r 

P/meter - w -1p 

WI 

Note that whereas the peak power per section of length C and attenuation r 

decreases as w- ), the peak power per unit length decreases only as w-riz. 

From all the above expressions, we can obtain the peak power and filling 

time as a function of frequency or wavelength. Thii has been done’ for a typical 

disk-loaded structure (r = 0.5) at several values of the gradient G, and the 

results are shown in Fig. 5. The points indicated as 0 through 5 represent the 

cases which will be used later ss examples in Table 2. Perhaps the most crucial 

observation to be made from this figure is that for linacs of reasonable total length 

and thus of relatively high gradient, the peak powers required per meter will be 

in the several hundreds of megawatts unless one can go to frequencies at least 

an order of magnitude higher than SLAC. Filling times would then come down 

by a factor of 30: this is good from the point of view of energy conservation 
but would require new approaches to the problem of generating the increasingly 

high voltages necessary to pulse the RF sources and avoiding inefficiencies during 

the inevitable rise and fall times of the pulses. Also, the trend towards higher 

frequencies would lead to much shorter and more numerous a&elerator sections 

and thus to a much greater number of feeds, power splitters, couplers and loads. 

I 0 
I IO loo 

6.05 WAVELENGTH hrn) 1142A2 

1 

Figure 6. Peak power per meter and filling tie as a function of wavelength 
for various values of accelerating gradient for a~typical disk-loaded stmcture 
(r = 0.5). The numbered points indicated in the figure refer roughly to the peak 
powers per meter for the examples in Table 2 (r = 0.57). The difference between 
the two values of r is neglected here. 
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3.4 HIGH POWER SOURCES, PULSE COMPREWON AND OVERALL 

SY&M EFFICIENCIB 

How is high power at microwave frequencies generated and what sources are 

available? At the present time, all high microwave power is produced in vacuum 

tubes by an electron beam of high kinetic energy formed and bunched in such 

a way that it interacts with and amplifies electromagnetic fields at the cost of 

its own original energy. The tubes differ fundamentally only in the method of 

beam bunching and cavity interaction, either longitudinal (klystrons) or trans- 

verse (gyroklystrons and free electron lasers). 

Up to the present, all high-energy linacs have used high power klystrons, some 

at Gband (around 1200 MHz), most of them at S-band (around 3000 MHz). The 

klystrons with the highest peak power output at Sband are built and used at 

SLAC? (Model XR-5 with 36 MW peak and 36 LW average, and the more recent 

‘SLC” klystron with up to 65 MW peak and 45 kW average, with efficiencies 

between 40 and 50%). Higher peak power sources with adequate average power 

and pulse length are only now appearing on the scene, mostly on an experimental 

or early developmental basis. Four examples are shown in Fig. 6. The first is 

a 150 MW klystron (1 pet, 2856 MHz) of which two prototypes were recently 

built at SLAC within the framework of a US/Japan Collaboration.9 The second 

is a socalled laser klystron or “lasertron,” also under design and construction 

at SLAC.rO The first model, if successful, should produce about 30 MW of peak 

power for 1 pet pulses at 2856 MHz. The appeal of the lasertron is its predicted 

high efficiency: indeed, whereas in a regular klystron the longitudinally bunched 

electron beam which produces the RF energy is formed by velocity modulation 

and progressive interaction with several RF cavities, in the lasertron the bunch- 

ing is produced at the cathode by the impinging RF modulated laser. Efficiencies 

in excess of 70% are expected in the process. Another advantage of the lssertron 

is that the pulsed modulator to produce the beam for a regular klystron can 

hopefully be replaced by a much simpler high voltage DC power supply. These 

SCHEMATICd OF EXPERIMENTAL 
HIGH POW.ER RF SOURCES 

Longitudindly 
Bunched Beam 

H.V.Pulsa ’ 
RF In 

(b) II 

(c) 

H.V. Puts 

Gyroklystrcn-~ 
30 MW pk 
I ps. IO Gliz 
Under Conslruct~on 
(Umvsrsity of Morylo 

Figure 6. Schematics of experimental high power RF sources that’ have been 
proposed for high energy e* linear colliders4 
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advantages must, however, be weighed against the complexity of the RF mod- 

ulated laser syst F, the photocathode and vacuum technology, and the general 

untested new features of the device. 

As one goes to higher frequencies, the peak power available from klystrons is 

generally believed to drop as w -z5 because of size, beam current and breakdown 

of the longitudinally interacting electric fields ln the cavities. Experience then 

shows that gyroklystrons in which the electron bunching and electric fields are 

asimuthal are capable of higher power. The third device shown in Fig. 6 is 

a gyroklystron under design and construction at the University of Maryland.” 

The first model is supposed to produce 30 MW of peak power for 1 wet pulses 

at 10 GHs. The beam formed by the magnetron-type gun is hollow and the 

combination of transverse velocity component and longitudinal magnetic field 

produces helical electron trajectories as shown The power output is generated 

by the asimuthally bunched beam delivering energy to the fields in a TI&r cavity 

(as opposed to the Tl&ro cavities in klystrons). The efficiency ls predicted to be 

in the 30 to 40% range. 

The fourth device ln Fig. 6 ls the generator part of the Two-Beam Accelerator,12 

i.e., the Free Electron Laser. It uses a 40 MeV electron beam from an lnduc- 

tion accelerator which ls caused to wiggle transversely by a static alternating 

magnetic field. The beam interacts with the transverse T&r fields in an over- 

moded rectangular waveguide with periodic output couplers. The advantage of 

the device is that if the beam does not deteriorate unduly ln the interaction, 

it can be periodically reaccelerated by another induction module, thus reducing 

the number of independent cathodes and ir+ctors. The exact efficiency and peak 

power output obtained in the FEL at LLNL are not known but powers in excess 

of 100 MW for 10-15 nsec pulses at 34.6 GHz have been obtained. It remains to 

be seen whether the size and complexity of thii device will make it practical for 

long linear colliders of modular construction. 

Whatever microwave tube turns out to be practical for an e* linear collider 

in the TeV range, Fig. 5 indicates that au exth power boosting stage may be nec- 

essary between the source and the accelerator. For the SLC, thii power booster 

consists of an energy compression scheme called SLED.ls In thll method each 

klystron charges two microwave storage cavities which are then discharged by 

means of a rapid 180’ phase shift. The scheme achieves an effective power mul- 

tiplication of 2.5 to 3.2, depending on pulse length. The resulting output power 

averaged over one filling time (0.83 pet) ls 156 MW, and the efficiency of the 

compression scheme is roughly 50%. 

A different method of “piling up” energy is shown ln Fig. 7. This so-called 

binary power multiplier, which can be used in multiple cascaded stages, is due 

to Z. D. Farkas.” It is similar to SLED in that it uses a rapid 180’ phase shifter 

at the input. However, here the outputs of two klystrons are combined twice: 

after the first hybrid, a low-loss high power delay line (yet to be developed) .piles 

up” the energy in the upper leg so that it can be added in the second hybrid to 

the prompt pulse in the lower leg. In principle, power multiplications of 2,4 and 

8 are obtainable with this technique. 

So far in this and the previous section, we have considered the tube, compres- 

sion and section efficiencies. To complete the entire chain from the AC line to the 

beam, three more efficiencies must be considered: the AC-t+high-voltage (EV) 

efficiency, i.e., the efficiency due to energy lost in the substation and the mod- 

ulator or power supply, the efficiency of the waveguide feed between the source, 

compressor and the structure, and the efficiency &f converting stored energy to 

beam energy. The latter is considered in the next section. All other efficiencies 

are shown in Fig. 8 for the SLC power traln. We see that the global efficiency, 

I)AC+~T, is only 0.088 or less than 10%. Thii nu+ ls very low and will need to 

be improved upon considerably lf an energy-viable machine ls to be constructed. 

A goal of reaching an n~c+g~ of 0.3 or 30% will be assumed ln the examples 

shown later in Table 2. 
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ENERGY PULSE COMPRESSION AND MULTIPLICATION 

Klystron 

Klystron 

Deloy 
Line 

PRESENT SLAC RF SYSTEM EFFICIENCIES 

AC Line 
I 

,112 

Figure 7. Single stage of an energy pulse compression and multiplication scheme 
which doubles the power of two sourcea at the expense of halving their pulse 
length. Several stages can be added in cascade to obtain 2” multiplication. 

Figure 8. Present efficiencies of individual @-systems and of global RF system 
used for the SLC. 
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3.5 ENERGY SPREAD WITHIN A BUNCH, FOCUSING, 
AND LANDAU DAMPING 

The subject of wake fields7~15-1’ in linac structures is too lengthy to be 

treated here in detail and only some of the essential problems will be discussed. 

When e* bunches pass through a periodic structure, they leave behind them en- 

ergy in the form of wake fields. These wake fields come in two forms, longitudinal 

fields induced with no dependence on radial bunch position, and transverse dipole 

fields dependent on radial bunch position. These fields are measured in terms 

of wake potentials which give the voltage and transverse kick versus time pro 

duced by a unit charge delta-function traversing one periodic length of structure. 

Figure 9 shows the cosine-like longitudinal wake and Fig. 10 the sine-like dipole 

wake, both computed for the SLAC constant gradient structure.2 The longitudi- 

nal wake potential scales ss w2 and for an otherwise iixed geometry at constant 

frequency roughly as a-r.‘. The dipole wake potential scales roughly as w3 and 
w ,,-2.25 

The effect of the longitudinal wake fields produced by early electrons in a 

bunch is to decrease the energy of later electrons, as if the cylindrically sym- 

metric image charges induced in the disks “pulled” them back. Similarly, the 

effect of the dipole wake fields is to distort the bunches laterally, as if the ssym- 

metric image charges induced in the disks “pulled” the bunch tails to one side 

or the other, thereby making them look like bananas or even worms after some 

distance of interaction. In the transverse case, growth occurs because of jitter at 

injection, misalignments and the natural betatron motion of the bunchee along 

the quadrupole focusing lattice of the accelerator. As the bunches become more 

tranversely skewed, the transverse fields they leave behind increase, and so on. 

The net effect is a growth in transverse emittance which results in a decrease in 

luminosity. 

Fortunately, both effects can be controlled. The energy spread introduced 

in the bunch by the longitudinal wake fields can be reduced to eero by properly 

SLAC LONGITUQINAL WAKE 
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Figure 9. Wake potential as a function of timdfor longitudinal wake fields 
produced by delta-function charge traveling through “average” cavity of SLAC 
disk-loaded structure. 
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SLAC TRANSVERSE WAKE 
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Figure 10. Wake potential as a function of t ime for dipole wake fields produced 
by delta-function charge traveling off-axis through “average” cavity of SLAC 
disk-loaded structure. 

shaping the longitudinal charge distribution of the bunch and by placing its 

head at a specified angle 80 with respect to the crest of the accelerating wave.‘* 
Physically, this cancellation is possible because the net voltage induced by the 

wake fields is made to be exactly equal but opposite in sign to the rising slope of 

the sine wave at the point where the bunch is placed. Figure 11 shows examples 

of five bunch shapes and their respective head positions (00) that have been 

calculated for the SLC. The letter T denotes the tail of the bunch for which the 

total integrated charge is 5 x 1O’O e- or c+. 

The transverse emittance growth can be controlled by minimizing position 

and angular injection errors and jitter, by increasing the focusing strength of the 

lattice so that the bunches can never travel very far from the accelerator axis, by 

controlling misalignments of accelerator sections and quadrupoles, and by using 

a technique called Landau damping. In the SLC for example, alignment toler- 

ances are on the order of 50-100 pm. The quadrupole FODO lattice immediately 

downstream of injection from the damping rings has an average &function of a 

few meters (&,, - 10 m, Bmin - 2 m). The Landau dampinglg which is being 

planned consists of starting off the bunches behind the accelerating crest so that 

the electrons in the head have substantially more energy than those in the tail. 

The resulting energy spread causes the electrons in the tail to have a different 

betatron tune or wavelength than the driving ones in the head. The effect of this 

shift is to substantially dampen the resonant growth that otherwise would take 

place as a result of initial position or angula? jitter. The only apparent disadvan- 

tage of Landau damping is that after some distance of travel, it is necessary to 

take out the energy spread introduced in thk bunch by flipping it ahead of crest 

where the inverse correlation takes place. The global effect is a net loss of energy 

gain, on the order of 1 GeV in the SLC. l 
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Figure 11. Examples for the SLAC structure of five bunch shapes, each starting 
with the bunch head at a given angle Be, for total energy spread cancellation 
within the bunch. The letter “2”’ designates the point where the integrated 
charge in the bunch reaches 5 x 10 lo c *. Note that for the Bo = 13O case, the 
shape is such that the bunch cannot reach thii charge. 

3.6 BUNCH TRAINS AND ULTIMATE &SEAM EFFICIENCY 

The obvious reason for using bunch trains rather than single bunches is to 

make better use of the energy stored in the accelerator during a given pulse. If a 

single bunch of charge Nc rides on a wave of gradient G at an average angIe es, 

the energy it gains per unit length is ’ 

WB = NeGcmeo 

and the ultimate efficiency of energy transfer from the structure to the beam is 

NeGcosOo 
WT+B = 

w * 

But since W = G’/4kl [Eq. (7)], 

r)ST-+B = 
4 Ne kl cw e. 

G ' 

For a train of b bunches of the same energy, the efficiency becomes 

4b NC kl Cm 00 
~)ST+B = G * (33) 

Actually, this expression does not quite represent the complete physical situation 

and requires some discussion. Indeed, the exact energy acquired by the bunches 

depends on the so-called beam loading caused by the wake fields and the time of 

injection. 

When a point charge g travels along the axti of an unexcited section of ac- 

celerator, it loses an energy k& per unit lengt)l, where b = 5 4, to the 
n-1 

longitudinal cylindrically symmetric modes. The energy lost per electron is h-q. 

For a bunch of Gaussian distribution of length u,?the expression for kT becomes 

(34) 

but now the electrons do not all lose the same energy. As seen in the previous 

section, the resulting energy spread can with proper bunch shaping be cancelled 
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by the accel rating wave, at a net cost in efficiency equal to co8 00. The average 

energy loss a er electron, however, is still kTq. For example, for (I, = 1 mm and 

q = 5 x lOroe, the loss kTq for the entire SLAC linac (2900 m) is 1.38 GeV. 

A few RF cycles after passage of the bunch, the higher-order modes (n > 1) 

“de-cohere” (their different frequencies make their phases scramble) and their 

energy gets dissipated in the structure. Only the fundamental wave of amplitude 

2klq continues to ring and, now in the presence of the accelerating wave, it 

subtracts from its amplitude as “beam loading,” i.e., the effective gradient after 

passage of the bunch is G - 2Nc kl. For a train of b bunches, the total beam 

loading voltage loss per unit length is simply 2b Ne kl. How do we compensate 

for it? 

The remedy,5 as indicated earlier, is to adjust the bunch train length tg such 

that if it is injected at time TV - tg (see Fig. 12(a)), the “missing” voltage per 

section AV given by 
Bunch . . . . . 
- tg- 

is equal to 2bNeklL. For r - 0.5, AVIV - tg/2tp. If for example we want 

approximately 10% of the energy stored in the accelerator to be removed by 

the beam, then the power and energy that must be stored in the section must 

accordingly be increased by 10% or the factor 

(I+!g*- (1+z)* . (26) 

This factor must be included in the overall efficiency formula. 

Note that there are two alternative operating modes if one wants the bunches 

to be well separated in energy (see Fig. 12(b)). One is to inject the first bunch 

when the section is filled (t = TV) and to extend the length of the RF pulse to 

TV + tg. In this case, the first bunch will see the full gradient G and the last 

one will see the reduced gradient G - 26 Nc kl. If we want the bunches to be 

Lood 

IF 
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(Constant Grodtent 1 

Y High Power 
Source 

Train 
- 

G 
G ot tp \ , 

I 
G 01 tp- Is’ ! 

-7. 

GmJl-, 
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3-86 WO2A.Y 

Figure 12. Multibunch injection for traveling-wave and standing-wave struc- 
tures to minimize energy difference between -bunches. 
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even more separated in energy, it is possible not to extend the RF pulse beyond 

t = tF, in whrc *d case the tail of the RF pulse will move away from the input of 

the section and a further decrease in effective gradient will result as given by 

A.=.(&) $ . 

An entirely analogous approach to the problem of beam loading compensation 

can be used in the csse of standing-wave structures. Figure 12(b) illustrates 

symbolically how the standing-wavesection ‘fills vertically” (shaded area) instead 

of longitudinally, and how the bunch train can be injected at time tp - tg. 

One final comment that must be made about using bunch trains is that their 

advantage probably diminishes ss one goes up in RF frequency: indeed, since 

the filling time tF decreases as w-‘/~, a point is eventually reached where tg can 

no longer be decreased accordingly because the individual bunches in the train 

get too close to each other, and begin to interact unfavorably in the accelerator, 

or disrupt their adjacent counterparts in the final focus. It has been suggested 

that a solution to the disruption problem is to skew the e+ and c- trajectories in 

the final focus at a small angle so that c- bunch (n) does not disrupt e+ bunch 

(n + 1) before the latter interacts with c- bunch (n + 1). However, an interbunch 

spacing of a few meters or nanoseconds is perhaps a lower limit. 

3.7 EXAMPLES OF LINACS 

In thii final section, we will now examine the consequences of the major points 

discussed in this paper by looking at some examples of 1 TeV (c.m.) linacs. To 

simplify the discussion, all designs will be of the constant gradient type and use 

a r of 0.57. 

Column (0) in Table 2 gives the main parameters of the SLC. The power 

out of each klystron (9 = 156 MW) is the equivalent peak power after the 

SLED cavities. Each klystron feeds four 3.05 m sections. The factor of 2 in the 

efficiencies ~ST+B and 9~c-8 refers to thy fact that in the SLC, the e+ and e- 

bunches are accelerated by the same linac. Note that all the efficiencies are quite 

low. 

Columns (1) through (5) in Table 2 all represent designs using the beam 

parameters fisted in the right-hand side cobnnn of Table 1, namely N = 2.5 x 
10*Oc*, b = 10, f = 120 pps, cr = IO-srnoe-m, oz = 1 mm and 2% = 4.0 MW. 

Column (1) illustrate-s what happens if we simply scale the SLC by a factor 

of 10 in length but hold the other RF parameters constant. To the extent that 

it resembles the present SLAC linac, this design roughly balances the costs due 

to length with those due to power. Its main disadvantage is its total length 

(- 60 km) which does not even include the beam swikhyards and final foci. 

Clearly, such a machine is impractical, difficult to align and control, and uses too 

much power. 

The example in Column (2) also uses SLAGtype sections but assumes oper- 

ating them at a six-times higher gradient (123 MV/m), chosen to be somewhat 

below the 150 MV/m experimental breakdown point. We thus obtain two much 

shorter iinacs with a smaller number of RF sourcee and sections. However, as 

expected, each RF feed pdmt requires a huge amount of peak power (1404 MW) 

ss well as average power (140 kW). The peak power can probably not be reached 

with practical single tubes nor doee it seem easily attainable through power mul- 

tiplication. Furthermore, the AC power for this example is much too high and 

would even be higher, had we not assumed the’improved 9,4c+s~ efficiency of 

30%. Finally, thii design makes poor use of the Tnergy stored. 

Column (3) again uses SLAC-type sections but only at a gradient thre&timee 

higher than the SLC (61.5 MV/m). Th is is ptobably the most “reasonable” 

design in that it requires the least number of technological jumps. When we 

think of the SLC, remembering that it uses the SLAC linac twice, it is really 

6 km long (plus the length of the arcs and Snal foci). The example in Column 

(3) is only three times as long (- 17 km) for ten times the energy. The number 
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Table 2. Linac Related Parametera of klystrons and sections is high (SSOO), but such a number is going to be a 

I fact of life with any long machind. The main question that will have to be 
SLC 1 TeV (c.m.) (2.5 x 101Oe*/ bunch) answered for thii example and for the two subsequent ones is: how do we reach 

(6 x 10rOc*/bunch) (All conditions as in Table 1, Column 3) the peak powers in the 200 to 400 MW range with the 9~c-m efficiency of 

(0) 0) (2) (3) (4) (5) 50% that leads to the 9Ac-s~ of 36% postulated to make the machine energy- 

&m. (GeV) 2 x50 

G W/m) 20.5 

F WW 2.856 

x (-1 105 

L (lun) 2.9 

Nk (power sources) 240 

N, (sections) 960 

Pk (MW) eqUiV. 156 

r 0.57 

tF (P=) 0.03 

( (4 3.05 

PO/~ (MW/m) 11.5 

Potdm (J/m) 9.55 

WST (J/m) 5.64 

f (PPS) 180 

9AC-rST 8.8% 

P&TOTAL (MW) 33.6 

9ST-rB 2.8% (x2) 

2 x 500, b = 10 bunches 

20.5 123 61.5 102.5 143.5 

2.856 2.856 2.856 5.712 8.568 

105 105 105 52.5 35 

29x2 4.2 x 2 8.4 x 2 5x2 5x2 

2400~21380~22754 x24630x 2 8475x 2 

9600 x 2 1380x 2 2754 x 24630 x 2 8475 x 2 

156 1404 351 244 212 

0.57 0.57 0.57 0.57 0.57 

0.83 0.83 0.83 0.29 0.16 

3.05 3.05 3.05 1.08 0.59 

11.5 414 103.5 203 323.4 

9.55 344 86 59 51.8 

5.64 203 50.75 35.2 30.5 

120 120 120 120 120 

8.8% 30% 30% 30% 30% 

446 682 341 141 122 

13% 2.3% 4.7% 11.2% 13% 

1.1% 0.7% 1.4% 3.4% 3.9% 9AC+B 0.25% (x2) 

viable? Note that, referring back to Fig. 8, an r)A&.R, of 50% means that one 

has to come up with a power source that is at least 70% efficient because the 

high voltage modulator and waveguide losses will add inefficiencies of their own. 

Will it be easier to attain the 1 cupe-c pulses of 350 MW peak power (every 3 

meters!) with an extremely high voltage and medium perveance tube, or with a 
medium voltage and very high perveance tube, or with, say a more modest tube 

giving 106 MW for 4 ~ec pulses which is then power-boosted with a (x4), i.e., 

twwstage compressor-multiplier? Modulator efficiency is always decreased by 

rise and fall times, and from that point of view, longer pulses are more efficient. 

Extremely high voltages (above 500 kV) require different circuits from the ones 

used in conventional line-type modulators and pulse transformers. For a given 

output power, lower voltages dictate higher tube perveances (i/Vs/z > 2) which 

traditionally have yielded lower efficiency. Finally, if we settle for a tube in the 

106 MW output range, what will be the efficiency and cost of energy compression- 

multiplication to boost it to 400 MW? Will we need superconducting delay lines 

to make energy compression-multiplication viable? 

, 

Columns (4) and (5) show examples where we have gone respectively to twice 

(5712 MHz) and three-times (8568 MHz) the SLAC frequency. In these designs we 

have also pushed the gradients by factory of 5 and 7 respectively above the SLC, 

so as to satisfy roughly the criterion that the beams should extract 10% of the 

stored RF energy. As we see, the numbe 
f 
s of power sources, accelerator sections 

and necessary waveguidefeeds increase rapidly but the peak powers, filling times, 

average powers, section lengths and stored energies all come down. However, 

with the gradients we have assumed (to keep overall length and total number of 

sources and/or energy compression-multiplication stages within reason), and in 
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keeping with the scaling rules of Eqs. (22), the value of PO/m is still going up. 

Furthermore, if the “difficultyn in producing high power for a given tube-type 
I 

really scales as wzs (i.e., the power drops M w-ss), then an increasing burden 

will be placed on energy compreesion-multiplication, and here we do not yet 

know the pitfalls of thii new technology. Another problem that must be faced in 

going to higher frequencies is the - wz and - ws scaling law of longitudinal and 

transverse wake fields. 

Concerning the longitudinal waker, one will hopefully always be able to find 

theoretical bunch shapes for any given design that will cancel the energy spread 

within a bunch, but probably at the cost of adjusting o. to values shorter than 

the 1 mm chosen in Table 1. However, assuming that there are damping rings and 

compressors capable of producing these shapes, once we reduce u. we decrease 

the value of the disruption parameter D: then, unless we accordingly increase 

the number of particles or decrease the invariant emittance below IO-%noc-m, 

the luminoeity will suffer. Jn Column (5) we have kept a o. of 1 mm but have 

placed the bunch far ahead of crest, at the loss of some efficiency. 

Concerning the transverse wake fields, three fundamental questions come up. 

The first is whether it will be possible to improve upon the mechanical tolerances 

of the SLC by one or two orders of magnitude, and at what cost. The second 

has to do with the costs of controlling the wake fields by brute focusing strength 

and/or Landau damping. The third one has to do with the use of multibunches 

and the memory of the transverse wake fields from bunch to bunch. As the 

frequency rises to three times the SLAC frequency and the filling time falls to 

160 nsec, one is forced to reduce the bunch spacing if one wants to fit, say ten 

bunches at the end of one filling time, or increase the RF pulse length accordingly, 

which then increases the overall power demand. What is the bunch-twbunch 

memory? How many RF cycles apart must we keep them to avoid cumulative 

emittance growth within the train? 

These are only some of the problems that must be studied before we can 

comfortably move up in frequency, basically to save power. It may turn out that 

an actual machine can be optimised by dividing it into two segments, one at 

lower frequency at the beginning to minimixe the effect of wake fields, the other 

one at a higher harmonic frequency, to save length and power. 

4. Conclueiona 

In this paper, we have concerned ourselves with some of the crucial issues 

which are raised when one wants to use conventional technology to design a 

1 TeV (c.m.) e* linear collider with a luminosity of 2 x 10ss cm-s set-t. To study 

these issues, we have separated somewhat artificially the beam-related problems 

from the linac-related problems. In the case of the beam-related problems, we 

have been rather conservative and have not tried to depart too much from the 

SLC specifications, except for the rather large number (10) of bunches per pulse. 

In the case of the linac-related problems, we have raised many of the issues 

that are generally considered in linac design, and have explored what happens 

as one goes to gradients and frequencies higher than the SLC, in an attempt to 

decrease overall length and power consumption. The examples and the discussion 

in Section 3.7 give a fairly good idea of the RF and other probkms that one 

has to confront as one goes to higher energies, quite independently of beam 

characteristics. Many of these problems will become even more severe as one 

tries to go beyond the 1 TeV (c.m.) range. 

For lack of either urgency, compeknce or t$me, we have not discussed the 

following problems: 
1 

- Low emittance e- injector design 

- e+ source design I 

- Damping rings or alternate schemes 

- Timing tolerances having to do with synchronisation over very long dii 

tancw 
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Refqrences - Use o 
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RF superconductivity 

- Energy recovery from RF to DC 

- Maw production of modular elements. 

Developments in the lsst two or three of these areas could have a major impact 

on how the “conventional technology” as defined in the introduction evolves and 

succeeds (or fails) to live up to the challenges of e* linear collider requirements. 

Also, because of all the technical uncertainties, we have not in this paper 

gone into explicit discussions of financial costs, although they have been implicit 

in many of our considerations and tradc+offs. One very general reference point 

to keep in mind is that if we had to build the SLC from the ground up today, 

using two 3 km-long SLAC linacs, it would cost at least 81 billion. Thus, not too 

surprisingly, a machine with kn times the center of mass energy could cost $10 

billion if the same technology were used and no economies of scale were to be 

achieved. Such cost, however, would be prohibitive. Clearly, to survive and stay 

on the famous Livingston curve, one must either improve existing technology or 

invent a new one. 
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I 
1. Introduction 

In a wake field accelerator a high current driving bunch injected into a struc- 

ture or plasma produces intense induced fields, which are in turn used to accel- 

erate a trailing charge or bunch. The driving bunch and the accelerated bunch 

may or may not follow the same path through the structure. An important con- 

cept is the so-called transformer ratio. The driving bunch induces a retarding 

field within the bunch as the kinetic energy of the bunch is transformed into 

electromagnetic energy in the wake field. The maximum absolute value of thii 

retarding field is denoted by E;. The transformer ratio is then R E Ei/E;, 

where Eli; = E. is the maximum accelerating gradient seen by a test charge 

moving behind the driving bunch on the same or on a parallel path. The r+ 

tarding and accelerating fields are assumed to be averaged over the length of the 

structure, or over one period if the structure is periodic. 

In a sense, almost all accelerators are wake field accelerators. For example, in 

a conventional &driven accelerator a high current, low voltage beam induces an 

rf voltage in the output cavity of a klystron. The induced electromagnetic wave 

(the wake field) then travels through a waveguideto the accelerating structure. In 

this lecture, however, we consider only wake field acceleration in the conventional 

sense, in which a driving bunch is injected into a metallic cavity or structure. 

A close relative of this type of wake field accelerator is the plasma wake field 

accelerator. In this device a driving bunch is injected into a plasma, setting 

up strong longitudinal plasma oscillations which can be used to accelerate a 

following bunch. The plasma wake field accelerator is treated elsewhere in these 

proceedings.’ 

2. Basic Co&epta 

Consider a point charge Q moving in free space with a velocity close to that 

of light. The electric and magnetic field fines will lie nearly in a transverse 

plane, with an opening angle given approxjmately by l/7. Suppose now that 

the charge moves pest a perturbing metallic obstacle, which is displaced from 

the path of the charge by a distance b as shown in Fig. 1, and that it passes the 

point L = 0 at t = 0. Scattered radiation will tend to fill in behind an expanding 

spherical wavefront, traveling at the velocity of light, as shown schematically in 

the figure. Suppose a test particle follows the same path along the L axis as the 

driving charge q, but at a 6xed distance s behind. At time t CJ (b’ + ~1’)/2ca, 

the scattered field will begin to reach the axis at ,position r, = z, - s producing 

both longitudinal and transverse forces acting on the test psrticle. The intensity 

of the forces due to these Ywake fields” is proportional to the magnitude of the 

driving charge. Furthermore, the wake field forces can be greatly enhanced by 

entirely surrounding the axis with an appropriately shaped metallic boundary. 

The driving charge can in addition be a shaped charge diitribution, and the test 
charge need not follow the same path as the driving charge. 

The goal of wake field accelerator design is to adjust the structure geome- 

try, the shape of the driving charge distribution and the paths of the driving 

and accelerated charges to strike an optimum balance among the following four 

quantities: 

I 

: (1) 

(21 

(3) 

(4) 
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Figure 1. Figure showing the radiation field from a perturbing metallic object 
excited by the field of a relativistic charge moving along the z-axis. 

Given a driving bunch in which aI the ylectrons have the same energy cV& then 

Eq. (1) states that the maximum energy that can be attained by an electron 

following behind the driving bunch is eRV& sssuming electrons in the driving 

bunch which experience the maximum,retardiig field are just brought to rest. 

Equation (2) is the efficiency for the transfer of energy from the driving bunch to 

energy u per unit length of structure in the wahe fields. Equation (3) is a figure of 

merit for the conversion of field energy per unit length into accelerating gradient. 

The parameter k4 scales inversely ss the square of the transverse dimensions of 

the structure. In Eq. (4) k. is another figure of merit giving the accelerating 

gradient produced per unit driving charge. Note that it is inconsistent to have 

both a high transformer ratio and a large k.. A third loss parameter can also be 

defined: k. = u/q’. The three loss parameters are related by ki = k& For a 

single rf mode k4 = k. = k,, and all three l&s parameters are identically equal 

to the rf loss parameter as usually defined. 

Let us next consider the wahe fields set up by some simple metallic boundary 

discontinuities having cylindrical symmetry. ‘In Fig. 2(a) a charge moving in free 

space at u EJ e enters along the axis of a section of perfectly conducting pipe 

with infinitely thin walls. The field lines are not perturbed by the pipe in the 

limit 7 4 00, either upon entering or leaving, and consequently no wake fields are 

produced. The situation is different for the configuration shown in Fig. 2(b). Here 

it is assumed that the fields from the charge have been confined inside the pipe 

for t < 0. As the charge exits from the pipe at s = 0, a toroidaf radiation field is 
i 

set up as shown by the dashed lines. The surface charge splits into two portions, 

a charge Qr on the outside of the pipe and a charge Qr on the inside, with Qr + 

Qs equal to the driving charge Q. The initial ratio Qr/Qr can be determined by 

minimizing the energy in the radiation fielda’ giving in this case Qr = Qr = Q/2. 

However, computer simulations on similar problems indicate that the radiation 

field may not be confined to a delta-function wavefront expanding at the velocity 

of light, but rather might be smeared out over the region behind the wavefront 

in a complicated way. In addition, the ratio Qr/Qr does not seem to remain 
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Figure 2. Fields excited by a point charge moving with v RI c past several 
cylindrically symmetric discontinuities. 

constant in time. Very probably, the total charge on the inside of the pipe 

decreases with increasing time. This seemingly simple boundary value problem 

has not, however, been solved analytically. 

Figures 2(c), 2(d) and 2(e) show some additional elementary geometries, with 

their associated toroidal wake fields. Again,,it should be emphssised that these 

apparently elementary boundary value problems have not been solved analyt- 

ically. The details of the radiation field, indicated only schematically by the 

dashed lines, are in fact the subject of some controversy. Hand-waving argu- 

ments have been used to prove that the radiation field is, or is not, confined to a 

sharp wavefront. It has also been argueda that in these three cases there are no 

wake fields at all in the region r < a, where o is the radius of the aperture. 

The situation is different for the csse of Fig. 2(f), which shows a point charge 

passing between two parallel metallic plates. Thii case is important in that two 

parallel planes give the same wahe fields as a pillbox cavity for distances behind 

the driving charge such that s < se where 

a~ = (g’ + 4b’)‘l’ - g . 

Here b is the cavity radius and g the gap spacing between the faces of the pill- 

box. In other words, if a < ~0 the signal induced by a driving charge as it enters 

through the first face of the pillbox can propagate to the outer cylindrical wall, be 

reflected, and return to the axis to influence a trailing test charge before the test 

charge exits through the second face of the pillbix,. The pillbox cavity is impor- 

tant because it can often serve as a primitive model for an accelerating structure. 

The wahe fields for the csse of Fig. 2(f) have been calculated analytically (see, 

for example, Ref. 4). I 

Of course, the detailed behavior of the wake gelds in time and space is not 

the feature of main interest. What we really want to know is the net energy 

gain or the net transverse kick integrated through a structure for a test particle 

following at a iixed distance behind the driving charge, assuming that both the 
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ge and the test particle sue traveling at v = c. The longitudinal wake 

potential per unit driving charge is then de6ned by 

assuming both driving and tent chargea are traveling parallel to the z axis. Here 

zs--21 is the region over which the wake fields are appreciable for a finite structure, 

or the periodic length for a periodic structure. A similar expression holds for the 

transverse wake potential: 

=* 
w~(4 = 5 I dz [EL + (v x B)&(,+,),, . WI 

m 

In the above expressions the position of the driving charge is sssumed to be 

.s = et, and the wake fields are integrated in a frame of reference moving with 

the test particle. 

As mentioned above, analytic expressions have been obtained for the wake 

fields (the transition radiation) generated by a point charge entering and leaving 

the region between two parallel metallic planes. Using the E, field component 

derived in Ref. 4, K. Banes has carried out the integration in Eq. (Sa) to obtain 

the delta function wake potential for this case: 

2mcoWJs) = 26(s) In [i] - 2 2 6(2ng - 8) In [(# + gi;, _ g,] 
n=1 

Figure 3. Longitudinal delta-function wa$e potential for a point charge moving 
perpendicular to two parallel metallic planes. 

Here g is the separation between the planes and ZP means the integer part of 

the term in brackets. This function is shown in Fig. 3. Note that the wake 
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I ,  

is acce lera t ing  (W,  <  0 )  for a l l  s  >  0. However ,  the w a k e  seen  by  the dr iv ing  

cha rge  itself at s  #  0  is retard ing,  a n d  the t ransformer  & G o  as  de f ined prev ious ly  

is a lways  less than one.  

A  s imi la r  s i tuat ion is encoun te red  in  the case  of a  point  d r iv ing  cha rge  m o v i n g  

at u  M  c o n  the ax is  of a  ho l low tube wi th resist ive wal ls.  Aga in ,  the wake  is 

acce lera t ing  beh ind  the dr iv ing  charge,  except  for a  very  sma l l  reg ion  wi th in a  

cri t ical d is tance (.O l  m m  for a  point  cha rgemov ing  in  coppe r  tube 8  c m  in  rad ius)  

immed ia te ly  beh ind  the charge.  It can  b e  s h o w n  that for such  a  resist ive wal l  

tube the t ransformer  rat io is less than l/fi ( see  Ref. 6, Sec .  3.2). 

O n c e  the wake  potent ia l  for a  uni t  po int  cha rge  is known,  the potent ia l  at 

any  point  wi th in o r  beh ind  a n  arb i t rary cha rge  dist r ibut ion wi th l ine  densi ty  p(s)  

can  b e  compu ted  by  

v(d)  =  -  - w & d  -  .9)  p (d )  d .9’ J . , 
T h e  total loss pa ramete r  k. is then ob ta ined  f rom 

(7)  

(8)  

3.  W a k e  Potent ia ls  for  C l o s e d  Cavi t ies a n d  Per iod i c  S t ruc tures 
I 

Cons ide r  a  dr iv ing  cha rge  Q  m o v i n g  at veloci ty v  th rough a  c lod  cavity 

with perfect ly conduct ing  wal ls,  as  s h o w n  in  Fig.  4.  A  test cha rge  a lso  m o v e s  

at the s a m e  velocity, but  o n  a  path  wh ich  para l le l  to that of the dr iv ing  cha rge  

a n d  at a  long i tud ina l  d is tance s behi id .  O u r  6oa l  is to ca lcu late the long i tud ina l  

a n d  t ransverse wake  potent ia ls  exper ienced  by  the test cha rge  In the l imit  v  CJ  e. 

For  u  $  c  the express ions  for t he  wake  potent iaIs a re  in  genera l  m u c h  m o r e  

compl ica ted  a n d  the wake  potent ia l  concept  is less useful .  

Unde r  cer ta in ra ther  genera l  condi t ions,  wh ich  wi l l  b e  spt lkd out  in  deta i l  

later,  it can  b e  s h o w & ’ that the long i tud ina l  a n d  t ransverse wake  potent ia ls  

can  b e  wri t ten in  te rms of the proper t ies  of the n o r m a l  m o d e s  of the charge- f ree  

cavi ty in  a  re lat ively s imp le  way:  

where  

a n d  

W ,(r’,r,s) =  2R(s)  c  k,,(r’,r)cw f!$ 
I 

W l(r’,r,r) =  Uf( r )  c k,, l( i ,r)r in y 
I) 

l 0  r < O  

H(8)  =  l/2 4  = o  

1  s > o  

He re  w,, is the angu la r  f requency  the nth mode ,  a n d  V m ( r )  is the vo l tage that 

wou ld  b e  ga ined  by  a  nonpe r tu rbmg  test par t ic le c ross ing  the cavi ty in  wh ich  
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Figure 4. A driving charge Q, moving at constant velocity v parallel to the z- 
axis, enters a closed cavity at A (r’, z = 0) at t = 0 and leaves at B (r’, E = t). A  
nonperturbing test particle T also moves at the same velocity v, but at transverse 
position r and at longitudinal distance s behind Q. 

energy U,, is stored in the nth mode.1 Awmming the electric feld for the nth 

mode varies with time as exp(L~t) and the position of the test particle is given 

by L = ct. this voltage is 

dz E#,z) ap 7 
(’ > 

. 
=I 

The conditions under which Eqs. (9) are valid for the longitudinal and tram- 

verse wake functions are diiussed in detail ln Refs. 6 and 7, and are summarised 

in Table I. We sa that if the driving charge and teat particle follow different 

paths in a closed cavity of arbitrary shape, neither Fq. (Qa) nor (Qb) give a valid 

description of the wake potentials. If the particles follow the same path in a 

closed cavity of arbitrary shape, Eq. (Qa) is valid for the longitudinal wake po- 

tential but Eq. (Qb) does not correctly describe the transverse wake potential. 

Formal expressions can indeed be written down for the non-valid cased, but the 

integrals are much more complicated, and the wake potentials for a given mode 

do not separate neatly into a product of an s-dependent factor and a factor which 

depends only on r. 

Note that Eqs. (Qa) and (Qb) are related by 

awl v w -= 1, . 
as 7 

(12) 

Thii relation between the longitudinal and tiansverse wakes is sometimes termed 

the Panofsky-Wenzel theorem.s It was originally derived to calculate the trans- 

verse momentum kick received by a nonpeqturbating charge traversing a cavity 

excited in a single rf mode. 

The wake potential formalism, using properties of the chargefree cavity 

modes, makes it possible to calculate useful quantities for the charge-driven cav- 

ity. An important example is the longitudinal wake potential for the case in 
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Table I 

Cases for which h&s. (Qa) and (Qb) g’ rve the wake potentials in the limit o p: E 

Case Eq. (Qa) Valid Eq. (Qb) Valid 
for W, for WI 

(4 

(‘4 

(4 

(4 

(4 

Test charge and driving charge 
follow different paths in a closed 
cavity of arbitrary shape. 

No No 

Test charge and driving charge 
follow the same path in cavity of 
arbitrary shape. 

YeS No 

Velocity v is in the direction 
of symmetry of a right cylinder 
of arbitrary cross section. 

YeS YeS 

Both driving charge and test 
charge move in the beam tube 
region of an infinite repeating 
structure of arbitrary cross section. 

YeS Yt?8 

Both particles move near the 
axis of any cylindrically 
symmetric cavity. 

YeS YeS 

which the test charge and driving charge follow the same path. Equations (Qa) 

and (lOa) reduce to 

w.(r,d) = c k,,(r) CO8 y x 1 d = 0 
II 2 d>o 

k,,(r) = !!?!!$f . 
. 

The potential seen by the charge itself is 

V(r,O) =-II W&,0) = --Q~W) 
I) 

(13) 

(14,) 

V,,(r,O) E V,,(O) = -q k,, . OW 

The energy left behind in the ntb mode after the driving charge has left the cavity 

i8 1 

U,, = -q V,,(O) = qf k,, . (15) 

The parameter k,, is the constant of proportionality between the energy lost to 

the nth mode and the square of the driving charge, hence the name loss parameter 

or loss factor. 

Note from Eq. (13) that an in6nitesimal distance behind a driving point 

charge the potential is retarding for the nth mode with magnitude 

v&‘+) = 2V,(O) = -2q k, . (164 

As a function of distance s behind the driving charge, the potential varies as 

v,,(d) = v-(0+) CO8 Wnd = 
e 

-2qk.coay . W 

Equation (16a) expresses what is sometimes termed the fundamental theorem of 

beam loadingg: the voltage induced in a normal mode by a point charge is exactly 

twice the retarding voltage seen by the charge itself. The transformer ratio for a 

point charge exciting a single mode is then also exactly equal to two. It is readily 
7 

ahown that thii factor of two follows directly from conservation of energy.’ In 

Sec. 4 we will show that this restriction on the transformer ratio for a point 

charge does not necessarily apply to an extended driving charge distribution. 

A physical wake for a real cavity is a summatioh over many modes. Perhaps 

the modes might add up to produce a transformer ratio greater than two, even 

for a point charge. We note, however, that the wake for each mode varies with 

8 aa W,, = 2k,,Co&d/C). At s = O+ the wakes ah add in phase, and the sum 

of the wakes for all the modes gives a retarding potential which is exactly twice 
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the retardin 
7 

potential seen by the driving charge itself at d = 0. At any value of 

6 where the net wake is accelerating, the cosine wakes for the individual modes 

can never do better than add exactly together in phase, as they do at s = O+. 

Thus 

(w(d)(~~w,,(d=o+)=2~w,,(d=o) , (17) 
m m 

and the transformer ratio for a real cavity with many modes, driven by a point 

charge, is equal to or lees than two. In practice it will be considerably less than 

two, since the modes will never come close to adding in phase anywhere except 

at d = o+. 

It is easy to show that Eq. (17) also follows from conservation of energy. 

Consider a point driving charge qr which loses energy 

to the wake field8 in a cavity (remember that W(0) is always positive by defini- 

tion). The accelerating potential at position d is -qrW(d). By superposition the 

energy gained by a charge qr at position 6 is 

u2 = --a('71 w(d) + Q1 w(o)] . W) 

Assume first that qr and gr have the same sign. By conservation of energy 

Us < VI, and using Eqs. (18a) and (18b) the transformer ratio R = -W(s)/W(O) 

is 

R < (I: + (I: _ 1+ a2 --- - 
91 Qz a 

where a E qr/qr is positive. This inequality must hold for any value of a, in 

particular for a = 1 which minimizes the right-hand side; leading to R 5 2. If qr 

and ~1 are opposite in sign, the transformer ratio is redefined as R’ = -R, a is 

replaced by -(al, and the above expression again gives R’ 5 2. 

If the driving charge and the accelerated charge follow different paths through 

the cavity, the situation becomes more complicated. We first note from Eq8. (9) 

and (10) that the longitudinal wake potential is unchanged if the paths of the 

driving charge and the test charge are interchanged. Thii symmetry with respect 

to the interchange of r and r’ is also an alternative expression of the Lorenta 

reciprocity theorem, derived in standard texts on microwave theory.‘O If we now 

apply conservation of energy to two charges gr and ~1 following different paths, 

we can show that 

Iwn(d)l= Iw2l(d)l 5 2[w,(o) w2(0)1 ‘13 . (19) 

where WI)(S) is the wake along path 2 produced by a charge travelling on path 1, 

and so forth. If we define a transformer ratio RI, by 

&2(d) Z w 
r 

and similarly for Rzl, then for any value of 6 

and 

R12 %154 . 

GW 

The case of a periodically repeating structure is of obvious importance in 

accelerator design. Although real periodic structures are of course never infinite, 

practical structures at least a few periods in length seem to fulfill condition (d) of 
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Table I. Thus the wake potentials can be computed by a summation over normal 

modes. For the L ase of a cylindrically symmetric structure, all modes depend 

on the azimuthal angle 6 as c ‘“‘4. The wake potentials can then be written6 for 

d > 0, 

VW 

Here i and I$ are unit vectors and k(‘) ,,,,, is the loss factor per unit length calculated 

at r = o, where o is the radius of the beam tube region. That is 

where us is the energy per unit length in the ntb mode. The longitudinal cosine- 

lie wake potential per period for the SLAC structure is shown in Fig. 5. Note 

the very rapid fall-off in the wake immediately behind the driving charge, from a 

peak wake of 8 VJpC per period at time t = s/e = O+. The wake seen by a point 

charge would be just one half of thii wake, or 4 V/PC. The sine-like tranverse 

dipole (m = 1) wake potential for the SLAC structure is shown in Fig. 6. This 

figure illustrates the fact that the total wake potential is obtained by summing 

a finite number of modes that can be obtained using a reasonable computation 

time, and then adding on a socalled analytic extension to take into account the 

contribution from very high frequency modes. Details are discussed in Ref. 11. 

If the dimensions of a particular structure are scaled by a factor F, the 

frequencies of the normal modes scale as F-l. The amplitude of the longitudinal 

wake potential per unit length of structure scales ss F-l at time Ft. or in terms 

- Totol 
-- Accel. Mode 

I I t I I 

0 loo 2&i 300 

a-m TIME (pr) , 4,* 

Figure 5. Longitudinal delta-function wake pobential per cell for the SLAC 
disk-loaded accelerator structure. 
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Figure 6. Dipole delta-function wake potential per cell for the SLAC structure. 

of the modal frequencies as w:. The amplitude of the dipole wake potential per 

unit length at t ime Ft scales as F-‘, or’- d,. 

4. Wake Potentials on a Collinear,Path with a Charge Distribution 

In the last section, the wake pokntiab due to a point driving charge traversing 

a closed cavity were considered under rather general conditions. In this twction 

we confine our attention to the case in which the driving charge and tent particle 

foflow the same pet/r through a cavity or structure, but we allow the driving 

charge to be a distribution such that the line density is given by p(s) = I(t)/c. 

The potential at t ime t = s/c is then 

t 

V(f) = - 
/ 

I@') w,(t - t') tft' . 

--oo 

(22) 

For a point charge we found previously that 

V(t) = -2qxk,, coew,,t . 
I) 

If such a charge having initial energy qV0 is just brought to rest by the retarding 

wake potential at t = 0, then Vo = q C k,, and 
I) 

2v-o c kj co8 w,t 
V(t) = - 

‘EL * 
(23) 

If the structure supports only a single modeqthen V(f) = -2Vtcosw,t. However, 

a physical bunch, even a very short bunch, consists of a large number of individuat 

charges which are not rigidly connected. Thus the leading charge in such a 

physically real bunch will experience no deceleration, while the trailing charge 

will experience the full induced voltage, or twice the average retarding voltage 
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per particle (assuming the bunch length is short compared to the wavelengths of 

all modes with ap 
4 

reciable values of k,). The wake potential for a short charge 

distribution extending from t = 0 to t = T, interacting with a single mode, is 

illustrated in Fig. 7(a). Within the bunch the potential is given by 

t 
V(t) = -? J I@‘) dt’ , (24) 

0 

where VO is the average energy loss per particle in the distribution. This can be 

seen by substituting Eq. (24) in 

T 

v, = W) = i J V(f) z(t) df , 

0 
# (b) 

and working out the double integral. Note from Eq. (24) that for t = T at the 

end of the distribution V(T) = -2Vo. Therefore VG = 2V0, V; = I - 2Vol = 2Vo 

and the transformer ratio is R = Vz+lV; = 1. 

The potential in and behind a long charge distribution is shown schematically 

in Fig. 7(b). We consider first the case for a single mode. From Eq. (22) with 

W,(t) = 2k, co8 w,,t, 

t 
V”(t) = -2k,, 

J 
z(t) cosw,(t - t’) tit’ . (25) 

-00 

Assume now that the bunch extends in time from -T to +T. Within the bunch 

(-T < t < 2’) the retarding potential is 
Figure 7. Potential in and behind a charge distribytion interacting with a single 
mode for (a) a short bunch, and (b) a long bunch. 

t t 
VL (t) = -2S, co8 w,t J Z(f) con w,t’ a!t’ + sin w.t J Z(t’) sinw,t’ dt’ . (26) 

-T -T 1 
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Following the bunch (t > T) the accelerating pokntial is 

T 

I(f) cosw,,t’ dt’ + sin w,,t J z(t’) 8inW,,t’ dt’ 1 . (27) 
-T 

If the bunch is symmetric about t = 0, the second inkgral in J3q. (27) vanishes, 

and V+(t) reaches a maximum value given by 

T 

V, = 2k, J z(t) cosw,t’ tft’ . w 
-T 

The retarding potential at the center of such a symmetric bunch is given by 

0 

V-(o) = -2k,, J I@‘) Co8Wnf’ dt’ = -; v, . (29) 
-T 

If V-(O) happens also to be the maximum (absolute) value of the retarding po- 

kntial, then IV-(0)l = Vz, and the transformer ratio is R = VG/V; = 2. If 

V-(O) is not at the peak of the retarding potential, then V; > IV-(O)1 and 

R < 2. Thus for symmetric bunches interacting with a single mode, the trans- 

former ratio cannot exceed two. Thii upper limit is reached only if the maximum 

retarding potential is reached at the center of symmetry of the distribution. Oth- 

erwise, the transformer ratio is less than two. If the bunch is not symmetric, the 

preceding argument does not apply. The transformer ratio can then in principle 

be arbitrarily large, as we will see shortly. 

Even for symmetric bunches in a physical structure, which has many modes, 

the limitation R _< 2 tends to apply. For example, Fig. 8 shows potentials for 

a Gaussian distribution interacting with the SLAC accelerating structure for 

several values of bunch length. Note that, for a bunch length such that the 

peak retarding potential is reached near the center of symmetry of the bunch 

-I 

-2 

0.50 
= 
F 0.25 
” 0 
3 0 
;: 
y -0.25 

I 
-0.50 

0.10 

0.05 

0 

-0.05 

-0.10 

* I’.~.I~....I~...,+-l , 
I 

k/A@ 0.05 

I 
I 

Md/-d 
\- -- - - 

3-w 

2 ’ 3 
Et/X 

to 

Figure 8. Potential in and behind a Gaussian bunch interacting with the lon- 
gitudinal modes of the SLAC structure. Th& transformer ratio for o/X0 = 0.05, 
0.20 and 0.40 are 1.4, 1.9 and 1.4 respectively. 
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(o/X0 = 0.2), the transformer ratio is approximately equal to two, while for both 

longer and shor& bunch lengths the transformer ratio’is considerably less than 

two. It can be shown’ that for a Gaussian bunch interacting with a single mode 

the loss parameters 4 z u/q’ and k. E E./2g are related to the loss parameter 

kt I E;1/4u by 

(3W 

for each mode. Thus as the bunch length increases, coupling to higher modes 

is rapidly suppressed by the exponential factor. For the SLAC structure, ktp = 

0.70 V/pC/cell for the fundamental mode, where p is the cell length. The amplii 

tude of the accelerating mode voltage per cell excited by a Gaussian bunch with 

total charge q is therefore 

Vl - = 2&p = I.40 c-2~‘~‘i~: 
Q 

V/pC/cell . 

For U/.&J = 0.05,0.2O and 0.40, thii gives VI/~ = 1.33,0.64 and 0.06 V/pC/cell. 

These values agree well with the compukr calculation shown In Fig. 8. 

The plot for O/&J = 0.4 in Fig. 8 also illustrates the phenomenon of auto- 

acceleration, in which fields induced by particles at the front of the bunch can 

accelerate particles at the tail of the same bunch. 

It ls possible in principle to design a structure in which the accelerating 

potentials for several modes superimpose maximally at some point behind the 

bunch to produce R > 2. Consider, for example, a twemode structure with loss 

factors ko and kr and frequencies ~0 and wr related by wr = 3we + 6, where 6/wa 

is a small quantity (if 6 = 0 the maxima of the wakes for the two modes would 

never superimpose). Assume a rectangular bunch extending from -T to T with 

constant current Z(t) = I. From Eq. (22), using also W,(t) = 2k,coaw& the 

retarding potential within the bunch is , 

v-(t) = -21 $ 8illW& + T) + 2 rinw*(t + T) 1 . (310) 

Behind the bunch (t > T), 

V+(t) = -41 ko h w. coswofrinw&Z’+ wl coswrtrinwrT 1 . (31’4 
IfwechooeeweT=n/2andkr=ke, we find the minimum potential inside the 

bunch and the maximum potential behind the bunch are 

(32) 

and therefore R ~j 24. 

This calculation can be general&d to structuree with many modes related 

by w,, = (2n + 1)~ + a. If the loss factors are equal for all of the modes, it is 

straightforward to show 

It can be argued that 8uch a structure is unphysi+. On the other hand, there is 

no reason to believe that the two mode rtructure described above is not malisable. 

The \/i gain in transformer ratio over the singlf mode case is, however, quite 

modest. 

Let us now return to the case of an asymmetric driving bunch. Take as 

an example a triangular current ramp In a single mode cavity. Let Z(t) = Zwt 

for 0 < t < T and Z(t) = 0 otherwise. For simplicity let the bunch length be 
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T = 2rN/w, fhre N is an integer. Then withii the bunch 

t 

V-(t) = 2kZw 
J 

t’cosw(t - t’) dt’ = -- 2; (1 -coswt) ( (334 
0 

whereas behind the bunch 

T 

V+(t) = 2kZw 
I 

t’cosw(t - t’) dt’ = 2kZT sinwt . PW 

0 

Thus V,- = IkZJw, V,+ = 2kZT = 4rkZNfw and 

(34) 

The wake potentials for a current ramp of length N = 2 interacting with a single 

mode are shown in Fig. Q(a). 

In a real structure with many modes, one might expect that the transformer 

ratio will be less than that given by Eq. (34). The potential excited in the 

SLAC structure by a current ramp with N = 2 is shown in Fig. 10. Within the 

bunch the retarding potential has a behavior close to the single mode calculation, 

v-(t) - 1 - cos wt. However, some energy goes into higher modes, as is evident 

by ripples on the cosine wave behind the bunch. This causes a degradation of 

the transformer ratio from the single mode prediction R = 2x to R = 4.86. The 

degradation worsens as the bunch gets longer, as can bs seen in Fig. 11. 

The efficiency for energy extraction from a driving bunch extending from 

t = 0 to t = T in which all of the electrons have the same energy cV.0 = eV: is 

T 
q=-L 

I 9VG o 
z(t) v-(t) df . (35) 

For a linear current ramp interacting with a single mode, substitution of Eq. (33a) 

together with appropriate expressions for Z(t), V; and 9 into Eq. (35) gives an 
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efficiency o 
1 

0.5 if wT = 2xN. A higher efficiency and a higher transformer ratio 

could be obtained if the retarding potential could be made as fiat as possible 

across the current distribution. In the limit V-(t) = Vi = constant, Eq. (35) 

gives an efficiency of 100%. In Ref. 12 it is proven that the potential can be 

exactly flat only for a current distribution which consists of a delta function 

followed by a linear current ramp, where the proper relation exists between the 

value of the delta function and the slope of the current ramp. In thii limit the 

transformer ratio is given byrz 

R = [1+ (2rN)*]“* ( De:g;:;;m} . (36) 

Here N = wT/2x = CT/X, and N can now take non-integer values. For large N 

the transformer ratio approaches R e 2rN and the efficiency approaches 100%. 

The transformer ratio for the delta function alone (N + 0) is R = 1, as we know is 

the csse for all short bunches, and the efficiency is 0.5. An approximation to this 

distribution, in which the wake potential is driven negative by an exponentially 

decaying spike and then held constant by a rising current ramp, is illustrated in 

Fig. Q(c). 

A third distribution of interest is a linear current ramp preceded by a quarter 

wavelength rectangular pulse. The response to this distribution is shown in 

Fig. Q(b). The transformer ratio in the case of this ‘doorstep” distribution isl2 

R = [1+ (1 - ; + 2nN)2]1” (37) 

In the limit of large N the transformer ratio again approaches R w 2rN. For long 

bunches the transformer ratio and the efficiency are again approximately twice 

that for the linear current ramp alone. Except for particles in the first quarter 

wavelength of the bunch, all particles experience the same retarding potential. 

At the end of the doomtep (N = l/4), R = fi and u = 2/r. 

As a numerical example, consider k accelerator operating at X = 1 cm with 

a desired gradient of 200 mV/m. A SLAC-type structure at thii wavlength would 

have a loss parameter on the order 2 x 10 r5 V/C-m. With a transformer ratio of 

20, driving bunches with an energy of iOQ MeV would need to be injected every 

ten meters. The charge per bunch as given by Eq. (4) is 

9zE.R u 0.5jbc 
4k9 

9 

assuming that most of the energy goes into a single mode and that the efficiency 

is close to 100%. The bunch length is approximately RX/2r = 3.2 cm or 100 ps, 

and the peak current at the end of the bunch is 10 kA. Many practical questions 

must be addressed, such as the feasibility of creating properly shaped bunches 

with very high peak currents. The deflecting fields induced if the driving bunch 

wanders off the axis of the structure are also a serious problem. 

5. Ring Beams in Cylindrically Symmetric Structures 

In thii section we consider cylindrically symmetric structures excited by a 

beam in the form of a ring, or hollow cylinder with thin vwalls”. A simple case 

for which the beam-structure interaction can be computed analytically is the 

pillbox cavity having a thin azimuthal slot at radius re, as shown in Fig. 12. 

If the slot is located near the outer perimeter of the cavity, we might expect a 

large transformer ratio. In qualitative terms, a driving bunch entering the cavity 

generates a wave packet which travels towfrd the axis. The volumn of the wave 

packet decrease roughly as r-l, and the electric and magnetic field strengths 

must therefore increase approximately as r -II’. A second bunch can then be 
I 

accelerated along the axis of the cavity. In a practical structure, the effect of the 

axial beam tube and the azimuthal slot on the wake potentials must be taken 

into account. 

The advantage of a ring beam over a line beam at the same radius is that 

higher order azimuthal modes (m > 0) are not excited. Since a ring beam 
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Figure 12. Qualitative picture of the field induced by a ring bunch passing 
through a pillbox cavity. 
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is a superposition of an infinite number of Jiie beams at the same radius, the 

transformer ratio for a ring beam with radius re and a line beam at radius re 

with the same axial charge distribution would be the same if &muthally varying 

modes are ignored. Inclusion of these modar YouId degrade the transformer ratio, 

and in addition a deflecting wake would be generated on the axis of the pillbox. 

If only the lowest frequency Th&re mode in a pillbox cavity is excited by 

the ring driving bunch, the transformer ratio for a ring bunch with axial extent 

AZ = 0 can be obtained from Eq. (20a) as 

R = 2 $$ I” = Jo(p,,~ro,b) 1 1 
where b is the outer radius of the cavity and par = 2.405 ls the fimt root of JO. In 

practice, a long bunch excites predominately the lowest frequency mode. For a 

flat current distribution (rectangular bunch) of length AZ, Eqs. (31a) and (31b) 

can be used to show that the above transformer ratio must be multiplied by a 

bunch form factor 

F = SW AGo) !??<I 
sin(2nAz/&) ’ & 4 

(39) 
F = sin(r At/&) , 2 > i 

where Xo is the wavelength of the fundamental mode. Mltrovich d d la have . 

computed the energy going into higher modes for a pillbox cavity with g/X0 = 0.1 

and AZ/& = 0.425 as a function of the beam radius re. For this driving bunch 

length, more than 90% of total energy deposited in all modes goes into the 

fundamental mode for 0.15 < a/b < 0.72. At th& upper end of thii range, the 

transformer ratio is 5.1. Higher transformer ratios could of course be reached by 

making ro/b closer to one. However, more energy then goes into hiiher modes. 

In addition, the driving bunch distribution could be shaped, as diiussed in the 

previous section. 



A wake 
1 

eld ‘transformer,” which consists essentially of a series of pillbox 

cavities with a ring gap near the outer radius and a hole on the axis for the ac- 

celerated beam, has been propoeed by Voss and Weiland.14*16 An experimentl*JT 

is in progress at DESY to test the concept by injecting an 8 MeV, 1 $2 beam 

into the structure shown schematically in Fig. 13. Also shown are the wake fields 

calculated at eight time steps by T. Weiland using hi code TBCI.” Note that 

the outer boundary of the structure has been shaped to enhance the transfer of 

energy into the radially propagating wake fields. After the wave reaches the axis 

it is reflected and travels back to the outer boundary. There it is reflected once 

again, travels back to the axis, and produces a second high field pulse. This 

second pulse has the inverse sign and can be used to accelerate positrons. 

Figure 14 shows the longitudinal potential due to these fields for the driving 

beam and for an accelerated beam on the axis. The maximum decelerating wake 

potential seen by the particles in the driving beam is computed to be 17 mV/m, 

but on the axis a gradient of 170 mV/m is produced. Thus the transformer ratio 

for this particular structure is 10. 

Some important observations can be made concerning the deflecting wake 

fields in the driving beam. For the usual cavity with no metal between the beam 

and the axis, recall that the dipole wake potential can be written as 

c 
/ 

F&=fW,(s)cos~+~W+(s)sind=W~(s)(icos~-Jsind) , 

where W,(s) = -W+(a). We now find, when there is metal between a hollow beam 

and the axis, that the deflecting forces cannot be described by a single transverse 

wake function.‘* Two functions are now required at a given tixed radius for the 

ring beam (and four if the position of the ring beam is allowed to vary): 

c J Fl(r,t$)&=fW,(s) cos~+.$W~(s) sin+, 

where W,(a) # -We. As an example, Fig. 15 shows the dipole wake poten- 

tials for the inner bunch (W, = W,) and the outer bunch (W, # -W+) for the 

I 
., ,I &,,I,. 

i7: 

I ,.,I.. I. ,I 

.’ 
---I-- ,. . 

I l-7 

Figure 13. Electric field at eight time steps generated by a hollow driving beam 
in a seven-cell pillbox transformer. 
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Figure 14. Longitudinal potential for the wa+e field transformer shown in 
Fig. 13. (1) Driving beam density; (2) deceleratini potential inside driving beam; 
(3) accelerating potential on axis; (4) density of the accelerated beam; (5) self 
potential of the accelerated beam; (6) accelerating potential after reflection from 
outer wall. 
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Figure 15. Transveme wake potential on the axis (top) and at the outer driving 
ring beam (bottom) generated by a 0.1 m m  offset of the driving beam in the 
structure rhown in Fig. 13. The parameters of the driving beam are o, = 2 mm,  
Q=l@andre=Scm. 

structure in Fig. 13. Thii behavior of the wake potentiala makes the rtudy of 

beam dynamics in the driving bunch much more complicated. A related result 

is also of importance for such structures: cylindrically symmetr ic fields (m = 0 

modes) can deflect. This is not the cane for the more usual single-region cavities. 

Other structures have been proposed r4*r6 which do not need a hollow driving 

beam, for example the elliptical structure shown in Fig. 16 and the mult i-beam 

star-transformer shown in Fig. 17. In the elliptical geometry one makes use of 

the property that the peak wake potential depends on the size of the beam hole. 

In the star transformer wake fields from the driving beama propagate toward the 

axis and combine in a straightforward manner. A transformer ratio on the order 

of 2N, where N is the number of driving beams, might be expected. 

An experiment at Osaka Univemity10 using the elliptical wake field trans- 

former has already been performed. The computed transformer ratio in thii 

experiment is 1.3. The defiecting wake fields for thii structure have ah been 

computed,‘0 and were found to be very high (- l/3 of the accelerating field). 
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ABSTRACT 

In this paper we discuss plasma accelerators which might provide high gradi- 

ent accelerating fields suitable for TeV linear colliders. In particular we discuss 

two types of plasma accelerators which have been proposed, the Plasma Beat 

Wave Accelerator and the Plasma Wake Field Accelerator. We show that the 

electric fields in the plasma for both schemes are very similar, and thus the 

dynamics of the driven beams are very similar. The differences appear in the 

parameters associated with the driving beams. In particular to obtain a given 

accelerating gradient, the Plasma Wake Field Accelerator has a higher efficiency 

and a lower total energy for the driving beam. Finally, we show for the Plasma 

Wake Field Accelerator that one can accelerate high quality low emittance beams 

and, in principle, obtain efficiencies and energy spreads comparable to those ob- 

tained with conventional techniques. 
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1. INTRODUCTION 

Recently there have been two similst types of plasma cuclerator schemes 

proposed. The Plasma Beat Wave Accelerator (PBWA)“s employs two laser 

beams beating at the plasma frequency to drive the plasma while the Plasma 

Wake Field Accelera$ (P WFA) s-’ replaces the 1~e.r beams by a bunched 

relativistic electron beam. Since the two schemes make use of different sources, 

the corresponding mechanisms that drive the plasma waves are different. In the 

PBWA, it is the ponderomotive force which comee from the beating lasers that 

drives the plasma, whereas in the PWFA the driving bunch Is decelerated by the 

plasma and thus transfers energy to the plasma wave. Other than this difference, 

however, the two schemes are very similar. In both cases large longitudinal 

electric fields are generated in the plasma which oscillates at the fundamental 

plasma frequency wr. These fields are then used to accelerate an electron beam. 

In this paper we study the PBWA and the PWFA in parallel to point out 

both the similarities and the differences in the two schemes. In Section 2 we 

begin with a calculation of the plasma wave induced by two beating lasers for 

the PBWA and by a relativistic electron bunch for the PWFA. From this we 

calculate the longitudinal and transverse electric fields due to the plasma wave. 

Next in Section 3 we use the fields calculated to treat several accelerator 

physics issues. Since in both cases the plasma is driven by bunches (lasers) of 

finite cross section, there is both a transverse electric field and a transverse oari- 

ation of the longitudinal electric field. The transverse field is used to calculate 

focusing (and defocusing) effects while the radial variation of the electric field is 

used to calculate induced energy spread. Since the phase velocity of the plasma 

wave is not c, there is phase slippage along the wave. This is quite large for 

the PBWA and must be included in the design considerations. For the PWFA 

phase slippage restricts the energy of the driving electron bunch. To complete 

this section, the energy requirement and the efficiency are estimated. 

In Section 4 we compare the PWFA with the PBWA using four numerical 

examples which serve to illustrate possibilities in design. We choose parameters 

which would yield either an Interesting experiment or the 6rst stage of an actual 

accelerator. Since the PBWA Q somewhat more restrictive In design, we Srst 

6x a design with fields ranging from 1 to 10 GeV/m using two different types of 

lasers. The design for the PWFA Is then chosen to match the crltical parametera 

of the PBWA. We conclude thii section with a diiussion comparing the two 

schemes. 

In Sections 3 and 4 we find that the efficiency of energy transfer from the 

plasma to an accelerated electron bunch Is rather low. This, however, is due to 

the particular mode1 and parameters chosen for the calculation. In Section 5 

we show two alternative methods for improving the efficiency. In addition, we 

show that it is possible to have a matched emittance which is consistent with 

TeV collider needs. 

In the following sections we follow Refs. 2, 6 and in particular Ref. 6 in 

most of the calculations. Sections 2.3 and 4 are quite similar to Ref. 6 although 

Section 2 is somewhat more general here. Section 6 is new work which explores 

briefly the possibilities of improving efficiency. 

In the next section we will treat the plasma oscillations in the linear ap 

proximation since this is completely adequate for our purpose. Discussions of 

nonlinear plasma oscillations due to a driving electron beam can be found in 

Refs. 7 - 10 and in Ref. 5. 

2. FIELDS IN A PLASMA WAVE OF FINITE EXTENT 

We consider a uniform cold plasma of density no with stationary ions. The 

linear plasma oscillations will be driven resonantly by two beating laser frequen- 

cies for the PBWA, while for the PWFA they will be shock excited by a thin 

disk of relativistic electrons. To find the electric field in the plasma wave for 

both schemes, we start with the linearized, nonrelativistic fluid equations, 

$+,(v..-)=O 

-298- 

, 

g 



and 5olve for the perturbed plasma density AI. In Eq. (2.1) cr is the electric 

field due to nr. and & is the external force due to either a driving beam or a 

beating laser. 

2.1 THE PLASMA BEAT WAVE ACCELERATOR 

In the case of the PBWA the force is most easily calculated from a Hamil- 

tonian which has been averaged over the fast oscillation of the laser frequency. 

This leaves only the beating effect of the two lsser frequencies. 

For a model of the laser we consider two plane waves which are modulated 

radially to obtain the desired transverse profile. The nonrelativistic Hamiltonian 

which governs motion of the electrons in the plasma is 

H = (P’- 44 
2m ’ (2.2) 

and the vector potential for the incoming laser is 

+ 
Cos(k’2 - w’t) 

I 
Wl 

(2.3) 

where wi and Ai are the frequency and wave vector of the two laser lines, and 

Z&(r) describe5 the transverse profile and polarization of the beam. The fre 

quency and wave vector are related by the dispersion relation of electromagnetic 

waves in a plssma, 

w’ = k=c’ + w’ P ’ (2.4) 

where wr is the plasma frequency 

4ne’m l” 
Wp’ - [ I m 

A simple way to calculate the ponderomotive potential due to the beating 

lasers is to average the Hamiltonian over the fast oscillation at the lsser fre- 

quency. Here we assume that the difference in frequency between the two laser 

‘line5 is much smaller than the lsser frequency. Averaging over a time of 2x/w 

yields the Hamiltonian 

(H) = & + $$[l + cos(ksr - wrt)] , (2.6) 

where wg = wr - ws and k6 = kr - kz, and we have dropped the index on w. The 

last term is simply the ponderomotive potential due to a beating laser with a 

finite cm55 section. 

In order to provide useful acceleration over a significant distance. it is nec- 

essary that the plasma wave phase velocity be close to c, the speed of a high 

energy injected electron beam. As we shall see, the phase velocity of the plasma 

wave is matched to the ‘phase velocity’ of the beat pattern. Thii is the group 

velocity of electromagnetic wave5 in a plasma, 

Due to Eq. (2.7) above it is sometimes useful to define 75 = w/wr since this 

would be the relativistic energy factor of a particle travelling at that speed. 

For the sake of a comparison with the PWFA later in this paper, we will 

select a radial dependence of the ponderomotive potential given by 

E:(r) = 2Ei ZW4 ZoW + ; - & - $ r<a 
9 (2.8) 

h(k,a) Kdkpr) r>a 

where K,, and Z,, are modified Beesel functionr. This radial profile i5 parabolic 

near the origin but falls off exponentially for t > a. It was chosen to yield a 

simple parabolic dependence in the equations below. 

To obtain a good coupling to the response of the plasma we set the difference 

of the laser frequencies equal to the plasma frequency 

W( = wp 

h=kp, 
(2.9) 

where we have noted that the plasma wave number kr is equal to ks. 
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To we the above results we need the divergence of the force due to the 

Hamiltonian in Eq. (2.6). This is given by 

bith nl(r,r,t) in hand, we now must find the electric field fl due to the 

plasma oscillation. Since the magnetic field due to a linear plasma wavevanishes, 

we can simply use Poisson’s equation, 

V * F’ = 4xc’nl + e*&(r) + e*&(r) cos(kpz - wpt) , 

where Poisson’s equation hss been used to substitute for Vz& and 

&(r) = 
{ 

St1 - r2/a2) r<a , 

0 r>a 

gi (Kl(k&o(k& - $?) r<a 
Be(r) = 

~L&a)~o(k,r) r>a 

Substituting into Eq. (2.1) yields 

!L$ + w,’ nl = -2 I&(r) + &(r)cos(k,z - w,,t)] . 

(2.10) 

(2.11) 

(2.12) 

(2.13) 

To calculate the solution to (2.13), let the laser pulse begin at kpz - wPt = 0. 

If the plasma is undisturbed ahead of the laser pulse, the solution is 

nr(r,z,t) = -Eip’ -[l-cos(kpz-w,t)]- F(kg-wpt)sin(kpz-wpt). (2.14) 

The solution above has two distinct terms. The first term is due to the shock 

excitation of the plasma by the front of the laser pulse, while the second term is 

due to the resonant driving of the plasma by the beating lasers. Since we would 

like to let the second term build up over many cycles, the second term will be 

much larger than the first term. In addition, in an actual device the laser pulse 

would turn on more gradually thus reducing the shock excitation. For these 

reasons we will neglect the first term in Eq. (2.14) in the following analysis. 

(2.15) 

Jf we have a laser pulse of length r, the amplitude of the plasma density wave 

will reach its peak value at the end of the pulse. From Eq. (2.14) this is given 

by 

ny’(r) = s(l- r*/a”) r < a, 

and the potential can be shown to be 

& = R(r) sin(kpz - wpt) 

with 

(2.16) 

(2.17) 

R(r) = e 
G(kp4 Mkpr) + 1 (1 - $) - &T , r<a 

. (2.18) 

12(kp4 &(k,r) , r>a 

The longitudinal and transverse electric fields for r < a for the PBWA are thus 

given by 

w rk cE* 
&,=-+-p 

1 
Kl(kP.)~o(kpr)+f(l-~)-~)cw(Sz--Ypt), 

w,zk,eE; 
&=-z 

r 
G  (kp4 4 (kpr) - k  

I 
sin(kps - wpt) . 

P 
(2.19) 
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2.2 THE PLASMA WAKE FIELD ACCELERATOR 

For the case of the PWFA the situation is very similar. We only need to 

change the laser source term in Eq. (2.13). For the case of a driving beam of 

density n), the divergence of the force is given by 

V. F’ = 4ne*(nr + n)) . (2.20) 

Following Ref. 5, consider a driving beam with density profile 
where 

For reason8 which we will dkU88 later, the transverse size of the driven 

beam must be somewhat smaller than the transverse size of the laser beam8 or 

the driving electron beam. In addition if k,a > 1, then the electric field8 for 

both schemes are of the following form: 

n* = u(r)6(z - Vst) . 

Then the solution for the perturbed density is given by 

nlk) = 
kpu(r) sin(kpz - wpt) kpz - w,t < 0 

0 kpz - wpt > 0 . 

(2.21) 

(2.22) 

To compare with the PBWA we use a parabolic distribution given by 

+) = 30 - r*/a*) r<a 
9 (2.23) 

0 r>a 

where N is the total number of particles in the driving bunch. Once again it 

is possible to calculate the longitudinal and transverse electric fields due to the 

plasma wave.’ These are given by 

-16eN 
E* =ql Zf2(kpa)Zo(kpr)+~(l-$)-&}cos(l;,l-w,t), r<a 

~ --16eN 
r-y%--- { 

Kt(k,a) Zl(kpr) - k$ sin(kpz - wpt) , r<a. 
P 

(2.24) 

&, E - A(1 - $) co8(kpz - wpt) 
r<a 

r 
&, u 2A- sin(kpz - wpt) 

kpa2 

(2.25) 

Other than different coefficients, the forces that the driven electrons expe- 

rience share the Same physical characteristic8 in both schemes. To be specific 

there is a longitudinal force e&, that either accelerates or decelerates the driven 

bunch of electrons, and there is a transverse force e&, shifted in phase which 

either will focus or defocus the driven bunch (see Fig. 1). From Fig. 1 it is clear 

that we have both acceleration and focusing over l/4 of the plasma wavelength. 

E,,mox 

E,.mox 

0 w/2 7r 3rV2 2a 
S-84 b 4DO7Al 

Fig. 1. 
Thus the electric fields for the two schemes turn out to be remarkably similar. 
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3. ACCELERATOR PHYSICS ISSUES 

In this rection we discuss some accelerator physics l6sue6 which are relevant 

to both scheme6 of plasma accelerators. To begin we concentrate on the qual- 

ity and intensity of a driven electron bunch with &rite tr-er6e extent. In 

particular we treat the transverse oscillations and the energy spread due to the 

transverse variation of the accelerating field. We then di6cuss other issues such 

a6 phase slippage, spot size and driving beam energy for the PBWA and PWFA. 

The detail8 in the discussion of these issues are different for the two schemes 

since we choose to fix different parameters in the two c~ee. Finally, ln order to 

address the question of intensity, we discuss the efficiencies of both schemes. 

3.1 THE BETA FUNCTION 

In this paper the beta function is defined to be the wavelength/26 of the 

transverse oscillation at some instantaneous phase d along the plasma wave. In 

the laot section we saw that, except for a difference in coefficienb, the PBWA 

and PWFA have the same electric fields. We also pointed out that there i6 a 

useful phase between n/2 and 6 along the plasma wave. In general there will 

be some phsse slippage between the plasma wave and the driven beam. If this 

phase slippage is slow, then’ we can calculate the transverse focusing effect6 as 

if the beam were at a fixed phase on the wave. 

The differential equation governing the transverse oscillations of a highly 

relativistic particle ls 

where ymc* is the particle’s instantaneous relativistic mass. Thus, for small 

radius from Eq. (2.25), we have 

(3.2) 

Identifying the coefficient of z above with p-* yields the beta function, 

3.$ ENERGY SPREAD 

From Eq. (2.25) it is evident that for a driving beam with finite trarmveme 

size, the longitudinal field varies transversely. Consider a driven bunch with 

tranrveme radiw b which move6 along the axis of the plasma wave. Since the 

field varies parabolically in the tran6ver6e direction, the average energy gain is 

reduced slightly and an energy spread is induced. If we assume that the beam 

ls already very relativistic, then the average change in energy for one rtage h 

where AE is the energy gain for a particle on the axis of the plasma wave. The 

corresponding energy spread induced in one stage for the model we have chosen 

is 

(3.5) 

3.3 THE TRAPPING PARAMETER 

The trapping parameter is defined to be the ratio of the plasma density per- 

turbation nr to the unperturbed density rte. Physically, this parameter indicates 

the linearity of the plasma oscillation. Since we work in the linear approxima- 

tion for the plasma wave in both schemes, Q should be kept reasonably small. 

For the case of the PBWA, we s.ssume that the plasma oscillation raturates at 

the end of the laser, which corresponds to”“* 

,g&l 
no 4 

PBWA. 

For the caSe of the PWFA we take L and & 6s chosen parameters. In ad- 

dition, to scale the transverse effects, we Sx the ratio between the tr-erse 

size of the driving bunch and the plasma wavelength, a/X,. This in turn deter- 

mines the plasma wavelength and the plasma density. In order to check that the 
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plasma wave ~3 generated is indeed a linear wave, we must calculate Q, which 

in thii case is given by 

4 a=- PWFA. 
mw? 

(3.7) 

3.4 PHASE SLIPPAGE 

For both accelerator schemes the phase velocity of the plasma wave is not 

equal to the velocity of the driven bunch. This means that the driven bunch 

will slip in phase along the plasma wave as it is accelerated. For the PBWA we 

maximize fs for a given L by optimizing the phase shift 6. If we choose a laser 

frequency w, an acceleration length L, and a phase slippage 6 for speed of light 

particles; then the plasma frequency is given by’ 

26cw’ 1’= wp = ( > - . 
L (34 

On the other hand, the acceleration gradient that the driven bunch sees 

varies along L due to the phase rlippage. If the total phase rlippage over the 

entire acceleration length is 6, then the average acceleration gradient is related 

to the ideal gradient by a phsse slip form fmtor &16/6, that is 

eEave 
rin 6 

* = amcwpT - P-9) 

Here the phase has been allowed to 6lip from the top of the cosine down one 

side so that the bunch is always in a focusing region. The average acceleration 

gradient can be maximized for a given L if 

6-g and y ~0.85 PBWA. 

plasma wave since the plssma wave phase velocity is equal to the velocity of 

the driving bunch. Following Ref. 5 we integrate the relative velocity along the 

length L to obtain 

Since in an actual high energy accelerator the 6econd term would be quite small, 

we will neglect it when using Eq. (3.11). 

3.5 THE TRANSVERSE SIZE 

We need the transverse size to calculate the transverse dynamic6 of the 

driven bunch. For the PBWA to make the optimum use of the laser beam it is 

necessary to match the Rayleigh length R to the acceleration section. Following 

Ref. 2 we choose the section to be twice the Rayleigh length. Thii in turn 

determines the diffraction limited spot size, 

RX LX 26c’w 
a2=y=c=,: PBWA, (3.12) 

where Eq. (3.8) has been used to eliminate L. For the PWFA since we would 

like to 6z the number of particle6 in the driving bunch, the transveme 6ize is 

determined by the desired accelerating field, 

a= [q]l’* PWFA, 

where r, is the clsdsical electron radius. 

(3.13) 

For the PWFA we consider only relativistic driving and driven bunches. In 

addition we require that the final energy of the driving bunch after the distance 

L is still relativistic. In this case we can calculate the phase slippage along the 



3.6 THE ENERGY REQUIREMENT 

In the PBWA the lsser beam power for the beam profile given in Bq. (2.8) 

i6 

If we assume that we have a laser pulse length r, the energy necessary to drive 

the plasma wave density to ane is’ 

PBWA . 

where Eq. (3.12) hss been used to eliminate a*. On the other hand, the energy 

in the driving bunch for the PWFA is simply given by 

Wr = NlEl PWFA . (3.16) 

3.7 THE EFFICIENCY 

The overall efficiency of the accelerators here can be divided into three parts. 

The first part is the efficiency of conversion of ‘wall plug’ energy to either laser 

energy or electron beam energy. These two efficiencies may be quite different, 

however, we will not discuss them here. The second efficiency is the conversion of 

either laser or electron beam energy to plasmaenergy. The third efficiency is that 

for conversion of the plasma energy to the driven electron beam. The efficiency 

of the transfer of energy from the laser to the plasma has been calculated for 

the PBWA model we have chosen.’ For a general phase shift 6 the ratio of the 

plasma energy to the laser energy is given by 

P.E. a6 
v’=wz=4* 

(3.17) 

If laser depletion is included in the analysis, this number will be reduced slightly. 

1 he efficiency of the transfer of energy from an electron beam to the plasma 

is quite different. In this case one must cowider the beam loading effects. If 

we could treat the bunch as a macro-particle, then for a very relativistic driving 

bunch we could extract nearly all of its energy before it’s velocity changed enough 

to yield a phase slip. However, due to beam loading thii is not possible since the 

leading edge of the driving bunch loses essentially no energy to the plasma while 

the trailing edge loses twice ss much ss that calculated for a point-like particle. 

Thus, for very short bunches, we can only extract about l/2 of the energy 

qr=; PWFA. (3.18) 

For longer bunches of electrons, one can improve thii factor and also improve 

the transformer ratio “*” at the expense of the peak field. This technique might 

be difficult to realize in the PWFA with the model we consider here since the 

strong transverse fields due to the head of the driving bunch would focw the 

tail. Therefore, we will not consider it in this section; however, it is an important 

pO88iblity if the transverse fields can be reduced. 

The final efficiency to calculate is that from the plasma to the driving bunch. 

This efficiency is the same for both cases provided that the characteristics of the 

plasma wave are the same. The total acceleration gradient experienced by a 

bunch with Nr particles in a plasma wave is 

(3.19) 

where c&s is the peak longitudinal electric field, and f is a factor less than 

unity which takes into account phsse slippage or shifts in phase from the peak 

accelerating field. The second ‘beam loading’ term is due to the plssma wake 

induced by the trailing bunch. The efficiency is given by the total energy gained 

by the bunch divided by the plssma energy, 

02 = N2GL ($$L)-’ . (3.20) 
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This efficiency has a maximum when 

N2+t, (3.21) 

and the value is given by 

b* 
fp=j*-$ 

For the PWFA f can be taken to be essentially unity while for the PBWA f is 

given by Eq. (3.10). This yields 

b* 
t$‘- z .72p PBWA 

b’ tg-~ 2 PWFA 
(3.23) 

4. COMPARISONS AND DISCUSSION 

Now we come to a detailed comparison between the PBWA and the PWFA. 

As mentioned earlier, our guide will be the self consistency among all relevant 

accelerator parameters within each scheme. Our approsch is to choose a set 

of parameters in each scheme that we fix from the beginning. The remaining 

parameters in each scheme can then be calculated in terms of those chosen 

parameters. The scaling to different sets of chosen psrameters is straight forward 

wing the result6 of the previous section. To make a fair comparison we will 

study two sets of sample accelerators with the same acceleration gradient and 

the same length L. In addition, to make the comparison meaningful to real 

experiments, we employ only those laser and electron beams that are presently 

available. Under these considerations, the parameters that should be Sxed in 

the two scheme6 are quite different. In particular, for the PBWA we need to 6x 

the laser frequency w by choosing a particular laser source. If we then 6x the 

length L of the acceleration section, the phase slippage determine6 the plasma 

frequency wp. This mean6 that the longitudinal electric field &s is a derivable 

quantity. On the other hand, the energy gradient in the PWFA is chosen so that 

the intensity and dimensions are not far from realizable values. A6 we rha!! see, 

in spite of this difference it is possible to match the acceleration gradients. 

4.1 NUMERICAL COMPARISONS 

To keep the dimension8 to a laboratory scale, we select the acceleration 

lengths to be 10 cm and 100 cm. These two lengths are then combined with 

two different laser frequencies, the Nd: Glass lsser and the CO2 laser, to form 

four sets of sample calculations. For the PBWA the parameter a is chosen to be 

0.25, which is approximately the saturation value,” and the phsse slippage is 

taken to be the optimum value given in the previous section. Finally, we assume 

that the laser pulse length and the growth time for the plasma wave r is about 

159 cycles (Wpr = 1000). 

Since the PWFA is not so restrictive in its design, we can now set the 

parameters to match some of those for the PBWA. In particular we use the 

same acceleration gradient and the same a/X,. The number of particles in the 

driving bunch is taken from the present number in the SLC and the bunch length 

is assumed to be somewhat less than the plasma wavelength. The initial and 

final energies of the driving bunch are selected 140 that the final energy of the 

bunch tail is 90% of its initial energy. As we can tree from Tables 1 and 2, the 

phase slippage for the PWFA is much smaller than that for the PBWA. All 

parameter6 except the efficiency and the energy in the driving beam turn out to 

be quite comparable. In particular note that the focusing for both scheme6 is 

quite strong. The energy required for the driving bunch is consistently higher 

for the PBWA; however, because it is less efficient in these examples, the number 

of particles which can be driven is comparable to the PWFA. 

4.2 DISCUSSION 

The examples above seem to favor the Plasma Wake Field Accelerator es- 

pecially for the longer accelerator sections. This is due to the divergence of the 

laser. For longer Rayleigh lengths it is necessary to have a larger spot and thus 

more peak power to obtain the same intensity at the spot. On the.other hand 

the particle beam is assumed not to diverge. This is true because the emittance 

of the beam is typically much smaller than the corresponding wavelength/6 for 

-305- 



A 

Table 1. Plasma Beat Wave Accelerabr Table 2. Plasma Wa!re Field Accelerator 

. . 

Chosen Parameters 

w [set+] 

L bl 
a 

6 WI 
sin616 

WPT 

Derived Parameters 

Wp [lo*’ SC&] 
no [1016 cmT3] 
c&# [GeV/m] 

a b-1 
4% 

B I&mT mm] 
N [lO’o] 

Wr IJI 

T 

2.65 1.23 .571 .265 
21.7 4.67 1.00 0.22 
9.38 4.36 2.00 0.94 
0.13 0.41 0.41 1.30 
1.82 2.70 1.25 1.82 
0.18 0.57 0.57 1.80 

1.95Q g.w* 4.19?J, 1.95q* 
23.9 515.4 11.1 239.2 

Nd: Glass 1.78 x 10’6 
B 

co2 1.78 x 10” 

10 100 
0.25 0.25 

5r/16 5~116 
0.85 0.85 
1ooo 1000 

the laser. In addition it is possible to use magnetic focusing element6 to de- 

fine the sise of a charged particle beam. The problem of the divergence of the 

laser beam might be solved by using lasers sufficiently intense to self focus in 

the plasma; however, this possibility was not considered since it lie6 outside the 

scope of the simple mode!8 given here. In addition, for the PBWA parameters 

chosen, the laser power is somewhat below the critical value for relativistic self 

focusing.15’16 

Unfortunately, for both schemes the efficiency qs and the energy 6pread 

induced are directly related. Thus, if a small energy spread is necessary, then 

r)s will necessarily be small for both schemes. The efficiency qr of the PWFA 

WM better in all csses because the energy transfer from the laser to the plasma 

is limited by Eq. (3.17) to quite a small value. There is a possible solution to 

this problem. Since the laser is not depleted very much, it might be possible 

to reuse the beam after a suitable amplification. This would yield a very high 

Chosen Parametera 

L I4 
e&. [GeV/m] 

N 

EI P-4 
4% 

Derived Parameten 

a l-4 
61 lO%w%] 

wp (10’3 set-‘] 

n0 [lO*O cmm3] 
a 

B l&7=3 -1 
N2 (lO’“] 

Wr = NIEl [J] 

T 

10 
9.38 

5 x 10’0 

1.04 
1.82 

0.25 
5.5 
1.37 
5.90 
0.38 

0.28 
2.2502 

8.33 

valw6 
100 10 100 
4.36 2.00 0.94 

5 x 10’0 5 x 10’0 5 x 10’0 
4.84 0.22 1.04 
2.70 1.25 1.82 

0.36 
2.5 
1.41 
6.18 
0.17 
0.59 

2.25~2 

38.8 

0.54 0.78 
42 18 

.439 .438 

.606 A04 

0.25 0.11 
0.73 1.52 

2.25?)2 2.251)~ 
1.76 8.33 

repetition rate and looks quite attractive; however, this possibility needs much 

more etudy. 

There is one final problem for the PBWA. We have assumed that the plasma 

wave would grow over 1000/26 cycles. If there are density fluctuations greater 

than about .2%, then the wave would saturate much sooner. This case would 

require a much larger laser energy in order to drive the plasma to the desired 

field in a shorter time. 

-306- 



5. THE EFFICIENCY AND THE TRANSVERSE EMITTANCE ’ 

One primary problem in the preceding discussion is. that the plasma accel- 

erators discussed have very low efficiency, qr. If we require that the induced 

energy spread due to the tranaucr6e variation of the acceleration field is ray 1%. 

then the maximum efficiency of transfer of plasma energy to the electron beam 

is 

tlzmos c- 0.02 . (54 

Even the qr above cannot be realized since it would require full beam loading 

and thus would yield 100% energy spread (since at the tail of the bunch the 

accelerating field is Eero). 

Typically in 6.n RF structure nFOf is limited by the fact that the wake 

field of a bunch contain6 modes other than the fundamental accelerating mode. 

Thus, if the bunch current is increased until all energy is extracted from the 

fundamental, there is still energy radiated into all higher modes. This of course 

depends upon the longitudinal bunch distribution a6 well. For example, for the 

SLAC accelerating structure with a 1 mm Gaussian bunch” 

?p u 0.3 SLAC . (5.2) 

However, operating at this efficiency would yield a beam with 100% energy 

spread. Therefore, the efficiency is sacrificed for an acceptable energy spread. 

For SLC operation the full energy spread can be kept to about 1% provided 

that 

()a 2 0.03 SLC . (5.3) 

Thii is achieved by balancing the beam loading effects against the curvature of 

the RF to achieve optimum energy spread. 

In the caSe of plasma accelerator6 one can expect a rimilar reduction factor 

from q? to qr. The problem is that ur is too small. 

! The problem of small efficiency fs related to transverse focusing and the 

tramrverse emittance. As mentioned earlier, the rmall efficiency is basically 

proportional to the energy spread. Since the longitudinal electric field varies with 

radius, the trailing beam size b must be kept small compared to the leading beam 

size a. Therefore, the efficiency nr = (b/a)’ is rmall. However, the variation of 

the longitudinal field is related to the 6trength of the strong radial electric fields 

which focus the trailing beam. Thus, both the beta function and the beam size 

are coupled to the efficiency. In addition, for self consistency, one must require 

the emittance of the accelerated beam to be 

b2 
I?=-. 

P 

Using Table 2 we can calculate the emittance necessary for the example in 

column 1. First let us assume that a transverse variation of acceleration gradient 

of 1% is acceptable. In this caJe the trailing beam must have a 6i6e 

b = .036 mm . (5.5) 

To calculate the beta function consider an injected 10 GeV electron bunch which 

resides at a reasonable phase 4 = 0.1 on the plasma wave. Then the beta 

function for transverse focusing is 

/3 = 12.4 cm . (5.6) 

Therefore, using Eq. (5.4) above and assuming perfect matching, one finds an 

emittance 

c = 1 x lOmE m WI 

or an invariant emittance of 

7r et 2 x lo-’ m . (5.6) 

This value is much larger than the nominal value for the SLC, 

[7c]sw = 3 x lo-’ m . (5.9) 

For Tev linear colliders we would like emittances much smaller than the 
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present SLC emittance. In this 6ense the previous example doe6 not match the 

desired chrvacteristics of the trailing beam. If a very low emittance beam were 

injected, the resulting beam size would be reduced and the efficiency would 

suffer. Therefore, it is useful to attempt a solution to both the problem of 

efficiency and the problem of large emittance. In the next two sections we 

discus6 two possible solutions to the problem6 of emittance and efficiency. 

5.1 A MODIFICATION OF THE TRANSVERSE PROFUE 

All of the results in Tables 1 and 2 were calculated with particular model6 of 

the driving beam. In this section we show how changing the transverse profile 

of the driving bunch can dramatically affect both efficiency and emittance. 

In this section we consider the PWFA with a driving bunch profile 

u(r) = 
{ 

N 
2 r<a (5.10) 

0 r>a. 

There is a corresponding example for the PBWA, but we will restrict the dis- 

cussion to the PWFA in this section. 

The solution for the perturbed density nr is again given by Eq. (2.22). and 

the field6 behind the bunch are 

f, = +{l - kraKr (kra) Io(krr) } cos(k,r - w6t) , r<a 
(5.11) 

E r = +K~(&~tz) Zl(kpr) sin(krz - w6t) , r < a. 

Comparing this with Eq. (2.24) we see that for large k,,a, the longitudinal field 

is quite constant and the radial field is quite small. Explicitly, for kpa large but 

k6r small, we have 

&, L- 
-4cN 
o2 cos(kpz - wpt) , r a a 

(5.12) 

&, = (2n)1~r(kp.)3/2e-‘~a~r sin(krz - w6t) , r 4: a. 

4 ascrl ations, 

.3& 

’ = [ & (2*)‘IZ(kpa)3/2Nr, 1 11, 

’ 
(5.13) 

Due to the exponential factor in Eq. (5.13) above, we can Increase the beta 

function quite easily in this model. 

To calculate the efficiency with limited energy rpread, it i6 useful to approx- 

imate the longitudinal electric field for both k,a and k,r large. In thii case 

&,~~(1-f(P)I/*e-‘.ln-~l)c~(k~6-w~t). (6.14) 

From Eq. (5.14) above we gee that the field is quite constant for r < a and 

drop6 czponcntially to l/2 its value at r = a. Therefore, the field ls esrentially 

constant until r 1 a. 

If we consider a trailing beam with full width b, the full energy rpread 

induced by the spread in &. is 

[!w],“,,= f (y*e-4w~ . (5.15) 

In this case the efficiency r)r is again given by 

(5.16) 

It is useful to calculate an example which yield6 high efficiency and low 

energy spread. Consider the example shown in Table 2 column 1. To maintain 

the acceleration field of 9.38 GeV/m, we must reduce ta by 4. To maintain the 

ratio a/Xr, we increase the plasma frequency by the same factor: 

a = .175mm 

w = 194 X 10”6eC- P - 
(5.17) 

which yields 

kpa = 11.3 . (5.18) 

This is quite large and is fine for the approximations made in Eq. (5.14). Following Section 3.1 we can calculate the beta function for small transverse 
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Using Eq. (5.15) if we restrict the full energy spread to about 1 %, the 

driving beam radius b can be increased to 

b 
- e .63 
la (5.19) 

which yields an efficiency 

rp ct .40 . (5.20) 

To check the transverse focusing we use Eq. (5.13) to find 

p = 5.7&@C&nm 

which, for a 10 GeV bunch with sin 4 = .l. yields 

(5.21) 

/3 u 2.5m . (5.22) 

If we assume perfect matching, the emittance at 10 GeV is 

c = b’/p cz 4.9 x 10-O , (5.23) 

which yields an invariant emittance 

7.5 u 1 x lo-’ . (5.24) 

The emittance above is not the rms emittance since it includes essentially 

all of the beam. To compare with rms emittances one might divide by a factor 

of 5. Even 10, it is still quite large; however, it can be dramatically reduced 

by increasing kp by a factor of 2 without affecting the efficiency or peak field. 

Keeping o and b fixed this yields 

kp + 2kp 

p+420m 

c + 2.9 x 10-l’ 
(5.25) 

7E + 5.7 x 10-7 . 

The emittance above is much closer to interesting values for large linear 

colliders. The example above should be considered an illustration, but it is 

1 by no means optimum. The primary purpose is to illustrate that neither the 

efficiency nor the transverse emittance are /undamcnfal problems. In the next 

section we show yet another possible way to increase the efficiency. 

5.2 VAN DER MEER’S SUGGESTION FOR ENHANCING THE EFFICIENCIY”*‘~ 

S. van der Meer suggests in Ref. 18 that one way of solving the problem 

of small qr might be to dcereeue the radius of the beam relative to the plasma 

wavelength so that kpa a 1. This causes the resultant electric field to be much 

more constant over the dimension of the driving bunch even in the case of a 
parabolic transverse profile. More importantly, the wake field is not so strongly 

dependent on the transverse sire of the bunch which allows one to obtain a large 

efficiency even for small b/a. 

To calculate the efficiency in this case let us return to Eq. (2.24). We can 

write the efficiency as 

%A& 
’ = NrAEr ’ 

(5.26) 

where AEr is the energy loss of a particle in the first bunch over a length L, 

and AEr is the net energy gain, including beam loading, of a particle in the 

second bunch. As usual, we assume that the trailing bunch is placed at a point 

of maximum acceleration. Since the field varys little over the bunches in thii 

case , we estimate nr using the field at the center. From Eq. (2.24) we have 

8eZN1 L A& = --+I 

AEl 21 8ea;Lh , 16e~Lh 

where 

(5.27) 

(5.28) 
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to Eq. (2.24) for small kpo and small k6r, the tramrveme electric field L The efficiency above b maximum when 

Na=Nl i ‘; 
0 

w9) (5.36) 

and has the value Following Section 3.1, this yields the beta function 
b ‘fi 

91m03= 0 -- 0 fa (5.30) 

1 111 . (5.37) 
For the cases considered previomly (kpo > 1 , bb > 1) we &Id 

To illustrate this technique it is again useful to 6how an aample. How6ver, 

in this case it is necessary to modify the design romewhat more. Gonsida again 

the example in Table 2 column 1. In order to keep the accelerating lield at 9.38 

GeV/m, we will reduce a and N while keeping k, fixed. (If we were to decrease 

kp instead, the plasma wake would become nonlinear.) If we 6x k6a = 0.1, this 

yield6 

0-2.2x lo-‘rn 

Nl = 5 x 10” . 
(5.38) 

Using Eq. (5.35) and keeping the full spread to about 1 % yields the transverse 

size of the trailing beam 

However, for the opposite case, if we ucpand the Bessel function for small argu- 

ment, we find 

baai, 

k,b a 1 , 
(5.32) 

where C = .577 . . - is Euler’s constant. This yields an efficiency 

jt’ C+ln 2 
?g=LI 3 G 

a-C+lnA ’ 
k,a, k6bal. (5.33) 

P 
(5.39) 

To complete the calculation we need the energy rpread Induced by the ac- 

celerating field. From Eq. (2.24) for kpo a 1 and kpr d: 1, the longitudinal 

electric field is 

The maximum efficiency can now be calculated using Eq. (5.33) 

(5.40) 9y = .65 . 

(f)‘+ ; (i)‘) . (5.34) Finally, we can calculate the beta function from Eq. (5.37). 

Therefore, for a trailing beam of radius b, the full energy spread b 
p 2: 4.3 x lo-6[7/ sin +I’/’ m , (5.41) 

,,,,, = 3 
WV 

T-C+ln 2 ’ 
Soal. (5.35) 

kpo 
which, for a 10 GeV bunch and sin 4 = .l, yields 

Finally it is also useful to calculate the beta function in thii case. Returning /9 = l.Qmm . (5.42) 
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The emittance necessary for matching to the beam rize ls therefore given by 

t-76x10-“m  - . 9 (5.43) 

which yields an invariant emittance 

7t~l.5xlO-6m. (5.44) 

The example above illustrate6 again that it is possible to obtain both small 

matched emittances and good efficiency for the trailing bunch. However, the two 

method6 are quite different; the beta functions differ by 5 order6 of magnitude 

and the beam sizes differ by 3 ordem of magnitude. This leads to additional 

problems for the second scheme. 

One problem is that when we decrease kpa we increase the relative magnitude 

of the transverse electric field. This lead6 to a rmall beta function. But the 

driving beam must be focused by external magnets. If we assume an emittance 

for the driving bunch equal to that of the trailing bunch, then to obtain the 

required beam size (6 = 2.2~~m), we would need a beta function due to external 

focusing of 

B e+t e 1.5m . (5.45) 

To obtain the beta function above would require quite strong focusing even with 

the extremely low emittance driving beam assumed above. Such a low emittsnce 

for the driving beam could probably be obtained with the damping rings used 

for the accelerated bunch. However, since we have not optimized the design, 

there may be other 6olutions to thii problem 6s well. 

A second problem with the strong focusing l6 that the particle6 which os- 

cillate in the focusing fields emit synchrotron radiation. The average loss in a 

smooth focusing system is given by6 

Using the results obtained above, we find that a trailing 10 GeV particle with a 

‘transverse amplitude b lose6 energy at the rate 

dE 
z 

r= 1.7 MeVIm. 

This is quite large but is still small compared to the acceleration rate. But, 66 

the beam is accelerated the synchrotron radiation increase6 rapidly. Once again, 

with more careful design, we may be able to rolve thll problem rime it is very 

sensitive to p. Therefore, in spite of these difficulties, we believe that the second 

method for enhancing the efficiency is also quite promising. 

6. CONCLUSION 

In this paper we have discussed plasma accelerators which have possible 

applications to TeV linear colliders. The two rchemar, the Plasma Beat Wave 

Accelerator and the Plasma Wake Field Accelerator, are very ~dmilar in that 

the field oscillation is supported by simple linear plasma ascillations which have 

phase velocity close to the speed of light. They differ in that the plasma l6. 

driven in the first case by high power beating lasers and in the second ca6e by 

an intense, high-energy electron bunch. 

In the preceding comparisons we showed that in most e66entials we get com- 

parable result.6 in the two 6chemes. However, the PWFA L romewhat man 

efficient. It has another advantage in that it may be e66ier to manipulate high 

energy electron bunches rather than high power laser beams. 

In the last section we focused on two important issues, the efficiency and 

the required emittance to obtain that efficiency. W e  showed two solutions which 

increase the maximum efficiency to levels exceeding those for conventional EtNC- 

tures. Therefore, we do not believe that efficiency i6 a fundamental limitation. 

There are many questions which we have not addrarsed. W e  have 6aid 

nothing about many of the more practical questions of how we obtain the driving 

bunches or lasers and how efficient that process is, and we have not treated the 

problem of how to stage the devices. 
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We have instead attempted to focus on rather idealised problem6 to gain 

insight into the basic physics of both schemes. In doing so we have not addressed 

questions of transformer ratio for the PWFA. Thii important 6ubject b treated in 

another paper in these proceedings. 60 We have limited our treatment to driving 

bunches which are short compared to the plasma wavelength. In the case of 

longer bunches one must fold the longitudinal charge distribution with the wake 

field to obtain the field both within and behind the bunch. In this way for 

asymmetric triangular bunches one can enhance the transformer ratio at the 

expense of peak field for a given intensity driving bunch.13’14 However, in 
treating this problem it is necessary to include the action of the transverse 

wake of the driving bunch on itself in a self consistent way. This may cause 

difficulties for long bunches in that the tail of the bunch will be focused by the 

head. However, if the transverse fields are small (a6 in Section 5.1). they have 

little effect, and the triangular bunch idea look6 much more promising. 

To conclude, we would like to emphasize that this paper ha6 attempted to 

explore the feasibility of both the PBWA and PWFA on fundamental grounds. 

We have certainly not explored the parameter space completely, and thus the 

design6 sketched here are simply examples. They were chosen to illustrate that 

very high accelerating fields (1 - 10 GeV/m) can be obtained in both the PBWA 

and the PWFA, and more importantly, that other limitation6 (such as the effi- 

ciency) do indeed have solutions. Therefore, we conclude that both the PBWA 

and the PWFA continue to be interesting possibilities for new acceleration mech- 

anisms for TeV linear colliders. 
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2. Scaling Laws and Cost Estimation 

I 
1. Introduction , 

The primary motivation for high energy physicists to study new acceleration 

mechanisms is to find a way to build colliders at energies above the SSC at costs 

less than the SSC. Cost considerations are, unfortunately, crucial. It is simply 

not useful to know how to build an accelerator that would cost 100 billion dollars. 

Although it is difficult to make cost estimates without knowing the technology, 

I believe the attempt is useful. 

In comparing a linear collider, assumed to be electron positron, with the SSC, 

a circular proton-proton machine, we need to know the parameters of each that 

will attain “equivalent” physics. Strictly there is no such equivalence. The two 

machines have different strengths and weaknesses and are in many ways com- 

plimentary. Nevertheless we can establish equivalent parameters for the produc- 

tion of particular final states and make some kind of average over different such 

states.’ For the purposes of this lecture I will assume the following parameters 

to be equivalent: 

ssc e+c- Collider 

Beam energy 20 + 20 TeV 1.5 + 1.5 TeV 

Luminosity l@ cm-’ see-r 1aW cm-’ see-’ 

In discussing the cost scaling I will often refer to cost estimates for this 

“SSC equivalent” e+c- collider. These costs should be compared with a value of 

about 2 billion dollars for the SSC. This is the SSC cost without detectors, site, 

contingency or escalation. As in the SSC case the real cost would be about a 

factor of two higher than the values given. 

It would be technically feasible to construct two SLAC-like linear accelera- 

tors, producing beams of electrons and positrons, respectively, up to 1.5 TeV. 

The problem is that if one bases cost estimates on a simple scaling of the existing 

SLAC linear accelerator parameters, then costs are excessive. Optimization of 

parameters for a linear collider ia very likely to lead to numbers different from 

those pertaining to SLAC. Specifically, gradient, wavelength, mechanical toler- 

ances, structural parameters, focusing systems, to name but a few would have 

to be quite different. Whether research and development based on such an op 

timization of parametera would lead to a practical machine whose cost is lower 

than that of the SSC is far from certain, but is not excluded. I try in this lecture 

to perform such an optimization despite the relative lack of detailed co&. 

Costs for existing linear accelerators are associated with physical length, av- 

erage power, peak power, and energy storage per pulse, and the scaling laws 

associated with each of these parameters aa a function of wavelength and ac- 

celerating gradient can be determined. If we rather arbitrarily amume linear 

relations between costs and each of these parameters then one can obtain cost 

estimates aa a function of the parameters and look for those values that would 

minimize the cost. It muat be remembered that the exercise leads us to parame- 

ters and technology very far from existing linear coll~dem and cannot, therefore, 

be treated as a realistic estimate of actual coat. It is nevertheless an interesting 
I 

exercise and may indicate where efforts should be dimcted. 

We are considering only technologies that employ radio frequency power 

Bources, driving near field accelerating structures. I will examine, in turn, the 

requirements on accelerating gradients, total stored RF energy, peak RF power, 
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and finally +rage power consumption. 

2.1 ACCELERATING GRADIENT REQUIREMENTS 

There is a rather obvious relationship between length and the cost of a linear 

collider and most early efforts at developing new technology were aimed at in- 

creasing the accelerating gradients in order to reduce these costs. The length pro- 

portional costs might lie somewhere in the range between $10,000 and $100,000 

per meter (civil construction alone would be near the lower figure; the cost of 

SLAC in current dollars in somewhere in the middle of the range). For the pur- 

posed of cost optimization I will assume $30,000 per meter. 

A gradient of 20 MeV per meter (as at the SLC), would imply, for our SSC 

equivalent, a total length of the order of 150 kilometers and a total linear cost 

of the order of 5 billion dollars. Gradients as high M 150 MeV per meter have 

been achieved in a SLAC structure. With this the length would be reduced to 

20 kilometers, but the cost remains still relatively high: of the order of .6 billion. 

If we are aiming for coats substantially less than the SSC, it would seem prudent 

to aim for an accelerating gradient somewhat, but not greatly, larger than this. 

The limit set by breakdown is believed to rise aa the inverse wavelength to 

the 7/8 power (see Fig. 1). Another limit is set when heating in the accelerating 

structure would cause momentary melting of its surface. This limit has been 

discussed by Norman Krollr and Perry Wilsor? and occurs somewhere between 

306 and 1000 MeV per meter at 10 cm and scales aa the inverse wavelength 

to the 1/8th power (Fig. 1 is taken from Perry Wilson’s papers). This scaling 

law amumes that the cavity is filled for a time scaled from that used in SLAC; 

shorter fill times raise this limit. When the wavelength falls below 100 microns, 

150 MV/m Accekoting Field 

0.03 I I I I I I I I 
103 102 10' 100 lo-' 10-z lo-3 IO 4 10-5 

5-85 WAVELENGTH (mm) 6,42A.? 

Fig. 1. Limitations on gradient as a function of wavelength due to electric field 
breakdown and surface heating in a SLAC-type disk-loaded structure. 

I 
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the scaling law c 
t 

angea and rises M the inverse l/4 pqwer; the change arising 

because the temperature becomes limited by the specific heat of the surface 

material instead of ita conductivity. At a wavelength of 10 microns, fields over a 

plane mirror = high as 4 GeV per meter have been recorded without damage to 

the surface. 

As an example, if we assume a wavelength of less than 1 cm, we can hope for 

gradienb of the order of 500 MeV per meter, and in that case, the linear costs 

of our SSC equivalent would be of the order of 180 million dollars; substantially 

lens than the SSC. 

2.2 TOTAL STORED RF ENERGY CONSIDERATIONS 

If, M in the SLC, the wavelength is 10 cm, but the accelerating gradient 500 

MeV per meter, then the total RF energy required would be approximately 40 

million Joules. If the costs associated with thii stored energy are similar to those 

at SLAC, i.e., about $1000 per Joule,’ then this would cost 40 billion dollars, 

clearly unreasonable. 

The stored energy J is reduced by lowering the gradient E. but such reduction 

will increase the linear costs. The stored energy is also reduced by reducing the 

wavelength (by the square): 

E.X’ J (both beams) = \/s 7 (mka if@ and E. are in volts) . (2.1) 1 

The cr depends on the structure geometry, for SLAC: 

cr = krA’ N .2 x 10” Vm/coulomb . (2.2) 

The only lit to how small the wavelength can be, is set by wake field effects. 

These, M we shall see below, set a limit on the number of particles that can be 

accelerated without having their emittance excessively increased. This number 

of particles per bunch, determines both the average power requirement and the 

beamstrahlung. All these will be discussed later and will require the wavelength 

to be of the order of a millimeter. If I arbitrarily take X = 1.4 mm M an example 

then for E. = .5 GeV/m and a SLAC-like structure 

J = 4OW Joules . 

If I assume 50% filling efficiency then the RF source must supply a total of 8000 

Joules. This to be compared with 40 million Joules for A =lO cm. 

In estimating the costs of providing this RF energy at 1 mm, we cannot use 

the price associated with the 10 cm wavelengths. Estimates of the cost of, for 

instance, a Free Electron Laser, which could provide thii wavelength are harder 

to come by. The recent Livermore experiments6 suggest that it will be of the 

order of $10,000 per Joule (- 10 times that of a klystron), and the resulting 

cost would then be around 80 million dollars, far less than for the conventional 

wavelength even at the higher coat per Joule. Despite the extreme uncertainty 

in such cost estimates, the above illustrates the need to research the use of short 

wavelengths. i 

2.3 PEAK POWER CONSIDERATION 

! 
If an acceleration gradient of 500 MeV per meter is required and a 10 cm 

wavelength employed, then the stored RF energy is of the order of 40 million 

Joules. If the power is supplied over a fill time of .8 mic-on& (M at SLAC). 

then the peak power requirement of the RF source is 50 terawatts. The cost to 
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provide this 
I 
peak power with conventional klystrons would be of the order of 40 

billion dollars.’ The peak power, as well as the stored energy cost is excessive. 

If the wavelength is reduced, then the stored energy goes down as the square 

of the wavelength, but the fill time also goes down as the 3/2th power, resulting 

ln the peak power going down as the root: 

r a A’/= ; J \/sE.X’I’ 
F(Peak)=;ael (2.3) 

for a SLAC-type structure made of copper 

cl = .35 x 10’ Vs m-‘/r W-l . (2.4) 

In the case described above, the wavelength is 1.4 mm, the fill time scales to 

1.3 nanoseconds and the peak power requirement is 6 terawatts. The cost per 

peak power for klystrons and an induction linac driven free electron laser (FEL) 

are similar5 (- 7 x lo-’ $/watt), and thus, the cost would still be of the order 

of 4 billion dollars. Unless the cost per unit of peak power can be significantly 

reduced from this value, the total cost, even after optimization at a lower gradient, 

remains considerably higher than that of the current SSC. As a result, there is 

great interest in power sources which have much lower cost per unit of peak 

power. 

Possible new technologies that would work at short wavelengths include 

lasers, bunch compression prior to a free electron laser, !aser-driven photo-diode 

amplifiers, laser-driven solid state amplifiers; and finally, almost any power source 

followed by pulse compression schemes. 

The cost per unit of peak power for a short pulse laser is already far lower 

(of the order of 1/1ooO)s than that for conventional RF power sources, and 

it is thii low cost per peak power that has made lssers attractive sources for 

the generation of high accelerating gradients. Unfortunately, their very short 

wavelength (of the order of 10 microns) makes it difficult to accelerate bunches 

of the required magnitude in conventional cavities, although the use of plasma 

beatwaves and other unconventional structures might overcome this problem. 

The second difficulty, M noted in Section 2.2, is that the cost6 per unit of average 

power for such lasers is very much higher thau for more conventional RF sources. 

Perhaps the most promising technique, as of this review, is the use of an 

induction linac driven free electron laser, together with binary pulse compression’ 

by a factor of say 32 (five stages). If the capital cost per unit of peak power could 

be reduced by a factor of twenty, then the peak power cost in our example would 

be reduced to of the order of 200 million dollars. 

Another promising solution is to use a laser driven photodiode amplifier. 

The “Lssertron” is such a device operating at normal microwave frequencies. 

It is similar to a conventional klystron but employs a gun employing a photo 

cathode illuminated by RF modulated laser light. Scaling the lssertron, M now 

conceived, down to millimeter wavelengths~seems impractical, but work on a 

microlssertron that could be so scaled has &e-en inspired by a proposal of W. 

Willis and is being worked on at BNL and SLAC.* 

I 
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2.4 AVERAG 
T 

POWER CONSUMPTION 

Simple extrapolation of current technology would need thousands of terawatts 

of average beam power. Resides the inevitable operating cost of such energy, there 

are clearly related capital costs ln the conversion of electrical power first to RF 

fields and then to the beam. Somehow the average beam power must be reduced. 

The beam power P = NfE is given by the number of particles per bunch 

(N), the frequency (f) and the energy (E). The requirements for N and f are set 

by the need for a high luminosity (105s cm-’ se& for an SSC equivalent). The 

luminosity for round beams is given by L = N’f /A, where A is the cross-sectional 

area of the two beams at the final focus. Combining these two relationships, and 

noting that the energy times the cross-sectional area of the beams is given by the 

invariant beam emittance (t,,) times the focus parameter (B), we obtain for the 

power per beam 

(2.5) 

This relationship implies that a large number of particles per bunch (N) ls de- 

sirable. But a limit to this is set by two considerations: (1) beamstrahlung and 

(2) wake fields. I will take the approach of leaving discussion of beam&&lung 

for the moment, assuming that it ls not a problem, and consider only the wake 

field constraints. 

If N is too large then for a given structure and wavelength, wake fields will 

cause (1) excessive energy spread of the beam (longitudinal wake) and (2) blow 

up of the transverse beam size if the initial beam is slightly off axis. I consider 

them in turn: 

Longitudinal Wake I 

The longitudinal wake fields generate an energy spread in the accelerated 

beam given0 by 

AE -=e Bo(us/A) . CON 
E E. X1 (2.6) 

where Be depends on the geometry of the structure and on the bunch length 0,. 

As uz/X goes to sero, BO goes to a constant of the order of 4. The CO is the 

wavelength independent loss parameter (by = Co/X*), which is dependent only 

on the structure geometry. 

It is instructive to substitute for N, an expression using the fraction n of 

energy that is extracted from the cavity by the bunch, divided by the total 

stored energy in the cavity: (I) = 4cNCo/X*E.): 

then 

which for u,/A + 0 

AE I 
ECJV. 

I 

(2.7) 

(2.8) 

P-9) 

Thus we see that in order to control the longitudinal wake fields we have to limit 

the fraction q of energy extracted from the cavity.i 

Transverse Wakg 

The transverse wake scaling seems at first to be more complicated. If the 

bunch is perfectly on the structure axis, no transverse wake exists, but if the 
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bunch ente 4. mg a structure is displaced by t then transverse fields are excited 

that can cause a sideways displacement of the tail of the bunch by a distance 6 

given bye: 

A=; cc NBz uob./Y 
4EeV 

(2.10) 

where /I is the average focusing strength in the structure, z the distance along 

the structure and us a variable dependent on the structure and the bunch length. 

For small values of the variable 0,/X, us will be proportional to us/X. 

The above equation is true providing the /I is the same for the head and tail 

of the bunch. Luckily this is unlikely to be the case. The longitudinal wake effect 

will cause the tail to have a lower energy than the head and thii will result in 

the p’s for head and tail being different. In this case the amplitude A does not 

rise linearly with z but oscillates with a maximum amplitude given by: 

A = c NB’ uo(uzlW 
4EX9 Ap/p ’ 

(2.11) 

It is now instructive to substitute for N as above and aiso substitute for @ ss- 

suming that the focusing is provided by RFQ fields and that the magnitude of 

these fields is some fixed fraction of the accelerating fields Ea. In this case 

fl = Bo(XE/E,,)‘/* (2.12) 

where Bs is a constant for the cavity geometry. Substituting into the equation 

for the transverse wake gives 

A= J uo(uz/4 .Bo rl 
1 8 co l- dplp (2.13) 

and for small u,/X 
I 

Au con&. y. 0. 
dplp 

(2.14) 

As in the case of the longitudinal wake we Snd that the transverse wake, expressed 

in this way, is independent of X (except for the fraction us/X) and scales only 

with the fraction of energy taken from the cavity q. 

Consequences for Average Power 

We have seen that wake field considerations will set a limit on the number 

of particles per bunch which is related to the structure, the fraction 9 of energy 

extracted, the wavelength and the accelerating gradient by Eq. (2.7). Combining 

this with Eq. (2.1) we obtain 

If we insert a vahre for Co equal to that for a SLAC-type structure: 

co = kQP = 20 x 10” . (.l)’ 

= 2 x 10” Volt meters/coulomb 

PB = 1 x 1o-‘BL1 -z!@- 
EJ’9 

w4 * (2.16) 

If ss an example I choose q = 5%,X = 1.4 & and E,, = .5 GeV/m (we will see 

why I choose such a small X later) then for tn = 1.2 x lo-” meters, b = 1 mm 
I 

and L1 = 10ss cm-* see-r(10s7 m-s set-‘), I obtain 

PB = .3 megawatt (per beam) 

and N =4xlOs (per bunch) . 

If we take 10% efficiency RF-to-beam, then, for this example, we need 6 
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I ,  

megawatts averap RF power. The capita! coat associated with such power will 

depend on the technology. For SLAC klystrons it can be aa little M  $2 per watt, 

but for a new short wavelength source such as an FEL, it is probably a factor of 

ten higher: say $20 per watt. Thus for 6 MW the capita! costs might be in the 

range of 120 million dollars, quite reasonable. 

For a laser power source, the cost is higher (- $100 per average watt) yielding 

an estimated capita! cost of 600 million dollars. Whether such a high cost for 

average power can be offset by the laser’s peak power advantage remains to be 

seen. 

3. Cost Optimization 

In the above section we have diiussed the possible costs for a collider of 

\/s = 3 TeV center of map energy, luminosity of lp cm-’ see-‘, accelerating 

gradient of 500 MeV/m and wavelength of 1.4 mm. The parametera and costs of 

the example are summarized in Table I. The choice of gradient and wavelength 

was justified only on qualitative grounds. In this section I wish to examine the 

dependency of overall cost on their choice in a more quantitative manner. 

Malting a!! the same aaaumptions ae above but allowing the energy fi, the 

accelerating gradient E., and the wavelength X to be variables, then one obtains 

the following contributions to the tota! machine cwt. I have assumed that the 

luminosity must rise linearly with S. 

S(TeV’) 
‘tAve- pm=) = 13M* - &(GeV/m) . (A(-))* a & 

(3.1) 

(3.2) 

Table I’ 

Example parameters of a linear collider with energy 1.5 plus 1.5 TeV and lumi- 
nosity 1e5 cm-’ see-‘. 

Conventipna! (SLC) Example 

Gradient, E. 
Length, 1 
Cost per Meter 
Tota! Length Cost 

20 MeV/m 

-30KS 

500 MeV/m 
6lml 

-3OKS 
- 180 MS 

Invariant Emittance, cn 
Focus Parameter, p 
Spot radius, 0, = or 
Bunch Length, us 
Beam&&lung, AE/E = 6 
Ave. Beam Power (both), P, 
Wall Plug to Beam Eff., 9.. 
Wall Power 
RF Source to Beam Eff., ~RP 
RF Ave. Power 
Capita! Cost per Ave. Watt 
Capita! Co& per Ave. Power 

3 x 10-s 1.2 x lo-* m  
5mm lmm 

2nm 
lmm. 10 pm 

.3 
.6 MW 

- .l% 1% 
8OMW 

2% 10% 
6MW 

-2s -20s 
- 120s 

Particle per Bunch, N 
Bunch Energy (Both), Eb 
Stored RF to Bunch Eff., 9 
RF Stored Energy, Em 
RF Source - RF Stored Eff., 9t 
RF Energy/Fill, Ef 
Source Frequency, f, 
RF Source Coat/Joule 
RF Source Stored Energy Cost 

Wavelength 
Fill time 
RF Peak Power 
Cost per Pea!r Watt 
Peak Power coat 

5 x 10’0 

- 5% 

-SO%\ 

12oHz ’ 
- 1 KS/J 

I 
10cm 
.8 m 

- 700 x 10-e 

4 x ld 
200 Joulea 

5% 
4000 Joules 

50% 
8000 Joules 

750 Hz 
- 10 KS/J : 

-8OMS 

1.4 mm 
1.3 neec 
6TW 

- 35 x 10-O t/watt 
-2OOMS 
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. .-- 

$(RF enkgy) = 30MS(S(TeV2))1~zE,,(GeV/m)(X(mm))~ a EJ’ (3.3) 

S(Peak Power) = 100M$(S(TeV*))‘~~E.(GeV/m)(X(mmm)’/’ a E,J’i2 (3.4) 

Note that the con&ants were always obtained on assumptions that may turn 

out to be unreliable and that they should be considered to have errors of about 

a factor of three both up and down. Note also that the above does not include 

costs for the cooling and injector systems (that may be very large ), nor for 

experimental areas, labs, contingency etc. 

The dependence of cost on E. and A can be illustrated graphically as shown 

in Fig. 2(a). Linen of constant component cost are shown aa a function of the 

variables E,, and A. The minimum cost for the sum of the four components will 

be at the geometrical center of the four-sided inner figure. We see that this cost 

minimum (X = 1.6 mm and E,, = .4 GeVf m  in very close to the example of ) 

Table I (not, of course, a coincidence). 

We can also examine the sensitivity of the minimum to our cost assumptions. 

If the cost of average power were ten times higher, or that of RF energy ten times 

lower, then the wavelength for minimum coot only rises by a factor of 1.8 to 2.9 

mm. If the linear cost rises by a factor of three, or the cost of peak power falls 

by the same amount, then the accelerating gradient rises by 1.7 to .7 GeV/m. 

Clearly it will require quite radical changes in our amumptions to change the 

genera! conclusion that the accelerating for minimum cost should be of order 

.5 GeV/m, and that the wavelength for minimum cost is of the order of a few 

millimeter. 

As the energy increases a!! components rise linearly except that for average 

power, which rises aa the energy squared. As a result the cost minimum moves to 

100 

IO 

I 

0.1 

0.01 

r 
5 
& 0.001 

w" 
IO 

I 

0.1 

0.01 

0.001 - 
100 

=!B 

jmm 
1.4 GeWm 

A= IOTeV 

(b) 

IO I 0. I 

31-85 X (mm) awZA2 

Fig. 2. Plot of lines of constant component cceb aa a function of accelerating 
gradient (E.) and the microwave wavelength (A). (a) In for a 1.5 on 1.5 TeV 
collider and (b) in for a 5 on 5 TeV collider. 
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somewhat highe 
1 

wavelengths. Figure 2(b) h a ows the situation for @= 10 TeV 

where X for cost minimum is 2.5 mm. 

4. Beamstrahlung Considerations 

So far we have ignored consideration of beamstrahlung at the final collision. 

Beamstrahlung is the name given to synchrotron radiation emitted by the parti- 

cles of one bunch M they are deflected by the fields (both electric and magnetic) 

within the opposite bunch. 

If the bunches are sufficiently long and the energy sufficiently low then the 

normal classical synchrotron radiation formulae apply and the average fractional 

energy loss 6, of one bunch passing through the other is givenlo by: 

6, E 5 x 10-45 g bw II (4.1) 

where u, is the rms bunch length. 

The spectrum of radiation emitted has the familiar synchrotron form with a 

critical photon energy of 

where N(r) is the number of particles inside the radius r. 

Aa o, gets less or 7 increases eventually E&t becomes larger than the initial 

electron energy. At this point the classical formulation breaks down and one 

enters a quantum beamstrahlung region where the fractional energy loss is given” 

by: I 

6c,,, u 7 x lo+’ (4.3) 

In the example listed in Table I we bad N d 4 x lo*, c,, = 1.2 x lo-*, 0 = 1 mm 

and 7 = 3 x 10’ and for these parameters we get 6 as a function of u, as shown 

in Fig. 3. At very large values of a, the classical formula holds and 6 decreases 
. . wrth mcreasmg u,; at small u, the quantum formula is applicable and the reverse 

is true. The dotted transition between the regions was added by eye. 

We see that the fractional energy loss 6 is reasonable (i.e. less than 30%), for 

bench lengths less than 10 pm, or longer than about 1 mm. Unfortunately the 

long bunch solution has too great a disruption parameter and is not practical. In 

addition, of course, it is not possible to accelerate a 1 mm long bunch in a struc- 

ture employing a wavelength of the same order. Thw we find ourselves compelled 

to use a short bunch and operate in the quantum beamstrahlung region. We note 

also that at energies above the SSC equivalent, the clasical beamstra!r!ung even 

at u, = 1 mm is excessive and the use of short bunches and the quantum regime 

is imperative. 

We have in this analysis chosen the wavelength to minimize cost and obtained 

from those considerations a number of particles’per bunch. With this we have 

calculated beamstrahlung and chosen a bunch length to give a reasonable energy 

spread. We could have gone the other way. 

If we bad &red the acceptable energy spread then we could have expressed b 

the number of particles per bunch: 

N u 1.7 x 10” bw . (4.4) 
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and then combining thitr with Eq. (2,5) obtain: 

1.0 
co 
” 0.3 

Yw 
0.1 

J 

I IO 100 I 000 I0000 

12-84 
cz (pm) 5302A3 

Fig. 3. Fractional energy loss due to beamstrahlung (AE/E = 6) for the example 
given in Table I, plotted versus the rms bunch length uz. 

&M u .5 x 10-S’ y$y’ (mks) . 

This ia a particularly interesting relationship. As the machine energy r&s, 

then the costs related to the average power rise faster than a!! other costs (aa- 

suming the need for luminosity to rise aa the square of energy). Eventually these 

average power coats will dominate and Eq. (4.5) indicates the importance for the 

three-dimensional emittance ~,,a. and strong focusing, i.e. a low B. 

5. Focusing Optics 

5.1 INTRODUCTION 

As has been discussed above there is a relation (Eq. (4.5)) between the 

average beam power and, among other things the beam emittance (t,,) and fina! 

focusing strength (p). The parameter p definea the #depth of focus” or distance 

along the axis from the focal center to the point when the spot has increased 

in radius by a factor of two. It is a convenient way of expressing the focusing 
1 

strength and gives the spot radius u.,~ for a given emittance: 

CJ ‘1’ 
u-- . 

( ) r’y - 7 

We see that reduction of either c,, or p will reduce the u and thus the cross- 

sectional area of the spot. This in turn increases, for a given beam current, the 

rate of interactions when two beama collider (i.e. increases the “luminosity”). 
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Focusing of particle beams is done by magnetic fields which bend the particles 
I towards the axis. If the fields rise linearly with their distance from the axis, i.e. 

have a gradient, then the resulting bends will result in focusing the beam to a 

spot, just as a conventional lens focuses an optical beam. Unfortunately it is 

not possible in a vacuum to magnetically focus simultaneously in both horizontal 

and vertical directions. “Quad ru o e” p 1 magnets are used whose fields focus in one 

direction but defocus by an equal amount in the other. By the “strong focusing 

principle”, when two or more of such magnets are employed with finite spacing, 

focusing in both planes can be achieved. 

correction remains to be demonstrated. Alternatively, as we will see below, one 

could use very small “conventional” quads and obtain about the same value. 

Discussions in earlier sections have indicated that if the average beam power 
f 

is to be limited in a high luminosity collider then the emittance, ss well as beta 

will have to be very small. If we assume such a very small emittance (10-O m) 

then the beam size, even at its largest point in the focus system, is less than a 

tenth of a millimeter. It is tempting then to 6z the pole tip fields (E) and scale 

the quadrupole apertures to a fixed factor over this beam size. Doing this, we 

obtain for the same chromatic correction and the same quadrupole packing: 

5.2 CONVENTIONAL 

The current SLC focusing system employs quadrupoles with gradients of the 

order of 10 kG per cm and achieves a final beta of about 5 mm. A fairly sophis- 

ticated chromatic correction system cancels first and second order effects and 

achieves, with .5% momentum spread, a final spot little larger than that given 

by geometric considerations. If such a design is scaled in length by the root of 

gamma/gradient then the beta scales by the same factor: 

(5.3) 

and the relative correction of chromatic effects remains unchanged. Unfortu- 

nately thii implies that with the same gradients, the final beta for a 1.5 TeV 

collider will have risen to 3 cm. With exotic superconductors a gradient of the 

order of 40 kG/cm might be possible. Thii would reduce the beta to about 1 cm. 

More efficient packing and correction of higher order chromatic effects might be 

able to further lower this to 1 mm rz (Erickson), but the required higher order 

For an emittance (epsilon) of 10-s. and 10 IrG pole tip field, then at 1.5 TeV 

one would again obtain @ = 1 mm, but this is now obtained without third order 

chromatic correction. The required quads are indeed very small, but no smaller 

than the gaps in recording heads, and there do seem to be possible ways to build 

them to the required optical precision. Once again however it has yet to be 

demonstrated. 

5.3 LASER FOCUSING 7 

With the short wavelengths and high powers df lasers one hopes to be aple to 

obtain accelerating gradients of perhaps as high as 5 GeV per meter. Whatever 
I 

the economics of such fields for acceleration they might be useful for focusing. 

In a radio frequency quadrupole (RFQ) such fields would correspond to pole tip 

bending fields of 150 kG and, by the above scaling Eq. (5.3). reduce the final 

beta by another factor of six Thii option has not however been fully studied. 
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5.4 %I ER DISRUPTION 
1 

It has been known for some time that when two bunches of finite length collide 

the fields induced by one will focus or pinch the other. The result is an effective 

reduction of beta and a consequent enhancement of the luminosity by a factor 

of the order of four. Unfortunately the use of such long bunches is inconsistent 

with the need to limit the energy loss from beamstrahlung. 

It has been suggeeted, however, that the enhancement could be recovered by 

the use of two or more short bunches r3 (Leith/Palmer). In this case the ear- 

lier bunches can be used to focus the oncoming final bunch and greatly enhance 

the luminosity achieved when these two final bunches collide. The luminosity 

enhancement (h) for bunches with uniform current distribution is given approx- 

imately by: 

Note: new beta = old beta/(4h). 

In this equation N is the total number of particles, divided half and half 

in the two bunches and epsilon is the emittance in meters. For an N chosen 

to give a beam&&lung energy loss of .3, and an emittance of lo-*, h would be 

approximately 25, and the beta reduced by 100. Even higher gains are calculated 

when more than two bunches are used. The enhancements are more limited when 

a leas ideal current distribution is assumed, but a significant factor is still obtained 

even with Gaussian distributions. 

A second advantage that comes with thii “self focusing” is that the two beams 

do not need to be aligned to the same accuracy as would be required if the same 

final spot were obtained by external focusing. This relaxation in tolerance is by 

a factor of four for two bunches and ndarly aeven with’three. There in of course 

no relaxation on the tolerance on the ‘alignment between the first and second 

bunches. 

One must note from Eq. (5.4) that neither the enhancement nor the reduction 

in tolerance can be obtained without first obtaining the very small emittance. It 

cannot be used as a substitute. 

5.5 CONCLUSION 

There seems at first sight to be several ways of obtaining a beta of 1 mm, or 

even less, provided a very small emittance is ,available. There is however at leaat 

one possible problem that has not been looked at. After the collision the bunches 

will be greatly refocused by their passage through one another and these ‘debris” 

may well not pass through the apertures of, the opposite focusing quads. Will 

this produce unacceptable background? Or even damage the magnets? Clearly 

much more study is required. 

6. Conclusion 

The main conclusion of this discussion is,that the best wavelength for an SSC 

equivalent electron positron collider ia in the few millimeter region. If conven- 

tional wavelengths of a few centimeter are &ed then the likely cost of providing 

the microwave energy is excessive. If a lase 
1 

is employed the likely cost of pm 

viding the average beam power is excessive.- Efforts should be made to develop 

efficient sources in the millimeter range. 

A second conclusion might be, providing the right choice of wavelength is 

made and providing an FEL and bunch compression scheme is practical, that 
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the likely cost of an 
1 

SSC equivalent electron positron collider would be in the 

region of 500 milbon dollars (see Table I). We might conclude therefore that the 

overall coat of an SSC-equivalent linear collider could, in principle, be lower than 

that of the SSC. The problem is much more complex than thii indicates. The 

considerations of luminosity and beam power have led to a requirement for ex- 

tremely high particle density at interactions (of the order of 1Oz’ electrons per 

cc). This, in turn, requires more difficult mechanical tolerances in the accelerat- 

ing structure beyond that attained in the past and establishes a need for novel 

methoda of achieving final focusing. The formal optimization based on unit costs 

indicates the necessity to use wavelengths shorter than those at SLAC. This, 

in combination with the increased mechanical tolerances, brings us into a new 

region of technology whose cost implications have not been studied. Thus, al- 

though cost scaling laws applied to the different parameters give a useful guide 

aa to how an overall coat minimum for a large linear collider might be attained, 

one should be loath to simply add the costs associated with those parameters. 

There are still so many cost elements associated with things we do not aa yet 

know how to do at all, such that overall cost estimates would not be meaningful. 

I am nevertheless encouraged by this study and, despite all the reservations, 

believe that we will, in time, learn how to make linear colliders at costs that will 

enable us to go well beyond the SSC. The emphasis should however be on the 

“in time”. There is much work to be done. 

I have freely used ideas from many sources. In particular I wish to acknowl- 

edge the contribution of W. Panofsky (some of whose prose haa been used), and 

of P. Wilson. 
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SUPERSYMMETRY AT VERY HIGH’ENERGIES 

Fermi National Accelerator Laboratory 
P.O. Box 500, Batavia, Illinois 60510 

*Intrait 

I summarize the case for new physics at the TeV scale, and review basic 

elements of the supersymmetry option. Constraints on the spectrum of 

superpartners are recorded, and the signatures for the strongly interacting 

superpartners are listed. I then discuss prospects and detection require- 

ments for superparticle searches in pfp collisions. 

1 Introduction 

The standard model is incomplete’; it does not explain how the scale of 

electroweak symmetry breaking is maintained in the presence of quantum cor- 

rections. The problem of the scalar sector can be summarized neatly as follows.* 

The Eggs potential of the SU(Z)L. @ U(l)v electroweak theory is 

V(4’4) = a+4 + Iw+4)* . 0) 

With ht chosen less than zero, the electroweaklsymmetry is spontaneously bro- 

ken down to the U( 1) of electromagnetism, as the scalar field acquires a vacuum 

expectation value fixed by the low energy phenomenology, 
I 

< t$ >= dm E (Cp&)-‘I* e 175 GeV . (2) 

Beyond the classical approximation, scalar mass parameters receive quantum 

corrections involving loops containing particles of spins J = &l/2, and 0: 
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J-O 
’ I--, 

J=; J-l 
(3) 

The loop integrals are potentially divergent. Symbolically, we may surnma- 

rise the content of Eq. (3) as 

p2(p2) = $(A’) + Cgf’dk’+ ... , 

where A defines a reference scale at which the value of pa is known, g is the cou- 

pling constant of the theory, and C is a constant of proportionality, calculable 

in any particular theory. Instead of dealing with the relationship between ob- 

servables and parameters of the Lagrangian, we choose to describe the variation 

of an observable with the momentum scale. In order for the mass shifts induced 

by radiative corrections to remain under control (i.e., not to greatly exceed the 

value measured on the laboratory scale), either 

l A must be small, so the range of integration is not enormous; or 

l new physics must intervene to cut off the integral. 

In the standard SU(3), @  SU(2)r. @U(l) y model, the natural reference scale 

is the Planck mass, 

A - Mplmnch m 10lg GeV . (5) 

In a unified theory of the strong, weak, and electromagnetic interactions, the 

natural scale is the unification scale 

A-M”= 10” GeV . (6) 

Both estimates are very large compared to the ‘scale of electroweak symmetry 

breaking Eq. (2). We are therefore assured thai new physics must intervene at an 

energy of approximately 1 TeV, in order that the shifts in I* not be much larger 

than Eq. (2). 1 

Only a few distinct classes of scenarios for controlling the contribution of 

the integral in Eq. (4) can be envisaged. The sypersymmetric solution is especially 

elegant. Exploiting the fact that fermion loops contribute with an overall minus 

sign (because of Fermi statistics), supersymmetry balances the contributions of 

fermion and boson loops. In the limit of unbroken supersymmetry, in which the 

masses of bosons are degenerate with those of their fermion counterparts, the 

cancellation is exact: 

If the supersymmetry is broken (as it must be in our world), the contribution of 

the integrals may still be acceptably small if the fermion-boson mass splittings 

AM are not too large. The condition that gzAMr be “small enough” leads to 

the requirement’ that superpartner masses be less than about 1 TeV/cr. 

In addition to stability problem for the scalar sector, there is other unfinished 

business of the standard model. Among the important issues, let us mention 

l The arbitrariness of Higgs and fermion represeniations; 

l The multiplicity of apparently free parameterq required to specify the 

model: more than 18 for SU(3), @  Sum @  U(l)y, and a similar count 

for unified theories such as SU(5); 

l The omission of gravitation, and the absence of a quantum theory of grav- 

itation. 

-332- 



The possibility that supersymmetry, in the setting of superstring theories, might 

respond to It hese objections is discussed in the talk by David Gross’ at this 

meeting. 

2 What is Supersymmetry? 

In relativistic quantum field theory, continuous symmetries of the S-matrix 

normally are based on Lie algebras. A familiar example is the SU(2) symmetry 

of isospin, generated by the algebra 

[rrj,F] = iP8 , (8) 

where # is the antisymmetric three-index symbol. The most general forms 

of symmetries of the S-matrix is the combination of Poinca& invariance plus 

internal symmetries. The space-time symmetries are generated by the momen- 

tum operator P@, the generator of translations, and by MM”, the generator of 

Lorentz boosts and rotations. This leads to the familiar classification of particles 

by mass and spin. Internal symmetries are generated by the generators of the 

symmetry group G, which we denote generically as X.. These objects commute 

with the generators of space-time symmetries, 

[X., P’] = 0 
(9) 

IX., M”“] = 0 

and with the Hamiltonian M of the world, 

IX.,U]=O, 00) 
so we may simultaneously specify internal quantum numbers along with masses 

and spins. This leads to the useful classification of particles by representa- 

tions of the symmetry group G. Examples of internal symmetries are global 

symmetries such as the flavor symmetries and the U(1) symmetry associated 
I 

with baryon number conservation, and the local (gauged) symmetries such as 

W(3), @ SU(2)L @ U(l)Y. 

The notion of Lie algebras may be generalized to the graded Lie algebras 

defined by both commutators and anticommutators: 

{Q,Q') - x . (11) 

IO, xl - 0" 
The generators of the graded Lie algebras are of two kinds. The scalar charges 

X. make up the odd part of the algebra, while the spinorial charges Q. make 

up the even part. Among the graded Lie algebras, the only ones consistent with 

relativistic quantum field theory are the supersymmetry algebras,’ in simplest 

form \ 
IQ., 0”) - 6.7. P 

IQ,91 =O = {O,O) ’ I (12) 

14 Ql =O = IP, 01 , 
where Q is the Hermitian conjugate of Q, a and b are internal symmetry labels, 

and P is a momentum 4-vector. I 

A particle is transformed by a scalar charge into a partner with the same mass 

and spin. An example is the action of Ti, whi!h generates isospin rotations about 

the i-axis. A particle is transformed by a spinorial charge into a superpartner 

whose spin differs by l/2 unit, but otherwise has identical quantum numbers. 

Thus arises a connection between fermions and bosons. 

In a supersymmetric theory, particles fall into multiplets which am repre- 
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sentations of the supersymmetry algebra. Superpartners share all quantum 

numbers exce 
‘I 

t spin; if the supersymmetry is unbroken, they are degenerate 

in mass. The number of fermion states (counted as degrees of freedom) is iden- 

tical with the number of boson states. In nearly all supersymmetric theories, 

the superpartners carry a new fermionic quantum number R which is exactly 

conserved. This means that the lightest superpartner will be absolutely stable. 

In Table 1 we list the fundamental fields of the standard model and their super- 

partners. By examining the quantum numbers of known particles, we readily 

see that there are no candidates for supersymmetric pairs among them. Super- 

symmetry therefore means doubling the particle spectrum, compared with the 

standard model. In fact, we must expand the spectrum slightly further, because 

the minimal supersymmetric extension of the standard model requires at least 

two doublets of Higgs bosons.* The interactions among old and new particles are 

prescrib,ed by the supersymmetric extension of the usual interaction Lagrangian, 

which we shall take to be the SU(3). @SU(~)L@U(I), theory. If supersymmetry 

is an invariance of the Lagrangian, it is evidently a broken symmetry, because 

observationally boson masses are not equal to the masses of their fermion coun- 

terparts. For supersymmetry to resolve the hierarchy problem, we have seen in 

51 that it must be effectively unbroken above the electroweak scale of 0(1 TeV). 

This suggests that superpartner masses will themselves be S 1 TeV/c?. 

There is no convincing theory for masses of the superpartners. (This is not 

worse than the situation for the masses of the usual fermions or scalars.) As 

for the ordinary particles, however, we can derive relations among superparticle 

masses, and infer restrictions on the masses. Three kinds of indirect methods 

yield interesting relations: 

Table 1: Fundamental Fields of the Standard Model and their Superpartners 

Particle Spin Color Charge 

g gluon 

5 gluino 

7 photon 

7 photino 

W*, 2” intermediate bosons 

If’*, i” wino and zino 

q quark 

i squark 

c electron 

a selectron 

p neutrino 

t sneutrino 

fI+ H’O 
HO H’- 

Higgs bosons 

*I+ j+l 
jjo I;rl- Higgsinos 

1 

112 
1 

112 
1 

112 

112 
0 

112 
0 

l/2 
0 

i 
0 

1 

112 
I 

8 0 

a 0 

0 0 

0 0 
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l The ro e of virtual superpartners in rare processes. An example within the 
I 

standard model is the limit on the m, - m, mass splitting inferred from 

the magnitude of the K” - ?? transition amplitude. 

l Cosmological constraints. A standard model example is the bound on the 

sum of light neutrino masses inferred from the limits on the mass density 

of the Universe. 

l The distortion of standard model predictions. A conventional example is 

the bound on the number of light neutrino species inferred from the total 

width of the Z”. 

It is instructive to consider one example of each of these approaches. 

Barbieri and collaborators9 have studied the deviations from quark-lepton 

universality in charged-current weak interactions that would arise from the ex- 

change of superpartners. In lowest contributing order, corrections to the muon 

decay rate are due to diagrams containing sleptons and gauginos, whereas correc- 

tions to the p-decay rate are due to diagrams containing squarks and gauginos. 

The requirement that the Fermi constant inferred from p-decay agree with that 

determined from muon decay within experimental errors, so that 

(13) 

then leads to constraints on the squark-slepton mass difference. These are quite 

restrictive if the wino mass is small ( 5 Mw/2). If the wino mass is comparable 

to the W-boson mass, this calculation suggests that deviations from universality 

are to be found just inside the present experimental limits. 

Constraints on the mass of a stable photino may be derived from the observed 

mass density of the Universe using methodslo developed to bound the masses 

of stable neutrinos. If the photino is light, it is straightbrward to compare the 

contribution of photinos to the mass density of a 2.7-K Universe, 

P? e3 109 rn5 cm-’ 

with the critical (closure) density 

p..it = (3.2 - 10.3)(keV/c2)cm-3 

(14) 

(15) 

(a reasonable upper bound on the observed density), to find 

rnq S 100 eV/c* . (16) 

When the photino mass exceeds about 1 MeV/cr, it is necessary to take into 

account the annihilation of photinos into light fermions by the exchange of a I 

scalar partner of the fermions. The results of this analysis” yield a lower bound 

on the mass of a =heavy” photino, which is shown together with Kq. (16) in Fig. 1. 

Gauge boson decays may within a few years provide useful sources of super- 

partners. The principal decays and the anticipated rates at existing and future 

colliders are given in.Table 2. These have interesting consequences for 

l Direct searches, e.g. i 

w + a 

L ; e=l 

l The widths of W and Z; 
I 

l Distortion of the ratio 

R ~ u(pp + W* + anythiw#(@’ + ev) 
u(pp + Zs + anything)B(ZO + e+e-) . 

: (17) 
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Figure 1: Cosmological limits on the allowed photino mass as a function of the 

mass of the lightest scalar partner of a charged fermion. The photino is assumed 

to be stable, and the lightest superparticle. Shown for comparison are the limits 

from three accelerator experiments (Refs. 12-14). 

Table 2: Gauge Boson Decays as Sources of Superpartners 

Production per year 

10’ - 10s pp colliders 3 x 10’ - 3 x 10’ 

- SLC 3 x 105 

- LEP 3 x 10s 

2 x 10s ssc p x 100 

We denote by &i the msss eigenstates resulting from 6’ - k mixing. Mixing 

among both charged and neutral Gauginos and Higgsinos is treated in detail in 
I 

Ref. 17. 
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The last of 
r 

ese has been analyzed recently by Deshpande, et ~1.‘~ The QCD correc- 

tions to the “Drell-Yan” production cross sections are believed to cancel to good 

approximation in the ratio, so that knowledge of the proton structure functions 

implies a prediction of R which depends upon the branching ratios for leptonic 

decay. The ratio grows as the number of light neutrino species is increased, or 

as generations of superpartners are added. Typical expectations are shown in 

Fig. 2. The experimental results reported’s at the Kyoto conference, 

R = 8.47 f2.08 [UA -11 

7.35+;:$ [VA - 21 
(19) 

must still be regarded as provisional, because of the limited statistics on Z”- 

production. One can already see that interesting limits on the number of light 

neutrino species and useful constraints on the superpartner spectrum will soon 

emerge. 

We have already noted that there is no convincing theory for the masses of 

superpartners. Indeed, even the ordering of superpartner masses is quite model 

dependent. What this means for direct searches is that one must consider all 

reasonable possibilities. In practice, this entails 

l Searching for all superpartners; 

l Considering all plausible decay modes of each one; 

l Making use of existing experimental constraints. 

As an example of direct searches, let us consider the limits on selectron and 

photino masses derived from c+e- collisions. We distinguish the csses of stable 

and unstable selectrons, corresponding to 

(20) 

a= 

16 

12 

8 

ndard Model ndard Model 

12 16 
Number of Neutrino Species 7 

Figure 2: The ratio R defined in Eq. (18) vh rsus the number of light neutrino 

species (after Deshpande, et al., Ref. 15). The upper band gives the result 

for a supersymmetry model, with parsme& chosen to maximize the effect. 

The lower band shows the result for the standard model. I have enlarged the 

uncertainties to better reflect ambiguities in the structure functions. 
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If the selectron is stable, a search for stable charged particles produced in 

I 
e+e- + g+;- (21) 

is appropriate. If the selectron is unstable but the photino is stable, there are 

two distinct possibilities: 

c+e- -t a+ i- 

1 

I.4 e-5 

e+5 

and 

w 

(23) e+e- -+ e;q. 

Whether or not the selectron is unstable, it can mediate the reaction 

e+e- * 757. (24) 

Examples of the Feynman graphs leading to all of these final states are shown in 

Fig. 3. The limits derived from searches for reactions Eqs. (21)-(24) are dlplayed in 

Fig. 4. If the photino is very light, the lower bound on the mass of the selectron 

is impressively large: zz 50 GeV/c 2. On this compressed scale, the cosmological 

constraints appear less imposing than in Fig. 1. 

The limit on the masses Of C and 7 

e*e-+ e’E (sti)k 1 

M? ( GeV/cZ) 

Figure 4: Limits (Refs. 12-14) on the allowed masses of photinos and selectrons, 

from studies of e+c- interactions. The photino is assumed to be stable and 

noninteracting, and the masses of “left-handed” &d “right-handed” selectrons 

are assumed equal. Shown for comparison are the bounds from the mass density 

of the Universe. 

i 

Figure 3: Representative Feynman graphs for the processes used to limit the 

photino and selectron masses. 
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It is gen 
I 

rally expected that the photino 5 is the lightest superpartner, and 

hence is stable. If global supersymmetry is spontaneously broken, the theory 

acquires a massless Goldstone fermion, the Goldstino $. Decays of the form 

are then allowed. In supergravity theories, based upon spontaneously broken 

local supersymmetry, the Goldstino becomes the helicity &l/2 components of 

the massive, spin-3/2 gravitino, and is not available as a decay product of a 

light photino. The other popular candidate for the lightest superpartner is the 

sncutrino, 5. Any of these candidates is a weakly interacting neutral particle, 

which will result in undetected energy. Although it is important to consider all 

possibilities systematically, we shall assume for most of today’s discussion that 

the lightest superpartner is the photino. 

The strongly interacting superparticles are of particular interest because they 

are produced at substantial rates in hadron-hadron collisions. Possible decay 

chains and signatures for *quarks and gluinos are indicated in Fig. 5. For each 

unstable strongly interacting superpartner produced, we expect one, two, or 

three jets, accompanied by missing energy. 

Before we turn to our main subject, the search for supersymmetry at high 

energies, it will be useful to have in mind a rough summary of the limits on 

masses of superpartners as they stand before the analysis of data from the SppS 

collider. I caution that every entry hangs on assumptions about decay chains, 

etc., and that few categorical statements are reliable. For thorough discussions 

of the limits, see the papers by Haber and Kane, and by Dawson, et al., in Ref. 5. 

An abbreviated statement of existing limits is given in Table 3. 

J 
1 Jet + 

Figure 5: Signatures of the strongly interacting superpartners. 

-339- 



c 

Table 4: Hierarchy of Superpartner Production Rates 
I Table 3: Limits on the Masses of Superpartners 

Final States Mechanism Magnitude 

Particle Limit 

5 could be as light ss a few GeV/c*, or massless 

i could be as light as a few GeV/c* 

e 2 25 GeV/cz for massless 7 and 5 

i > 41 GeV/cz for massless 5 and 

M(e) = 22 GeV/cz (but see Fig. 4) 

i if stable: > 14 GeV/e*; 

if unstable (and photino is massless): > 17.8 GeV/cz for c( = 2/3; 

3 GeV/cr s M  s 7.4 GeVlca or Z  16 GeV/c2 for eg = -l/3 

i* 2 20 GeV/cr 

3 Superparticle Searches in pip Collisions 

Over the past few years, a great deal of effort has gone into estimating 

production rates for superpartners. Sally Dawson, Estia Eichten, and I” have 

evaluated all the lowest-order (Born diagram) cross sections a/d? and b for the 

production of 

(~,Zf,s,~,~,i”,Eio,I;IO’,Cirf,I;lf)Z (261 

final states in parton-parton collisions, including the possibility of mixing among 

(5, Z, &‘, i@) or (k*, i!Z*). We have also calculated the processes initiated 

by e+e- collisions. Many of these reactions have been studied by others as well; 

complete references are given in Ref. 17. The approximate magnitudes of the 

cross sections are indicated in Table 4. 

We have studied the implications of these elementary cross sections for pip 

’ QCD 
eiectroweak/QCD 

4 
a. a, 

I 
decay of W*, Z” 
virtual W*, Z” 

a 
a2 

electroweak a2 

collisions using standard models of the QCD-improved parton model and the 

EHLQ structure functions.’ I will show example calculations for three represen- 

tative spectra: 

l Spectrum 1: M(j) =  lo-’ GeV/c2, M(G) = 3 GeV/el, 

M(e) =  M(G) =  M(s) =  M(i) =  20 GeV/c2; 

l Spectrum d: all masses = 50 GeV/cri 

. Spectrum 3: all masses = 100 GeV/e’. 

It is worth remarking that the squark and gluin2 production rates depend mainly 

on the masses of the produced (not exchangedj superparticles, so that one may 

hope to obtain “model-independent” limits on 5 and i masses from experiments 
I 

at hadron colliders. For gluino pair production, the three diagrams shown in 

Fig. 6(a)-(c) depend only on the gluino mass. The *quark-exchange graph of 

Fig. 6(d) depends on the squark msss as well, but is numerically unimportant 

in most circumstances. The situation is similar for squark pair production, and 

necessarily the cross section for associated aquark-gluino production depends 
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(a) 

(cl (d) 

a i 
x 0 

0 0 

(b) 

Figure 6: Feynman diagrams for gluino production in gluon-gluon (a,b) and 

quark-antiquark (c,d) collisions. 

only on the squark and gluino masses. 

The cross sections for the production of gluino pairs in pp collisions are 

shown in Fig. 7. Gluino pair production has the largest cross section among the 

processes we have considered. If the glfuino is light on the scale set by the pp 

collider energy ,.L, an additional production mechanism may become significant 

or even dominant: the reaction 

FP -+ gg + anything 

h 
(27) 

10 6 

10 7 FP --+ aa 

10 6 

10 5 

10 * 
Fl 

A - 290 MCV 

Figure 7: Total cross sections for the reaction gip + Bi + anything for the three 

superparticle msss spectra described in the text. This corrects a plotting error 

in Fig. 33 of Ref. 17. 

-341- 



Because the pg + gg cross section is so large, the branching of a gluon into 

gluino pairs may still leave a substantial rate. ** We shall return shortly to the 

detectability o 1 gluino pairs. 

An interesting comment on the light-gluino possibility has been made by 

Robinett.” He notes that ultrahigh-energy (- 1016 eV) cosmic rays imply c.m. 

energies of fi Z 1 TeV, at which crces sections for the production of light 

gluinos are large, approaching 1 mb. The decay of these gluinos leads to fluxes 

of weakly interacting neutrals (photinos or sneutrinos) which are comparable to 

the flux of cosmic neutrinos. The rates of the secondary interactions of 5 or 

5 may then be observably large in the high-volume detectors dedicated to the 

search for proton decay, or in cosmic ray detectors such as the Fly’s Eye. This 

is a useful reminder that if the gluino is light, indications should be all around 

us. 

If the gluino or (less likely) the squarks should be light, it may be practical to 

sacrifice some production cross section in the interest of a characteristic topology, 

by searching for the production of a photino in association with a strongly 

interacting superpartner. Some example cross sections are shown in Figs. 8 and 

9. In Fig. 8 we display the energy dependence of the Cross sections for the 

reaction 

j~p + +a + anything (28) 

for Spectra l-3. The dependence on squark mass of the cross section for the 

reaction 

gyp + 55 + anything (29) 

is shown in Fig. 9 for ,.Li = 540 GeV and 2 TeV. 

From Fig. 5, we see that the event topology will consist of 1, 2, or 3 jets 

on one side of the beam direction, and nothing (which is to say the undetected 
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Figure 8: Total cross sections for the reaction pp + 76 + anything for the three 

superparticle mass spectra described in the text (from Ref. 17). 



Figure 9: Total cross sections for the reaction up -+ ii + anything at 

,/F = 540 GeV and 2 TeV (from Ref. 20). 

photino) on the other side. The only ,significant standard model background 

should be from 

fiP + Z” + jets 

IL uv 

which can be calibrated using Z” + e+c- decays. The QCD calculations are easen- 

tially completezl for Z” + jet, and are nearing completionrz for Z” + two jets. 

We expect that the photinogluino or photino-squark topology should be quite 

distinctive, and that only - 100 events should suffice for discovery. 

Let us now turn back to the lsrge cross sections. In addition to the gluino 

pair final state, the squark pair and squark-gluino final states are produced 

copiously. I show in Fig. 10 the total cross sections for the reaction 

pp + ;+’ + anything (31) 

at fi = 0.63 TeV, 1.8 TeV, and 2 TeV. What are the detection requirements 

for squarks and gluinos in these final states? The signal, as we have already 

seen, consists of I to 3 jets on each side of the beam axis, and missing energy. 

The sources of background depend upon the superparticle masses and the e.m. 

energy of the initiating hadrons. 

For superpartners with masses in the kerval 

10 GeV/c’ 5 M 5 100 GeV/c’ , 

I 

(32) 

three kinds of background must be considered for experiments at the Spp.9 and 

the Tevatron. Monojets occur in the inclusive production of 

L hadrons 
(33) 
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and 

I 

10 

1 

0.4 

lO-2 

to-= 

Figure 10: Total cross sections for the reaction pp -+ iii’ + anything at 6 = 

630 GeV, 1.8 TeV, and 2 TeV (from Ref. 20). 

I 
ZO+g 

L I47 

for which the reaction rates and event characteristics are both calculable and 

measurable. The multijet signals are simulated by the inclusive production of 

W + jets or Z + jets, (35) 

followed by missing-energy decays of W or Z. Heavy-quark decays within or- 

dinary QCD jets, such as 

b -+ cl-v (36) 

can give rise to a sizeable missing transverse momentum. A lepton veto (is 

this practical within jets?) can provide important discrimination, and a cut 

on transverse momentum with respect to the jet axis is certainly useful. An 

important measurementz3 is the heavy-quark yield in energetic jets, for which 

the predictions of perturbative QCD should be reliable.*’ 

Because of these backgrounds, we expect” that - 10s events will be required 

to establish a signal in this regime, or in the territory accessible to the SSC. The 

expected discovery limits for a variety of superparfners are shown in Table 5. 

Although these give a reasonable idea of how high the limits can be pushed, 
1 

we must ask whether the up colliders can close gaps in the limits on very light 

gluinos and squarks: how low in mass can we push, yd still find a characteristic 

signature? 

When we speak of cross section estimates for the production of superpartners, 

it is important to remark that calculations based on the perturbatively acquired 

squark or gluino content of the protonz5 are likely to lead to overestimates near 
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Table 5: Expected Discovery Liits for Superpartners at S&S and Tevatron 

Colliders. (Based on associated production of scalar quarks and gauginos. 

All superpartner masses are set equal.) 

Mass limit (GeV/cr) 

Superpartner Jj = 540 (630jGeV fi = 2 TeV 

j dtL (cm)-a 

1oJg 103’ loss 103s 103’ loss 

Gluino or squark 40 55 70 85 130 165 

(1066 events) 1451 [So] [‘IS] 

Photino 35 55 85 45 90 160 
(100 events) 1351 I601 P-4 

Zino 

(1006 events) 

17 30 50 22 50 95 

Win0 
(1060 events) 

20 35 55 32 60 110 

threshold. This is because kinematics are often poorly approximated, and be- 
I 

cause the leading logarithmic term in the Altarelli-Parisi evolution is not, in this 

regime, large compared to the finite term. *’ Indeed, the Born-term calculations 

discussed above correctly represent the evolution in this regime. A numerical 

example is shown in Fig. 11 for squark-gluino production at 6 = 540 GeV. 

(b 

0.04 - m f =3GeV 

o.‘2m=j 
I\ ,b=54OGeV 1 

.6 (GeV) fi (GeV) 

Figure 11: Comparison of (a) exact (Born term) and (b) effective gluino ap- 
1 

proximations for the product of the subprocess cross section B(ug + @) and 

the luminosity function for 106 GeV/cZ up-squ&ks. Solid, dash-dotted, dashed, 

and dotted curves represent gluino masses of 3, 5, 10, and 20 GeV/cZ, respec- 
I 

tively. The area under each curve represents the total @ production cross section 

summed over two chiralities. (From Barger, et al., Ref. 26). 

During the past year, there has been a great deal of progress in elaborating 

what the standard model predicts, and what supersymmetry implies. In addi- 

tion to the work on W + jets and Z + jets cited above,z’*** several areas are 
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, 

significant: I 

l The incorporation of initial-state radiation into standard model Monte 

Carlo programsr’; 

. The calculation of QCD amplitudes for multiparton final states**; 

l The development of Monte Carlo simulations for supersymmetry, with 

plausible experimental cuts included.zg 

Although the job is not complete, it is well begun. 

4 Supersymmetry at the SSC 

The outlines of the search for supersymmetry at the SSC are given in EIILQ.’ 

Progress since Snowmass ‘84 was summarized recently at the Oregon workshop 

by Dawson.so Cross sections for the production of superpartners should be quite 

ample for a luminosity of 103r cm-zsec-1 or more, and a cm. energy of 40 TeV. 

As examples, I show in Figs. 12-14 the integrated cross sections for the produc- 

tion of superpartners with rapidities lyil < 1.5, for the reactions 

pp + IS + anything, (37) 

pp -* Ii + anything, (33) 

and 

pp + 15 + anything, 

respectively. 

(39) 

On the basis of these and other cross section calculations and a rudimentary 

assessment of the requirements for detection, we have estimated the discov- 

ery limits for various energies and luminosities. These estimates are shown in 
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I 
Figure 12: Cross sections for the reaction pp -+ ii + anything as a function of 

gluino mass, for collider energies A= 2, 10, 20, 40, and 100 TeV, according 

to the EHLQ parton distributions (Set 2). Both gluinos are restricted to the 

interval Ipi1 < 1.5. For this illustration, the squark msss is set equal to the 

gluino mass. [From Ref. 1.1 

-346- 



lm
l 

I 
I 

~111111 I 
I”“” 

l 
l 

lllllll 
l 

l 
plllll 

l 
11111’1 l 

l 
pllll? 

l 
l 

: 
12 

I 
: 

* 
- 

0 
0 

0 
0 

- 
(qu) ie 

‘0 
c 

- 



Figs. 15-20 for gluinos, squarks, photinos, zinos, winos, and sleptons. We 

infer from these estimates that a 40-TeV p*p collider with integrated luminosity 

exceeding 1O39 crne2 should be adequate to establish the presence or absence of 

the superpartners predicted by models of low-energy supersymmetry. 

5 Conclusions 

We have examined a general class of supersymmetric theories in which the 

effective low-energy theory relevant at 1 TeV or below is the supersymmet- 

ric extension of SU(3), @ sum @ U(l)y. The search for supersymmetry is 

complicated by the absence of reliable predictions for the masses of superpart- 

ners. Low-energy supersymmetry is surprisingly unconstrained by experiment, 

in spite of increasing efforts over the past eighteen months. For example, gluinos 

and photinos as light as - 1 GeV/c2 are allowed for some ranges of parameters, 

in all scenarios. Interesting limits can be placed on atable squarks and sleptons. 

For unstable scalar quarks, stringent limits exist only if the photino is massless. 

A complete catalogue of total and differential cross sections exists for the 

production of superpartners in pip and e+e- collisions. Detailed simulations, 

including detector characteristics, are required; important work along these lines 

is in progress, but continued iteration with experimental reality will be needed. 

At the SppS and Tevatron Colliders, rates are ample for superpartner masses 

up to about 100 GeV/c*, but good signatures beyond the traditional “missing 

ET” tag must be devised. The SSC will permit the study of squarks and gluinos 

up to mssses of 1 Tev/cz and beyond. 

01”“““‘1 
0 20 40 60 80 100 

fi (TeV) 

Figure 15: “Discovery limits” for gluinos in pp and pp collisions. Contours show 

the largest msss for which 10’ gluino pairs are produced with ]yi] < 1.5, for 

specified energy and luminosity (in cm-*). The EHLQ parton distributions of 

Set 2 were used. [From Ref. 1.1 
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Figure 16: “Discovery limits” for squarks in pp and up collisions. Contours 

show the largest mass for which 10’ squark pairs are produced with lyil < 1.5, 

for specified energy and luminosity (in cm-*). The EHLQ parton distributions 

of Set 2 were used. [From Ref. 1.1 

100 events 

40 60 

fi (TeV) 

80 

Figure 17: “Discovery limits” for photinos produced in association with gluinos 

in pp (solid lines) or pp (dashed lines) collisions, or in association with squarks 

(dotted lines). Contours show the largest mass for which 100 photinos are pro 

duced with lyil < 1.5, for specified energy and luminosity (in cm-)). The EHLQ 

parton distributions of Set 2 were used. [From Ref. 1.1 
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Figure 18: “Discovery limits” for zinos produced in association with gluinos in 

pp (solid lines) or pp (dashed lines) collisions, or in association with squarks 

(dotted lines). Contours show the largest mass for which lo3 zinos are produced 

with lyil < 1.5, for specified energy and luminosity (in cm-l). The EHLQ parton 

distributions of Set 2 were used. IFrom Ref. 1.1 

2 

I1 11 11 11 11 I 
0 20 40 60 80 100 

,b (Tev) 

Figure 19: “Discovery limits” for winos produced in association with gluinos 

in pp (solid lines) or pp (dashed lines) collisions, or in association with squarks 

(dotted lines). Contours show the largest mass for which lo3 winos are produced 

with lyil < 1.5, for specified energy and luminosity (in cme2). The EHLQ parton 

distributions of Set 2 were used. [From Ref. 1.1 
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Figure 20: “Discovery limits” for sleptons in pp (solid lines) or pp (dashed 

lines) collisions. Contours show the largest mass  for which 199 slepton pairs are 

produced with lyil < 1.5, for specified energy and luminosity (in cm-*). The 

EHLQ parton distributions of Set 2 were used. [From Ref. 1.1 
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THE STATUS OF NEUTRINO I&S EXPERIHENTS 

Orrin Fackler 

Lawrence Livermore National Laboratory and Rockefeller University 

In 1980 two experiments ignited a fertile field of research -- 

the determination of the neutrino messes. Subsequently, over 35 

experiments using a variety of techniques have probed or ere 

probing this question. Primarily I will discuss electron 

antineutrino (hereafter referred to as neutrino) mess experiments. 

However, let me begin in Section I to discuss astronomical and 

terrestrial observations which motivated these experiments. In 

section II. I will quote limits from muon and tau mess 

determinations. These limits ere more thoroughly discussed in other 

papers. I will continue by describing the four approaches used to 

measure the electron neutrino mess. In Section III, trftium beta 

decay mass determinations will be reviewed. This section includes 

a general summary of previous experimental results, and discussion 

of the major ongoing experiments. Section IV offers concluding 

remarks. 

Being a review, this paper c&vers the work of many 

individuals. It is very difficult to acknowledge all of &em, 

though I would like to thank the edperimenters listed in the 

footnote for providing up-to-date information concerning the 

experiments they are participating in and for help in preparing 

this paper. 
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I. Possible Evidence for Finite Neutrino Has2 

A. Astronomical Observations 

1. The paucity of solar neutrinos may be suggestive of a 

finite neutrino mass if it were caused by neutrino oscillations. 

Ray Davis and his collaborators' have not been detecting the 

expected number of solar neutrinos in the Homestake detector. The 

average of their experimental data is 2.0 + 0.3 SNU whereas the 

standard solar model predicts a rate of about 5.8 + 2 SNU. These 

two rates clearly disagree. A possible explanation for this 

discrepancy, other than neutrino oscillations. lies in the 

uncertainties which lead to the standard solar model. The 

theoretical predictions have changed dramatically as better cross 

section measurements have been completed at very low energy. 

Actually, we observe only whet is happening at or near the 

surfa,ce of the sun. The nature of the deep stellar interior, where 

most of the neutrinos are presumably being produced, is somewhat 

uncertain. For example, unknown turbulence producing mechanisms 

would cool the solar interior and result in a lower neutrino 

production rate. I believe these and other uncertainties should be 

carefully considered as a possible cause of the solar neutrino 

problem. 

2. Galactic structure may provide evidence for massive 

neutrinos. The number of photons left over from the big bang is 

about 400/cm3. The number of relic neutrinos from the big bang is 

related to the number of these photons by phase space and 

statistical factors and is approximately 100/ems.' Since there are 

SO many more neutrinos than other elementary particles, even a 

neutrino with a very small mass wduld produce a neutrino dominated 

universe. 1 

Galactic structure provides evidence for a large amount of 

missing mass in nonluminous halos which surround the visible 
! 

galaxies, with possibly ten times more matter in the halo than in 

the luminous part of the galax;. The evidence for this large 

nonluminous halo comes from galactic rotation curves. These curves 

have been obtained for a large number of galaxies vith a wide 

variety of shapes. Twenty five such curves are shown in Fig. 1. 

m=y all show a velocity profile which quickly saturates and 

remains level with increasing distance from the centers of the 

galaxies. This approximate flatness is seen to continue well 

beyond the typical 10 kpc visible galactic radius. 

The importance of these curves comes from the relation between 

the velocity profile as a function of radius and the mass contained 

within the volume bounded by that radius. A constant velocity 

profile implies a mass which increases linearly vith radius. Hence 

one concludes from these velocity curves that only about one tenth 

of a typical galactic mass is luminous. This nonluminous mass can 

not be a gas because absorption lines are not seen in light passing 

through the halos. 
i 

One candidate for this dark matter is the 

neutrino. 

B. Terrestrial Observations ! 

Two experimental papers were published in 1980 which suggested 

that electron neutrinos might have mass. The first of these papers 

was by Reines, & &. 2 In their paper entitled "Evidence for 
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Fig. 1. Rotstion curves of 25 galaxies of various types. 
A constant velocity profile corresponds to a mass which 
increases linearly with radius. 

Neutrino Instability" they reported an indication of neutrino 

oscillations which could only occur it the neutrinos were massive. 

Their abstract stressed the importance of further experimentation 

to measure neutrino oscillations. , 

The second experimental paper by Lubimov. & g&.. 3 reported 

evidence for a non-zero electron neutrino mass by measuring the 

energy dependence of the tritium beta decay spectrum near the 

endpoint. Their best fit value for M  was 37 eV with 99% Y 

confidence limits of 14 s MY 5 46 eV. 

II. Neutrino Mass Limits and Determination Techniaues 

The experimental results reported by the Reines and Lubimov 

groups stimulated a large number of other neutrino mass 

measurements. All of these experiments try new approaches or 

address what the individual experimentalists think are specific 

weaknesses with the original experiments. For completeness, I will 

briefly summarize muon and tau neutrino mass limits. Then I will 

discuss electron neutrino mass determination techniques and 

results. 

A. Muon Neutrino Mass Limits 
i 

There is no evidence for a finite muon neutrino mass. The two 
4 

experiments which give the lowest limits are given below. 

The first is by Anderhub, & a. 4 This experiment measures 
! 

the muon momenta from in-flight pion decay.. The biggest systematic 

uncertainty, the momentum difference between the pion and the muon, 

was minimized by measuring both momenta with the same apparatus. 
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The experimental upper limit for M, which this group sets is 0.50 

The second measurement  is by Abela & d.5 who set an  upper 

limit for MY of 0.25 FleV/cs. This limit is obtained by measur ing 

the muon  momenta  from at-rest pion decays. 

8. Tau Neutrino Mass Limits 

The two best tau neutrino mass limits have been set by Delco6 

and Argus! The Delco mass limit is obtained from the decay 

7  +  mv,. Their limit is H Y <  157 MeV/cs. The Argus group 

studied the decay 7  +  A,v, and have set a  mass limit of 70  HeV/c'. 

C. Four Possible wavs to "Measure" the Eleca Neufrino 

1. Neutrino Oscillations. Neutrino oscillations can only 

occur if the oscillating neutrino species have mass and lepton 

number  conservation is violated. Hence, the observation of 

neutrino oscillations provides evidence for neutrino mass. The 

probability of a  neutrino "I oscillating into (I neutrino us , e.g., 

" e+" p, is given by 

P(y1++) - sin2(2b)sin*((1.27614*L)/EY) 

where 8  is the mixing angle and 6"s - n: - n:. In addit ion to 

the previously ment ioned requirements, the oscillation amplitude, 

given by sin*(2#). needs to be  sufficiently large or the process 

would not be  observable. 

Neutrino oscillation experiments fall into the categories of 

accelerator and reactor experiments. A summary of the accelerator 

experiments is shown in Fig. 2. This figure shows that none of the 

sin2 .28 

Fig. 2. Summary of accelerator neutrino oscillation 
experiments. The excluded region is to the left of 
the experimental curves. The Cosgen reactor result 
is shown for comparison. 
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accelerat experiments show *v evidence for neutrino 

oscillations. For large mixing angles, oscillations in these 

experiments are ruled out for 6Ha greater than about 0.5 eV*. For 

larger 6Ha, on the order of 10 eV* and greater, the experiments 

rule out oscillations down to mixing angles of about 0.03 radians. 

The results from the Cosgen reactor experiment8 are also shown for 

comparison. 

The results from reactor experiments are not as clear as those 

from the accelerators. One group, the Bugey group: finds an 

indication for neutrino oscillations. Their evidence is presented 

in Fig. 3 where the expected positron energy spectrum is shown as 

a shaded band. That spectrum is in good agreement with the data 

taken in the near position. The spectrum in the far position shows 

a depletion of events at low energy as would be expected from 

neutrino oscillation. 

A summary of the reactor experiments is shown in Fig. 4. 

Most of the Bugey allowed region, but not all of it, is ruled out 

by * similar two-position Gosgen experiment. If the single- 

position flux-calculated Gosgen results are incorporated in the 

two-position results, all of the Bugey allowed region is ruled out. 

The single-position results are potentially less reliable because 

the neutrino flux energy spectrum must be calculated whereas the 

two-position experiments are independent of this calculation as 

long as the flux energy distribution doesn't change between the 

me.ssurements *t the two positions. The discrepancy between these 

two experiments should soon be cleared up with the results from new 

experiments. 

3 3 ‘ S 6 
tr- ,Me”I 

Fig. 3. Position energy distributions measured by the Bugey 
group at two positions, near (position 1) and far (position 
2). The open circles are reactor off data points. The error 
bars are statistical. The expected energy distributions are 
shown as a shaded bands. 
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2. Internal Bremsstrahlung In Electron Capture. A second 

0% 
0.05 

0.02 

0.0 I 
0.0 0.2 0.4 0.6 0.8 I .o 

sin* 28 

Fig. 4. Summary of recent reactor neutrino oscillation 
experiments. The excluded region is to the left of the 
experimental curves. 

technique for determining if neutrinos have mass is by measuring 

the emitted photon energy spectrum in electron capture. 10,ll A 

nucleus captures an orbital electron and emits a photon of momentum 

k and a neutrino: 

2 + (2 - 1) + T(k) + ye . 

Since there are three-bodies in the final state, the photon energy 

spectrum is governed by three-body phase space 

This experiment has proven to be very difficult becsuse of 

unknown and incalculable interference effects between the desired 

transition and the tails of distant resonances, including those in 

the continuum. Another problem results from the effects of 

molecular binding. The strong binding in .metals and salts distorts 

the electron orbital6 sufficiently to have a substantial impact on 

the photon spectrum. 

The only published results from this approach which I am aware 

12 169 
of are from Bennett, & &. Their results are for Ho and are 

shown in Fig. 5 in a form analogous to the Kurie plot in beta 

decay. It is clear from this figurh that their results are 

consistent with a zero neutrino mass. Tl-@r 20 upper limit on the 

neutrino m*ss is 250 eV. The major uncertainty which limits :the 

experiments sensitivity is the interferenqe mentioned above. 

3. Neutrinoless Double Beta Decay. A third detection 

technique is to search for neutrinoless double beta decay. This 

decay process can occur only if the neutrino is Majorana, namely it 
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IEIEC date md fit 
0.0 

1*3 
Fig. 5. The photon energy distribution from Ho internal 
bremsstrehlung in electron capture presented in a form 
analagous to the Kurie plot. 

is its own antiparticle. In addttion there must be right-handed 

currents & the neutrino must have mass for neutrinoless double 

bete decay to occur. 

Complications in interpretidg these experiments come in 

calculating a neutrino mass given the measured lifetime or upper 

limit to the lifetime. The nuclear matrix elements for the 
76 

decaying nucleus, which is typically Ge. must be calculated. The 

uncertainties in these calculations can lead to en uncertainty in 

the neutrino mass limit of at most e factor of two. One solution 

to this problem is to look et Te isotope decay ratios. This latter 

approach13 gives a 5.6 eV upper limit to the Majorana neutrino 

q *ss 

78 
A summery of the Ge double beta decay experiments is given 

in Table 1. The figure of merit for each experiment, the signal- 

to-noise ratio, is indicated in the column labeled NT/BG which is 

a measure of the ultimate experimental sensitivity. Two of these 

experiments show a large signal-to-noise ratio. We can conclude 

from these experiments that an upper limit to the neutrino mass is 

5 eV if the neutrino is Majorana. These experiments continue to 

take data end should be able to push thip limit even lower, but not 

by large factors. 
t 

The most likely experiments to push this Majorana neutrino 

mess limit substantially lower, possibly-well below 1 eV, are based 
IS6 

on Xe neutrinoless double beta decay. These experiments are 

presently being designed. 
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7* 
Table 1. Ge Neutrinoless Double Beta Decay Experiments* 

CROUP I COUNTING EFF. NT Kc EC/NT LItlITS 
TINE VOL. (YR.X (COUNTS/ (YEARS 
(YEARS) WA 102') KEV/ x1023 

YEAR) 

CALTECH 0.3 90 1.0 18.3 5.5 0.18 
(Forester) 

CALTECH 0.39 90 1.27 2.3 0.7 
(Cothard) 

1.65 116 6.0 15.2 3.6 
I Ave. 1.25 

0.56 105 2.6 2.0 0.7 my< 6eV. 

0.25 166 0.0 12.* 3.8 0.22 

0.27 191 1.2 26 5.8 0.32 

0.18 270 1.75 18.9 2.0 1.2 

0.46 125 1..38 1.5 0.38 1.16 

l Felix I3oebm. Bob Kennry. nnd Jim Thomas provided the nubers used in this 
cable. 

4. Tritium Beta Decay. The fourth technique for determining 

the neutrino mass is the measurement of the tritium beta decay 

energy distribution near the endpoint. The decay 

3H + 3He+ + @- + ; 

results in three-bodies in the final state and hence, except for 

the Fermi factor which is essentially a constant near the endpoint, 

the beta energy distribution is governed by three-body phase space. 

Dividing the energy distribution by the electron phase space factor 

and the Fermi factor, f, and taking the square root results in the 

Kurie plot shown in Fig. 6. If the neutrino mass is zero, the 

Kurie plot will be a straight line intersecting the abscissa at the 

endpoint energy. The Kuria plot for a finite neutrino mass will 

7 

Fig. 6. The Kurie plot for My - 0, The straight line, and a 

zero My, the curve. The electron kinetic anergy, Ee. 1" 

units of My, is plotted versus Jv)/(PeEef)), where f 

is the fermi factor. I 
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deviate from the zero-mass plot near the endpoint and will 

intersect he 
f 

abscissa at the endpoint energy minus the neutrino 

mass. 

III. Tritium Beta Decav Exoerimentg 

8. General Considerations 

Figure 6 illustrates the importance of having good resolution 

and sensitivity near the endpoint. The zero mass and the non-zero 

mass beta energy distributions differ from each other in a 

statistically significant way only within a few MY from the 

endpoint. The experiment is made difficult because the counting 

rate is vary low near the endpoint. The fraction of the events 

within 2 eV of the endpoint, if the neutrino mass is zero, is only 

2.3x1o-12. This low rate near the endpoint places severe 

consqraints on the experiments in terms of spectrometer acceptances 

and background rejection. 

The first of these constraints relates to the spectrometer. 

The spectrometer must have a high acceptance to compensate for the 

low counting rate. In addition the spectrometer needs a high 

resolution -- on the order of that of the neutrino mass the 

experiment is trying to determine. If the spectrometers resolution 

is substantially worse than the desired neutrino mass sensitivity, 

that resolution function, particularly the tail on the low energy 

side, must be measured vary precisely. 

The second constraint relates to backgrounds. Since the 

counting rate in the last 2 eV, depending on the experiment, varies 

between several counts par hour to several par week, the 

backgrounds need to be correspondingly low. Such low background 

rates are not easily achieved &nd require careful exparimental 

design. 

The Kurie plot shown in Fig. 6 is obtained from bare tritium 

nuclei. Actual experiments use either atomic or molecular tritium. 

The spectrum from either of these sources is distorted as shown in 

Fig. 7. This distortion results because the atomic electron is 

originally in an eigenstste of the hydrogen system. After beta 

decay the nuclear charge increases by one. Hence the orbital 

electron has a finite probability of being in one of the excited 

atomic states. Each of these states gives rise to a different 

branch in the Kurie plot. The atonik excitation energy of each 

state determines the intercept in the Kurie plot. The sum of the 

distinct branches is the measured distribution. This distribution, 

as shown in Fig. 7, is no longer the simple straight line that 

results from bare nuclear decay. An accurata determination of the 

neutrino mass requires, therefore, precise calculation of the 

expected energy spectrum. 

8. Previous Electron Neutrino Mass ExDerimenQ. 

I would like to begin the di&ussion of the experimental 

efforts by reviewing two earlier endpdint results. The first set 

an upper limit to the neutrino mass which remained until 19gO'when 

another measurement suggested a finite n k, trim mass. 

Berekvist's ExwrimenC. In a classic 1972 paper Bergkvist 14 

reported the results of his measurements. He used a magnetic 

spectrometer with a -23 eV resolution and an ion implanted Al,O, 
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Fig. 7. The Kurie plot from atomic (molecular) tritium 
decay. Each branch results from the atom (molecule) being in 
an excited atomic state. The intercept differences, e.g. 
h-n,, at-s the electronic excitation energies. The measured 
Kurie plot results from the sum of the individual branches 

source to make the measurement. Aftkr a vary careful consideration 

of systematics, including molecuaar final state effects, he 

concluded that MY is less then 60 eV. Since this mass limit was so 

small in comparison to the lepton and hadron masses and was in 

agreement with theoretical expect&ions. it was thought that the 

neutrino mass was identically zero: This result was not explored 

further until 1980 when Lubimov. & d.3 published a non-zero 

result. 

&ubimov's Exneriment. That group used Tretyakov's magnetic 

spectrometer with a -23 eV resolution. Their source was 18% 

tritium in Cd+, INO, (Valine). They concluded from their 

measurements that MY was between 14 and'46 eV. It was clear from 

their published data that the effect was statistically significant 

but there were possible systematic problems. One immediate concern 

was the effect of molecular final stated on the beta decay energy 

spectrum. The- tritiun was bound in the complex organic molecule 

valine. For this molecule it is almost impossible to calculate 

with high accuracy the effects of excited final molecular states on 

the bets decay energy spectrum. Another concern was the 

incorrect deduction of the spectrometer resolution function from 

measurements of the M-conversion linei in 'ssTm. They did not 

account for the natural line width ortthe low energy "shakeoff" 

tail. 

Since the Russian group has madb a number of substantial 

improvements in their experiment, I will discuss the results from 

their 15.16 1983 and 1984 experiments. Each of these later 

experiments used a valine source similar to the ona used in 1980. 
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Consequently they did not address the uncertainties introduced by 

molecular If inal state effects. However th$y did make substantial 

improvements in their apparatus. These improvements primarily 

reduced backgrounds by a factor of twenty and improved the 

spectrometer resolution by about a factor of two. They also fixed 

the spectrometer magnetic field and varied an accelerating 

potential to measure the beta energy spectrum. This change 

linearized the Kurie plot. 

Their Kurie plot is shown in Fig. 8. These data are from the 

1983 experiment and represent their conclusion that H, is greater 

than 20 eV at the 95% confidence level. Note the data have 

opposite curvature to that expected from a finite neutrino mass 

because the effect of the spectrometer resolution is greater than 

that of the neutrino mass. The first interesting observation is 

that,' in the Kurie plot, the data seem to follow the best fit 33 eV 

C"?ZVe away from the endpoint and then cross over to the 0 eV U Y 

curve near the endpoint -- just where the experiment should be most 

sensitive to the neutrino mass (refer to Fig. 6). The residuals 

plotted in Fig. 9 show a large systematic deviation from the best 

fit, 33 ev n furve. Y indicating some systematics which are not 

being properly accounted for. These comments are quantified in the 

poor x2 for their best fit, namely 10789 for 10355 degrees of 

freedom. 

These systematics may be related to two major oversights in 

the analysis of the data. The first one is in relating the 

measured 1" Yb line shapes to the spectrometer resolution function. 

The intrinsic line shapes wars assumed to be Lorentzian and the 
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Fig. 8. The Kurie plot from Lubimov, et al. as presented in 
1983. The solid curve is the best fit 33 eV curve. The 
dashed curve is for M  - 0. Y 

Fig. 9. The residuals from the 1983 Lubimov experiment as 
expressed as deviations from the tl - 0 curve. The solid Y 
line is the best fit M  - 33 eV curve. Y 
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observed low energy tails entirely instrumental. The low energy 

tails accompanying all conversion lines result from the occurrence 

of ? close- ying satellites produced by accompanying shake-off 

excitations. The second oversight was neglecting to include in the 

analysis the molecular final states resulting from molecular 

dissociation. Both of these contributed to the large deviations 

seen in Figures 8 and especially 9. 

New data ware presented at 
16 the 1984 Leipzig conference. 

These data are presented as a Kurie plot in Fig. 10 for three 

different valine source thicknesses. The dashed curves are for the 

0 eV M, hypotheses and the solid curves represent the best fit, 

with MY equal 35 eV. Their conclusion from this experiment is that 

the neutrino mass is greater than 9 eV at the 95% confidence level. 

These data lead one to the following observation -- the best 

fit neutrino mass should be independent of the region over which 

the fit is made module statistics providing that region is 

sensitive to the neutrino mass. Without refitting the data, one 

can qualitatively examine the fit quality over the region of the 

plot by tracing the 0 eV M, curve and overlaying it on the data as 

best one can by eye. Doing this,overlaying results in the dotted 

curve in Fig. 10 for the thinnest source. 

The dotted curve is actually a quite good fit to the data 

suggesting that the data at energies below the range of this plot 

are governing the fit. Most of the sensitivity to the neutrino 

mass should occur within about five My of the endpoint, just the 

range of this Kurie plot. 

130 
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Fig. 10. The Kurie plot from Lubimov. at al. as presented in 
1984. The solid curves are the best-fit 35 eV kl, and the 
dashed curves are for U - 0. The dotted curve is a shifted 
and rotated H  

Y - 0 curv: as explained in the text. Runs with 
three separate source thicknesses are shown. 

, 
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Table 2. 3H - 3He Atomic Ma68 Differences. 

Is it alid to perform this procedure as a check of their fit? 

In the process of overlaying the curve it is necessary to shift and 

rotate the curve. A shift downward merely corresponds to a change 

in noraalisation and is of no consequence. The rotation 

corresponds to a shift in endpoint energy which is one of the fit 

parameters and in that sense is permissible. The "new" endpoint 

energy must, however. be consistent with other data. This process 

would change the best fit endpoint energy from 18,585 eV to 

approximately 18.570 eV. 

A summary of the available endpoint energy data 17 is shown in 

Table 2. Even though the best estimate is 18,599 eV with an error 

of 3 ev, the variation within the table is substantially larger. 

Even the best measurements, the ICR doublet measurements, differ by 

15 eV. Additionally, a not well known chemical shift resulting 

from the molecular binding in valine, must be accounted for. This 

effect is 8.3 eV for the tritium molecule and is presumably of a 

similar size for vsline. Given these uncertainties, it is 

reasonable to conclude that the Russian fit is governed by data at 

lower energies than plotted in Fig. 10 -- in just the region where 

there is little sensitivity to the neutrino mass. 

The interpretative oversights with Lubimov's measurements 

suggest that we await results from other groups before positively 

concluding that neutrinos are massive. These other experimental 

efforts sre discussed in Section C. 

19567 I* 5 
19596 t 25 
1062 f b 
*o5oO~t 7 

1960.3 t 7 
19573 f 7 

9595 t 7 h I.3 19595 t 10 I .2 
9579 f , h I.5 19579 * I1 f I.5 

Evidence for a 17.1 keV Neutrino. In April of 1985. J. J. 

Simpson provided evidence 18 for a 17.1 keV neutrino which couples 

to the electron neutrino with a 3% probability. The Kurie plot 

near the low energy end of the bets spe'ftrum. instead of near the 

endpoint, is shovn in Fig. 11. Deviations from linearity could 

signal another neutrino coupling to the electron neutrfno. Such 

evidence would indicate that the physical neutrinos, e.g., the ye, 

are not eigenstates of the mass matrix but are mixtures of the mass 

eigenstates. 

The Kurie plot does indeed show a deviation from linearity -- 

the solid line. It is important also no examine the differential 

distribution in order to understand possible systematics which 

could cause a deviation from linearity!. The differential energy 

distribution is shown in Fig. 12. The deviation from the expected 

distribution is also seen at low energies. The very low energy 

data look as though they sre dominated by the tail of a low energy 

-367- 



K 

5.6- 
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1  I I 
t 2  3  

T,fkoV) 

Fig. 11. A portion of the Kurie plot as a  function of the 
beta kinetic energy from Simpson. The data is presented as 
evidence for a  17.1 keV neutrino coupling to the electron 
neutrino with a  3% probability. 

noise distribution. In fact, Simpson points out that the next 

point to the left of the lowest p&ted energy point is off scale 

at 1.6~10~ counts. My own interpretation of his data is that, at 

low energies, the distribution is being inf luenced by the tail of 
, 

this low energy noise spectrum. 

If the 17.1 keV neutrino mass hypothesis is correct, the same 

effect should be  seen in the beta decay spectrum of other nuclei. 
se. 

me  Q value of S is 167.5 keV so the existence of a  17.1 keV 

neutrino should appear as a  kink in the electron energy spectrum at 

19.20 06  
around 150 keV. Several groups have examined the S beta 

decay energy spectrum and have not verified this effect. The 

experimental results from the latter of these two experiments are 

shown in Fig. 13. The 3% mixing of the 17.1 keV neutrino should 

distort the spectrum as indicated by the dashed curve. The 

experimental data is clearly inconsistent with this hypothesis. 

C. Oneoine Exoeriments. 

Eleven major experimental efforts are presently underway to 

measure the tritium beta decay energy spectrum with the purpose of 

determining the neutrino mass. These experiments are summarized in 
7  

Table 3  and are listed and will be  discussed according to the 

anticipated spectrometer resolution which is also an  approximate 

indication of the obtainable mass sensitivity. The ultimate mass 
I 

sensitivity will depend on backgrounds -and systematics which are 

not really known until the experiment is well along. 

Fig. 12. A portion of the beta kinetic energy distribution. 
The smooth curva is the beta spectrum without a  massive 
neutrino and the dashad Cuba shows the change associated 
with a heavy ncutrino. 
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Table 3. Proposed and Ongoing Tritium Neutr&no Hass Experiments. 

Bela Decoy of “S 

‘5 
x 105 
b 
. rrlh m ibuJ- I7keV. lUg.l* - 3% 

0.9sL 
I20 130 140 

Energy I keV I 
I50 

AS 
Fig. 13. The ratio of the measured S beta energy 
distribution to the theoretical one. The 3% mixing of a 17 
keV neutrino should distort the spectrum as indicated by the 
dashed curve. 
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39114 
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II - 1 
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17-25 
I? 
I5 
70 
*0 

YO 
25 
26 

1917-8 
IWS-6 
IYU 
1915 
I985 
1916-I 
1996-7 
I996 
1980 

? 
IWS-6 
I¶96 

i. 0. Fackler. H. Hugge, H. Sticker, R. U. White and R. Woerner. 
W. Kolos, B. Jezlorski, H. Monkhorst, K. Szaleqicz and N. 
Winter. 

This group is attempting to determine the neutrino mess with e 

sensitivity of about 2 eV. Their efforts are centered around: A) a 

thin frozen tritium source and the molecular final state 

calc"latio"s necessary to interpret the data: and B) a high 

resolution parallel grid electrostatic retarding field 

spectrometer. The experiment is being performed at the Lawrence 

Livermore National Laboratory. 
I 

The group is addressing the distortion of the beta energy 

distribution from molecular final ste!te effects by using a frozen 

tritium source for which the calculations can be precisely 

made21,22,23.24 I 
These calculations include the effects of 
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electronic excitation, dissociation, and molecular vibration and 

rotation. 

The i!i n*l results of these calculations are presented in the 

form of a Kurie plot for a 30 eV neutrino mass in Fig. 14. The 

wwr curve results from bare nuclear decay. The second curve 

shows that most of the distortion is already present in atomic 

decay. The third curve is for molecular tritium decay and the 

fourth curve includes molecular vibrational and rotational effects. 

These calculations have been performed with sufficient accuracy to 

enable a neutrino mass determination to better than 1 eV. The 

major difference between using atomic and molecular tritium is in 

the energy of the excited states and the small distortion in the 3 

eV region at the endpoint of the spectrum. 

These calculations are performed for the free molecule but the 

binding effects in frozen tritium are small. This fact can be 

qualitatively understood by noting that the tritium melting 

temperature is approximately 25' K, implying the molecule-to- 

molecule binding energy is approximately l/400 eV. Since this 

binding energy is small compared to the 13.6 eV that the electron 

is bound to an atom or to the 4.5 eV that the two atoms are bound 

in the molecule, the molecule can be treated as free to high 

precision. 

The experimental apparatus is shown in Fig. 15. The source is 

a liquid helium cooled plate on which the tritium is frozen. 

Vsrying the amount of tritium gas introduced allows source 

thickness variation from a few monolayers upwards. The source 

points upstream allowing the decay electrons to enter a region 

ZO- 

I- 

O  I I I t I t I 
60 60 20 0 

Fig. 14. Kurie plots assuming a q0 eV neutrino mass under 
the following conditions: 1) Bare nuclear decay, 2) Atomic 
tritium decay, 3) !lolecular tritiy decay neglecting final 
state vibration and rotetion. and 4) Molecular tritium decay 
including final state vibration and rotation. 

I 
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Electrostetic 

Frozen 
tritium 

source 

detector 

Fig. 15. LLNL experimental apparatus. 

which is the electrostatic analog of an optical parabola with the 

source at its focus. Hence. electrons emerging froa the source are 
I 

=wp=d into I3 larger essentially parallel beam traveling 

domstream. 

Folloving the electrostatic Iparabola. a variable-length 

collimator defines the angular accqptanca of the electrons. The 

spectrometer consists of three equally spaced grid planes with 

field shaping electrodes around the axis. Electrons leaving the 

spectrometer pass through an electrostatic lens system which 

focuses them onto a solid state detector. 

The experimental apparatus was initially tasted by looking at 

the 7.3 kaV electron conversion electrons from ='I?0 . From this 

measurement, the experimentalists conclude that the apectrometar 

resolution function has a fvhm of less than 4 CV vith their present 

collimator length setting. 

16. V. Lobashev and P Spivak. 

This group is preparing an experiment vith the expectation of 

achieving an ultimate sensitivity of approximately 2 eV. They will 

use a molecular beam or possibly a spin-stabilized atomic beam as a 

source. Initially,however, they expect t,o begin data-taking with a 

more conventional solid molecular source. 

A drawing of the apparatus is shown in Fig. 16. The electrons 

are trapped in a magnetic field and tra sported through the source 
7 

region into the spectrometer. Tha spactromater uses *n 

electrostatic retarding field to achieve an energy resolution 

adjustable between 2 and 9 eV. This field is established with a 
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gridless cylinder. After energy analysis the electrons er* 

focussed with a magnetic field onp II solid state detector. 

The apparatus is presently being assembled. It is likely that 

they will begin testing during 1986 and ultimstely have II 2 eV ma** 
1 

sensitivity. 

m. G. Clark, M. Frisch, P. Chaudhari and M. Bregman 

The IBM apparatus is shown in Fig. 17. Electrons emerging 

from a" ion-implanted solid source are energy analyzed by e high 

re*ol"tio" hemispherical retarding field spectrometer. The 

spectrometer resolution is dependent upon the source radius 

relative to the radius of the retarding grid. 

AE (fwhm) - (R/35 ~rn)~, 

implying II 4 eV resolution for * l/2 cm radius *"WC* (15eV for e 1 

cm radius source). After energy hnslysis, the electrons are 

reaccelerated- to their original energy and electrostatically 

focussed onto a solid stnte detector. 

The apparatus has been assembled and * source has been 

prepared. The group is presently working to reduce backgrounds. 

&. D. Decma", U. Stoffl and G. Strubte 

This group at Lawrence Livermore Laboratory is emphasizing the 

"se of a" atomic tritium beam ** the *"WC*. Decay electrdns are 

collected in * magnetic field and w&ported into e Tretyakov-type 

spectrometer. The apparatus looks rather like that of the Los 

Alamos group (see xi. below). It w**. however, designed for II 

nominal 6 CV resolution and a" ultimate 4 eV q *** sensitivity. 

I 
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Tritium Source 

YRetorcing Grid 

Pumping Ports 

Focushg Sys:ecr 

De!ec!or Sys!em 

=i= r 6 L-z= = c z-i 
we-. ----= 

Fig. 17. The IBM experimental apparatus. See the text for 
details. 

After momentum a"aly*i*, the electrons ere focussed on (I 
/ 

multiringed solid state detector allowing simultaneous measurement 

of multiple energy channels. They expect * counting rate of three 

events per day in the lest 6 eV of the cJistribution for a zero mess 

neutrino. Because of this event rate, they need to keep the 

backgrounds low, on the order of one to two events per day per 6 eV, 

which they expect to be eble to do. 

The apparatus is presently being assembled. The group expects 

to begin testing in 1986 with early results in 1987. 

v. T. Oshima, K. Ukai, T. Yasuda. K. Nisimura, H. Kewakami, S. 
Shibata, I. Sugia, H. Iwehashi, N. Morikewa. N. Nogawa, Y. 
Shoji, M. Fujioka, T. Nagafuchi, F. Naito, T. Suzuki. H. 
Taketani, K. Hfsatake. Y. Fukushima end T. Matsuda 

This INS group is "sing en evaporated and cooled 3 H labeled 

compound as their tritium source but are nbt discussing its exact 

nature. The decay electrons emerging from the source are momentum 

analyzed with a rreir core spectrometer. The spectrometer energy 

resolution is between 8 end 10 eV. 

The experimentalists have paid considerable ettention to the 

source preparation. They made en interesting study, shown in Fig. 

18 where the measured line shape from a carefully prepared 
1ao 

Yb 

source is compared with the line shape peasured by the Lubimov 

group. The substantially smeller low energy "shakeoff" taii 
demonstrates the critical importance of $ource preparation when 

determining the spectrometer resolution. A smell uncertainty in 

the low energy tail ten lead to a substantial error because of the 

rapid increase in counting rete et lower energy. 
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T h e  g r o u p  is present ly  tak ing da te  e n d  s h o u l d  b e  a b l e  to 

add ress  the  Russ ian  resul ts et  the  N - 3 0  e V  leve l  soon .  

xi. E.  Holzschuh,  W . K u n d i g ,  J.U. Pe te rson ,  R.E.  P ix ley  e n d  H. 
stussi ! 

Th is  g r o u p  f rom Zur ich  is we l l  a l o n g  in  thei r  exper iment .  

They  a - e  us ing  e n  i on - imp lan ted  ca rbon  source.  They  chose  this 

source  b e c a u s e  it is l ow  Z, ten  b e  f o rmed  by  i o n  imp lan ta t ion  to 

cont ro l  the  source  dep th ,  a n d  b e c e u s e  it has  a  l ow  ou tgass ing  ra te  

et  r cJom tempera tu re .  

They  a r e  us ing  a  Tretyakov- type magne t i c  spec t rometer  i n  wh i ch  

the  e lec t rons a r e  deacce le ra ted  to 1  to ?  k e V  be fo re  b e i n g  m o m e n t u m  

ana lyzed .  D e p e n d i n g  o n  the  deacce le ra t ion  vo l tage.  reso lu t ions  in  

the  1 0  to 2 6  e V  r a n g e  can  b e  o b t a i n e d  for acceptab ly  h i g h  coun t ing  

ret.?*. Af ter  m o m e n t u m  enalys is  the  e lec t rons er*  reacce le ra ted  

be fo re  en te r ing  * th in  w i n d o w  posi t ion-sensi t ive p ropo r t i ona l  

counter .  T h e  m o m e n t u m  d ispers ion  et  the  coun te r  a l lows  da ta  to b e  

taken  in  a  5 0  e V  w i d e  ene rgy  in terval  wi th  a b o u t  1  e V  b i n  widths.  

This  deacce le ra t ion  t echn ique  works  very we l l  bu t  ca re  must  b e  

taken  to cont ro l  beckg rounds  b e c a u s e  of  the  l a rge  t r i t ium decay  

re te  in  the  1  to 2  k e V  reg ion .  H e n c e  tq i t ium con tamina t ion  in  the  

spec t rometer  ten  g ive  r ise to * l a rge  bac ,kg round.  

F igu res  1 9  e n d  2 0  s h o w  p re l im inery  K u r i e  p lots  a n d  plot*  of  

res idua ls  for M Y  e q u a l s  0  e n d  3 5  eV .  $ % e  deacce le ra t ion  vo l tage  

we*  ed jus ted  to g i ve  e  2 6  e V  spec t romete i  reso lu t ion  for this dsta. 

They  u s e d  a  mu l t i pa ramete r  fit to ca lcu la te  the  expec ted  mess  

curves. It is c lear  that  thei r  da te  is m o r e  consis tent  wi th  ze ro  

ra ther  t hen  3 5  eV .  
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0ne of the systematics which they are trying to understand is 

the source # hickness. This problem and their experimental 

sensitivity are illustrated in Fig. 21. The constant standard 

deviation contours for neutrino mass and source thickness are 

plotted. About this data, they say: "The problem at the moment is. 

that the source thickness is not really known. From the production 

we believe that the thickness is < 100 A. Fitting the neutrino 

lS*5.S and the thickness we get the enclosed contourplot X'(d,M). 

The best fit gives M Y - 0, but the unexpected source thickness of 

d - 300 A. Before this discrepancy is cleared we cannot reasonably 

quote an error. All we can say so far is: the mass is mcare likely 
25 

to be zero than 35 eV." This systematic problem is illustrative of 

the experimental difficulties which these experiments present to 

all the experimentalists. A careful and thorough i&stigation of 

all possible systematics is essential to the understanding of a 

hfgh precision experiment such as this one. 

This group is probably the furthest along with the 

q easurenent. m=Y impress me with their thoroughness and 

conservative approach to the experiment. I think their biggest 

problem is understanding the effects of the molecular final states. 

These states may be the cause of the source thickness uncertainty. 

u. R. Boyd. J. Spizuoco, B. Sur and P. Koncz 

The group at Ohio State University is performing en experiment 

vith solid sources end a hemispherical electrostatic retarding 
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Fig. 21. Constant standard deviation contours for the data 
shown in Fig. 19 as a function of neutrino mass and source 
thickness from the Zurich group. 
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field spectrometer. The IBM apparatus is conceptually similar to 

theirs, so I vi11 not discuss this groups apparatus in detail. The 
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apparatus has been assembled and the group is studying resolutions 

and backgrow+. 

yILL. N. Jelly and group 

This Oxford group built a prototype Cylindrical Mirror 

Analyzer. This test spectrometer provided information to design 

and build a larger one with a 15 eV resolution. The spectrometer 

is shown in Fig. 22. Electrons emeiging from the source at about 

45O pass through an acceptance-defining aperture into the 

spectrometer. They are deflected by the l/r electrostatic field 

until they pass through the second grid and are focussed. in second 

order, at the circular slit near the detector. By scanning the 

source voltage, the beta energy spectrum can be measured. 

They are investigating two source preparation techniques. The 

first 'employs the Langmuir-Blodgett technique of monolayer 

deposition of a tritiated calcium palmitate (akin to soap) film. 

The second technique itivolves tritiating a vacuum deposited thin 

titanium film. 

&. R.L. Crahm, M.A. Lone, H.R. Andrew, J.L. Gallant, J.S. 
Geiger, G.E. Lee-Whiting, D.U. Hetherington end C. Audi 

This group has refurbished end made major improvements to the 

Chalk River spectrometer. The rfispectrometer, shown in Fig. 23, 

has been modified to accept a 180 strip, potential graded titanium 

tritide source. After momentum enalysis the electrons are detected 

with a 22 channel proportional counter array. The spectrometer 
1eo 

resolution function was obtained by measuring the Yb Ml 
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Fig. 22. The Oxford group Cylindrical Mirror Electrostatic 
Spectrometer. See the text for details. 

I 



Fig. 23. T%e Chalk River rflIronless Spectrometer. See the 
text for details. 

conversion line. After deconvoluting the source netural line 

width, they measure a fwhm of 18 eV! 

They plan to use a titanium tritide source which has presented 

some problems. A v=ry smal7 oxygen or especinlly water 

contamination will chemically re:ct with the thin source end 

destroy it. Hence this group has been working hard end 

successfully on source preparation end handling techniques. 

is. K-E. Bergkvist 

Bergkvist has refurbished and improved the spectrometer he 

used for his earlier measurements. The magnetic field homogeneity 

has been improved which results in a 25 eV spectrometer resolution. 

Backgrounds have also been reduced by a factor of 500 by these 

modifications. 

Careful measurements of conversion sources have convinced him 

that the Russian results are incorrect. He believes that their 

incorrect accounting for electron "shakeoff" has resulted in their 

finite mass result. 

He is concerned about molecular fine1 state effects for 

sources which he can feasibly use in 
7 

ie epectrometer. I believe 

he is presently assessing how to best proceed. 
1 

fi. T.J. Bowles, T.H. Burritt, J.C. Brown=, J.A. Halffrich. D.A. 
Knapp. A.G. Lederbuhr, M.P. Melag, R.G.H. Robertson and J.F. 
Wilkerson 

This Los Alemos group first had the idee of employing a 

tritium atomic beam source to ellow precise calculation of fine1 

state effects. A cross section of their apparatus is shown in Fig. 
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24. Tritium gas is dissociated with an rf field into atoms. The 

*tams pass through sn aluminum decay tube and ere pumped away by 

mercury I. di fusion pumps et each end. Decay betas emitted by the 

atoms in the tube are trapped by a magnetic field and trensported 

end focussed at the collimating entrance aperture to the Tretyakov- 

w= magnetic spectrometer. After energy analysis, the electrons 

are detected by a proportional counter et the focus. Their 

apparatus is an example of careful design and its construction 

demonstrates the hard work necessary to mount a tritium beta decay 

experiment. 

The spectrometer resolution function has been measured for a 

point source photoemissive source. The measured 26 eV resolution 

iS not expected to change much for the reel extended source, but 

may increase to about 33 eV. 

Preliminary data using a molecular beam have been taken. This 

data, when analyzed, should have a sensitivity to the neutrino mass 

somewhere between 20 end 25 eV. This experiment is designed to 

ultimately have a 10 eV neutrino mass sensitivity. 

Each of these groups has emphasized different aspects of the 

measurement. The systematic uncertainties will be different in each 

experiment. Hence we should be able to have confidence in the 

results when several groups have completed their experiments. 

IV. Concludine Remarks 

The years since the first evidence for a possible finite 

neutrino mess have been exciting and stimulating. .This measurement 

is extremely important end many of us have been working on 
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experiments to determine the neutrino mass. The results of these 

efforts are just now coming to fruition. 

Many I utrino oscillation experiments have been completed. 

The accelerator experiments show no evidence for neutrino mass. 

The reactor experiments, except for one, also give no evidence for 

a massive neutrino. But we must remember that these experiments 

would be insensitive if the mixing angle istocsmall or if lepton 

number is strictly conserved. 

The double beta decay experiments are presently setting upper 

limits to a Majorana neutrino mass of about 5 eV if right-handed 
,* 

currents exist. The Ge experiments are continuing with somewhat 
136 

better limits expected in the next year or two. New Xe 

experiments in the design stage could possibly push the Majorana 

neutrino mass limit to below 1 eV. 

In a relatively short time, early tritium beta decay results 

should address the 35 eV neutrino mass measurement, probably at the 

20 eV level. Within the next one to two years I expect that the 

tritium beta decay experiments will be sensitive to a neutrino mass 

at the 2 eV level. 

Footnotes 
I 

I wish to thank the following for help in preparing this paper 
and providing information concerning the experiments on which they 
are working: Felix Boehm, Caltech; Dick Boyd, Ohio State Univ.; 
Margaret Frisch, IBM; Bob Grahm, Chalk River; Nick Jelly, Oxford 
univ. ; Bob Kenney, LBL; Walter Kunbig, Univ. of Zurich: Marshall 
M"gg= # LLNL; Takayoshi Ohshima, INS; Hamish Robertson, Los Alamos; 
Wolfgang Stoffl, LLNL; Jim Thomas. Caltech: and R.H. White, LLNL. 
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‘Y 
HIGH PRECISION MSASuRuIEN2 OF QIW20y 

IN SENI-LEPTONIC NEUTRINO M'lERACl'IONS 

c. GUTUT (CEN saclay) 

Representing the CDHS Collaboration 

1.WSYANEZWkEASWEHENT OFSIN2bWIN SEKI-LWPJNICvN INTERA'XIONS? 

l.lPhysics interest 

The past two years have witnessed the discoVery of the WandZ"boSOnb 

and the measurement of their masscs in the range predicted by the S.U.S. 

model. The accuracy of these measurements, soon tone impro~edatthe e+e- 

colliders (SIC, LSp) is now good enough to think about testing the model 

at the one-loop level, e.g. through the radiative corrections to the 

experimental processes. 

In the renormalisation scheme introduced by A. Sirlin.[ll sin'duis 

dcfinedinthe (minimal) standardmodel (p=l) by t 

(1) 

I$, Nz are the masured masses of the V and Z bosons. In this scheme, I$ 

is related to sin'du through the following formula which represents the 

constraintofthe G.W.S. standardmodel [II, [2] : 

4’ 
AO 

, where (2) 
sin2dW . [l - Ar(mt.mp...)l 

A0 is a well known number (37.281 GeV). It contains pure QED corrections 

and can be calculated from the measured values of the alifetimeand~~. 

The Ararsthe O(U) electroweakcorrectionsinvolvedinthecalculationof 

CJC. Guyot 1985 
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the p-decay lifetime up to One-loop Order , which depends on the top and 

and Siggs masses and the number of generations.[2] 

As an example, for Sin2fw = 0.218, mt= 36 GeV, mH =mS, Ar = 7 %  which 

introduces a 3 SeV shift on SandMS. 

Low energy experiments (e.g. v-nucleon) provide a measurement, 

sin20 IIxp W  (Q'), related to sin2bwvia radiative corrections : 

sin2ew = sinleT (Q~)[~-A(Q~)]. (3) 

For the standard available Y beams (<Q2> z 20 GeV2), 6 II! 5 * , coming 

mostly from standard electromagnetic corrections. Comparing (3) and (2), 

one can see that the electroweak corrections at the One-loop level have a 

sizable effect on the predicted values of km from low energy v-nucleon 

scattering experiments (See Fig. 1). 

Inthenear future it is hoped that Mu and II, will be known with an 

accuracy better than 1 GeV for Mw (UAs) and 200 IfeV for II2 (SLC, LEPl). A 

low energy measurement at a 2 Z level (Asin2e,,ro.oo5) would then provi8e 

a useful test of the quantumcorrections of the theory. 

1.2 Experimental motivation 

The present best experimental value of sin2dw comes from the 

measurement of 

R” = 
oNC(vN + VX) , 

?(“N  + px) 

where sin2dw = 0.227 f 0.12 Exp (CDHS Collaboration [3]). 

It is still not precise enough for a significant test of the theory. 

Nevertheless, while this measurement canbe improved, it can be seen that 

other processes cannot competeat present for the measurement of sin2bw : 

0.20 

0.26 

I COHSl9 

77 ’ 
i 

I 
I 

I 

0s 90 95 

"2 ( GcV 1 

Ei5l-l The mixing angle sin20 , aefinedinthe Sirlin 
K 

scheme versus the 
Z0 mass. The full curve showst e Born approximation constraint. The band 
represents the constraint when one-loop corrections are taken into 
account, showing the theoretical uncertainties. The clashed curve Shows 

one-loop corrections on the measured (Born) value of 
The full effect of the radiative correction is given by 

the &~fferenc~kzpredicred - SZnorn. 
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I) A direct measurement of Au and U,atthe ppcollider give6 : sin2$, 

= 0.229 f 0.031 (UA2 [4]), and thus does not allow a significant 

comparisonof Equations(l) and (2). 

ii) Ideally, one should use pure leptonic processes which are free 

frommodel-dependent theoretical corrections (see SeCtiOn 1.3): 

The measurement of sin' SW from 
O(Y e + Y e) 

suffers from a lack 
o(Gl(e + Gpe) 

of statistic. The worldaverage value is : 

sin2ew = 0.22 f 0.03. 

The measurement of the electroweak interference in e+e-+ R+R- (r+r-) 

suffers from the present too low energyavailableat PBP/PRTRA. From the 

asymmetrymeasurements in the channele+e-+ p+R-, one gets : 

sin2dw = 0.18 f 0.02 (Average PEP/PETRA). 

Before the advent of high precision experiments in the field of pure 

leptonic processes, CIiARR II for F-e scattering and SLC/L!ZP for asymmetry. 

semi-leptonic neutrino scattering still provides the best tool for the 

measurement of sin2ew. In addition, theoretical uncertainties due to the 

compositeness of the target (nucleon) can be controlled and kept below 

the experimental errors as showninthe next section. 

1.3 Theoretical uncertainties in the extraction of sin2dw from 
RV = aNC/arr 

In order to take into aCCOUnt the structure of the nucleon, all 

previous analyses have been done in the framework of the quark proton 

model (51 where R" is expressed as a function of the quark density 

functions : 

eNC 
R”=Y= 

a= 

fj x [ lSL(S)12 + IcRw12(1-Y)2 ] (¶(X) + ii(x))* (4) 

Y zq x [q(x) + ax) (1-yj2 ] 

A complete model includes the matrixelements for charged-current tran- 

sitions (Kobayashi-Naskawa matrix) and the threshold effect for charm 

production. 

If the target was made of u and d quarks only with u=d (isoscalar 

target) Equation (4) reduces to : 

F( = + - sin2dw + + sin4ey (I + -&) . 
8" 

(5) 

For a high precision experiment, the naive partOn model may not hold 

and could be broken by unknown hadronic corrections such as twist-4 

contributions to the cross section.[6] Nevertheless, it has been shown 

by Llewellyn-Smith [7]that for isoscalar targets dacc/dXdyanddaNC/dXdY 

are related assumingisospininvariance alone. Then, independent of any 

model of the nucleon substructure, Equation (5) applies with avery goOa 

approximation : 

P; R" = RI + (l+ a' cRT 
Y . 

where c 
P 

16 a remaining COntributiOn fromhigher-twist. The Uncertainty 

on sin SW from this term is expected to be smaller than 0.004, below the 

experimental error. Thus, the measurement of sin20w involves only the 
experimental determination of R", ov 

cc and u- cc 
Y , plus small corrections 

to take into account the nonisoscalarity of the target. These correc- 

tions, evaluated in the guark partonmodel, include : 

- The nonisoscalarity ofthetarget : For an iron target, n-p/n+P=7 

z , the correction is sl~llandentersthroughthe ratio U(X)/d(X) + I. 

- The threshold effect for charm production is accounted for by a 

"slowrescaling" model [RI depsndingonthe value of mc. 

-The amount of strange sea. 
2 

-The nonzercvalueof K-Kangles : Iucd12, l11~.1~, Iu~,~~. Iu,~ . 
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The last three corrections are constrained by the measured rate of 

opposite sign d imuons in the same CBHSdetector. The correction from the 

K-H angles can furthermore be  contained by imposing the unitarity of the 

matrix. 

At present, the uncertainty on  s in20W from these corrections is 

As in2eW < 0.006 which can be  improved in the near future. 

The last remark deal8 with the use of the Paschos-Wolfenstein rela- 

tion,[9] which applies in a  world without transition to charm and where 

cosec=l: 

0 NC - $!c 
Y  Y 1 2  occ bee =~-SinBW , 

Y Y 

which is absolutely insensitive to any higher-twist contribution. 

Unfortunately, for a  high precision experiment, it would require a  lot of 

t ime-consuming data taking in an  antineutrino beam. In addition, the 

relative normalisation et/e, should be  known to an  accuracy not 

achievable at present (<l% ). 

The OHS collaboration has chosen to measure the ratio R" alone. A 

small part of the running t ime was taken with antineutrinos tocalculate 

the factor e; cc/e"cc involved in the Llewellyn-Smith formula (5). Then 

the extraction of sin2bw assumes the standard model  with the minimal 

Higgs sector (p=l). 

2. MEASUREMENT OFR'WITH THE CDHS DETECTOR 

2.1Beamanddetector 

In 1984, the CbHS and CHARS collaborations have collected 6.10 18 

protons from the SPS running at 450 GeV. The measurement of R" requires a  

pure neutrino beam which is achievable only with a  narrow band beam (NBB). 

In order to maximise the neutrino flux, the parents (n,K) have been 

selected at a  momentum of 160 GeVwith abeam optic optimised for a  higher 

acceptance. A layout of the beam line is shown in Fig. 2  : At the entrance 

of the decay tunnel. a  movable dump al lowsthemeasurementofthe f lu% 

of neutrinos produced before the decay tunnel (WBB background). The two 

BCTb are then properly located to measure the hadron f luxinthe dump-out  

and dump-in runs, ensuring a  good normalisation for the eventual W B B  

background subtraction. This set of upgrades, together with the higher 

statistic and the improved detector, represents the major ImprOVementS on 

the 1978 experiment.[lO] 

The detector, an  upgraded version of the CIIHSW detector, is a  

sandwich of magnetisediron and scintillator, built ina modular structure. 

The new type of module6 (Fig. 3) have crossed scintillator readout 

al lowing a  lateral (x,y axis) position of 5  cm on hadron showers. Al though 

the scintillator sampling is 2.5 cm providing a  better resolution on  the 

hadron energy measurement  (0.53/&), the longitudinal resolution along 

the 2  axis is 12.5 cm because of the "fork" effect in the scintillator 

readout (see Fig. 3). 

A sketch of a charged current event in the detector is given in Fig. 

4. To  provide a  complete lateral containment of the events and to cut 

against the cosmic muons,  the fiducial mass, including new modules Only, 

is restricted to - 140 t. Full trigger efficiency is achieved for hadrOn 

energy EHgreaterthan 10  GeV. 

2.2 Event identification 

The separation of neutral current (NC) and charged Current (CC) CM- 

didates is made  on the basis of the projected length of the event obtained 

from the scintillator information. Buetotheir high efficiency (> 99  A ), 

the drift chambers may be  used to help the eVent length determination. 

withoutperforming any track reCOnStrUCtiOn. 
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Fig. 5  

Event length of neutrino events given in metres of penetrated iron 

relative to the hadronic shower length Lr,,+.Only the short events are 

stwwn. 

spill Over is small (0.55 f 0.2) X and can bs estimated by a  Konte 

Carlo calculation constrained by dimuondata.  

ii) Short CC events, where the muons path is shorter than LcLpf are 

calculated by a Konte Carlo program, normalised t0 a  monitor region 

(Fig. 51, populated with inelastic events containing mostly stopping 

muons. nuons leaving by the sides of the detector are few in this 

experiment, owing to the inbenaing magnetic field and the tight cut 

on  the radius of the vertex. This procedure is very insensitive to 

physics assumptions (differential cross sections, radiative correc- 

tions, . ..) within their known limits due to the short extrapolation 

from the monitor region (<y >- 0.96)totheNCsignalregion (<y>= 

0.94). The main errors on  this large (29 2) correction originate from 

the difficulty to simulate in detail the muon  tracking in the 

detector, taking into account the muon  energy loss and the effect of 

the magnetic field to reproduce properly the small rate of leaving 

muons.Figure 6shows the agreement between data and Konte Csrlointhe 

monitor region. Our knowledge of the simple physical processes 

involved and the geometry of the detector leads to an  error of 2  %  of 

this correction. An addit ional uncertainty comes from the effect of 

the error on  the experimental length measurement  (2 cm) on  the 

definition of the NCregion in the data. 

iii)The ye inducedevents appear as NCevents. The se flux from Kej 

decay iS calculated by a  HonteCKlo program. TheainOUnt Of neutrinos 

from K decays is normalised to well-identified reconstructed CC 

interactions in the data, independently of the measured ratio K/n 

from the &renkov. The CCveevents arethenaddedtothe CC sample. 

Krrors on  this correction (9.6 2) result from the limited knowledge 

of the Ke., branching ratio, the hadronenergy scale and the SK norma- 

lisation. It should be  noticed that Owingtoour weighting procedure 

in the Shower energymeasurement,  electron showers andhadron showers 

have the same response in the detector. 
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SHOWER ENERGY 
CC MONITOR REGION 

- DATA 
---- MC 

5 0 25 50 75 100 125 150 175 i 

Es (GeV) 

BEAM RADIUS 
CC MONITOR REGION 

- DATA 
^--- MC 

0 0.25 050 0.75 1.0 1.25 1.50 1.75 2.0 

Eie_d Comparison bethea the data and the Honte car10 for cc events in 
the monitor region. 

iv) A last (negligible) correction takes into account the loss of CC 

eVentS where part of the hadron energy is hidden in escaping 

mUtrinOS producedin semi-leptonic decays of charmedmesons. 

For the CCeVents, the shower energyincludesthe muon energy loss 

(:. 3 GeV) which has to be subtracted so that the effective ha&on energy 

cut is equivalent for NCand CCevents. This requires a good understanding 

of the muon responseinthe detector. Weestimatethis uncertaintytobe - 

150 ?leV. 

2.4 Results on Ry and R; 

Table I summarisesthe calculation of Ry and Table II the systematic 

errors. The Monte Carlo calculations are to be improved before results 

are finalised and the corresponding errors are added linearly. A similar 

analysis can be performed with antineutrinos. Only 15% of the running 

time have been devoted to ;, mainly for the use of the Llewllyn-Smith 

formula, providing a limited statistic (- l/20 of the Y statistic). 

Preliminary results are : 

Ry = 0.3059 f 0.0022 (Stat) i 0.0038 (Sy6t.j. and 

R; = 0.380 f 0.015 (Stat) f 0.005 (SySt.1. 

3. FRO!! RyTOSIN2Bw 

In the condition of our experiment, Ry is given by the ratio : 

ID I UC 
dEy q(EY) 

I 1 
dY dy & (sin2dw) 

10 y=% 

I 1 
0 

Ry = m  1 

I y=s 

1 

my dEY) flY ,abCC 
&dY 

10 I 0 
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where q(EY) is the accepted neutrino flux, and d8  Nc/4xdy (sin28w) is 

the neutral current differential cross section on  iron nuclei. 

Table 1  

Extraction of R, 

Cosmic and WljB 
submclion 

Long NC 

Short CC 

Y. 

Loss of evenu in filler 
program 

- 3941 - 5036 - 646 -3 

+139 -137 -55 +0.55 

- 9313 + 9220 -28 

- 3276 + 2741 - 8.6 

+96 0 + 0.2 

Loss of charm cvenfs wirh 
E,,, <  10  GeV < EH 

Result 

+SI - 0.03 

43235 141359 R. =  0.3059 f 0.0022 (stat.) 

Table II 

Systematic errors on  R. and comparison with the groups’ 
previous measurement  

Source of error 

Cosmic subtraction 
W B B  subtraction 
Short-CC subtraction: 

length mcasurcment 
Monte Carlo 
P, correction 
Long NC 
Muon  energy loss 

ARJR. 

This expl. 1978 NBB [I] 
(0) m) 

0.1 0.1 
0.15 1.2 

0.2 
0.5” (0.3) 0.9 
0.3” (0.2) 

0.2 ::: 
0.3 0.6 

1.25 (0.6) 1.7 

we assume the standard model  with e  =  !I” 2/n; cos2er =  1  before 

radiative corrections. As the analysis Of charged Current total CrOSS 

sections is not yet completed, we cannot use the Llevellyn Smith formula. 

Instead, a  detailed quark parton model  has been Used to describe the 

nucleon structure. Table 3  summarizes the main parameters and the assumed 

uncertainties of the model  with their impact on  the deterSIinatiOn of 

Sil?Q Further details are given in Ref. [3]. 

The final theoretical error assumes the K-M matrix to be  Unitary. 

The radiative corrections in the E scheme are taken from Ref. [ll]. The. 

values of Ry and R; predicted by the model  are given in Fig. 7, together 

with the measured data points. A combined fit to Ry and Rv gives f 

- 

Sin2$%w2) = 0.217 f 0.007mp f O.OCSm , 

whereas in the Sirlin scheme, we get: 

Sin2dy =  0.218 f 0.007 f 0.006. 

Both experimental errors andtheoreticalerrors will be  improvedinthe 

near future. From Table II, the final experimental error is expected to be  

- 0.004. The improvements on  the measurements of theK-Mmatr iXelementS 

combined with a  proper handl ing of the correlation between the errors on  

the parameters (the model  is contained by data on  almuons) should reduce 

the theoretical uncertainty. Nevertheless, the quoted error does not 

include an  error on  some remaining higher twist contributions. 

l ) Monte Carlo calculation still being checked and errors added 
linearly. Expected linal numbers are indicated in parcn- 
thesis. 
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Table III: Main parameters and assumed uncertainties of the model for 

the determination of sin2eW. The symbols U, D, S, C denote 

the fractional momenta of the quarks averaged over the kine- , 

matical region of the experiment. 

Model assumption bSid ow 

Ratio of antiquarks to valence quarks 
C~+?I,/(U~+D~’ = 0.14 + 0.02 

Fraction of strange quarks 
S/D = 0.45 t 0.15 

t 0.001 

f 0.0005 

RG 

.L! 

Fraction of charm quarks 
c/s - 0.3 t 0.3 * 0.0015 

langitudinal structure function 

0 /a L T = 0.1 f 0.1 

Correction for nonisoscalar target (Fe) 

(IJ~-D~)/(LI~+D~) - 0.28 f 0.009 

"ass of charm quark 

+ 0.002 

+ 0.063 

running mass, q c(mc) = 1.27 GeV/c', A = 0.15 GeV 0 
effective mass, mc = 0.5 - 1.5 GeV/c' * 0.004 

K-M matrix elements 

lv~i~-~v~s~~=o.947~o.oo6, ~~~~~~~~~~~~~~~~~~~~~~~~~ i 0.002 

Radiative corrections from Ref. 11 * 0.001 

.3c 
.25 

l CDHS 1977 
v CHARM 1981 
n BEBC 1983 
* CCFRR 1984 
o KDHS 1984 (1978-79 NBB) 
+ CDHS 1985 (1984 NBB) 

35 Rv 

Comparison of measurements of Ry and R; with the prediction of a 

model calculation described in the text. The curve is valid for the 

conditions of this experiment, other data are scaled to these con- 

ditions. 
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CONCLUSIONS : RFFERENCRS : 

This experiment has provided what is presently the most accurate 

measurement of sin20w. The errors are still too large for a Significant 

test of the standard model andthemeasuredvalue is in agree!Wntwith the 

measured values of l$and HE (See Fig.1). 

On the other hand, this result can constrain the Grand Unified 

models. The standard SU(5) model predicts sin 2zs dw = 0.214 f 0.004 (the 

error comes from the uncertainty on Afi), in very good agreementwiththe 

measured value. Rhile this model has big problems with the prOtOn 

lifetime, itcoulribesavedbyits supersymmetricextension. In the mini- 

ma1 SU(5) SUSY model (with 2 Higgs supermultiplets) 2E sin by = 0.233 i 

0.004, [12] in bad agreement with the measured value. The addition of 

other Higgs supermultiplets increases the value of sin2dw. Unless some 

unexpected large contribution from higher-twist terms occurs, the present 

measurement can already bring a significant constraint on Grand Unified 

models. 
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LIHITS ON THE TAU NCUTRINO MASS 

BY 

David S. Soltick 

Physics Department 

Purdue University 

Abstract 

The method6 used to place experimental 
limits on the mass of the tau neutrino are 
reviewed and the most recent upper limits 
are presented. Results are reported for 
the PEP experiments at SLAC, RRS, Nark II, 
and DELCO and from the DORIS experiment 
ARGUS at DESY. There is agreement that the 
tau neutrino mass is below the mass of the 
muon. 
ReV/c2. 

The best upper limit is H,, < 70 
T 

There are many reasons why the search for a massive 

tau neutrino might be successful. They include the 

measurement of a non-zero electron neutrino mass at the 

Institute of Theoretical and Experimental Physics’ in 

MOSCOW (ITEP) and astrophysical observations. The ITEP 

result that My > 14 eV/c2 was found by studying the end 

point of the bzta decay spectrum of tritium in the valine 

molecule (C5H11N02). The astrophysical evidence includes 

the “dark matter” problem’ as well as the solar neutrino 

problem! A striking piece of evidence indicating the 

existence of dark matter is the observation that the 

orbital velocity of matter in galaxies is nearly constant 

OD. S. Koltick 1985 
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as a function of galactic radius! out to the largest 

radii measurable (Fig. l), whereas if luminosity were the 

tracer of matter, a decreasing velocity function is 

expected. Similarly, non-luminous matter is required to 

explain the orbits of binary galax ies’ and the binding of 

clusters of galaxiesP Massive neutrinos have been 

proposed to explain these observations? The deficiency 

of solar electron neutrinos reported by Davis3 et. al. may 

be explained by a mass difference between neutrino 

generations allowing one generation to oscillate into 

another. 

If neutrinos are massive, a mass hierarchy by 

generation is expected, as is the case for the quarks and 

charged leptons. If true, the mass of the T  neutrino would 

be the largest and thus, possibly easier to measure. In 

some theories a mass hierarchy is confirmed. Gell-Mann, 

Ramond and Slansky* as well as others have derived a mass 

relationship between generations for the case of majorana 

neutrinos that interact left- and right- handedly. The 

ma jorana neutrinos that interact right-handedly are 

required to be very massive. In this case a relationship 

between the tau neutrino mass can be written in terms of 

the electron neutrino mass, and is given by: 

H - 4 
vT -T;iTl * (1) 

e e 

Sob Sb 

RADAJSlkpcl 

rig. 1. Rotation curves of 25 galaxies of variour 

morphological type. 
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If this relationship is used with the reported ITEP 

result, a tau neutrino mass larger than the mass of the 

muon is expected. 

To reduce the limit on the mass of the tau neutrino 

requires a large data set. This explains why results have 

not been reported from PETRA even though data ha6 been 

taken at energies higher than at PEP. While the PEP 

groups have good sized data sets (LTotal - 300 pb -1 ) 

it is obvious that PEP is not in its high luminosity era, 

because each group has only a handful of events on which 

their limits are based. On the other hand the ARGUS group 

at DORIS has taken a great deal of luminosity resulting in 

-100 events on which to base a limit. 

In this paper the techniques used to place limits on 

the mass of the tau neutrino are reviewed and the best 

upper limits found using each technique are presented. 

BETA DECAY 

The first method used to test for a massive T neutrino 

was to study the end point of the “beta” decay spectrum, 

T + ev v erandr + r )A’ Several groups perfected this 

technique and have published results using this method? 

The electron spectrum found by the DELCO group is shown in 

Fig. 2. The main limitation of this technique is that it 

requires a measurement of tracks having a momentum equal 

to that of the beam. Since the momentum resolution of a 

spectrometer for fast tracks goes like, 

80 

60 

r 
= 40 
> w 

20 

0 
0 0.2 0.4 0.6 0.8 O/F 

l--I, z = E,/EFaX JJ%- 

Pig. 2. The energy observed by DELCO for T + evevT. 

&P - P2 , (2) 
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’ the measurement of the neutrino mass depends on the 

poorest measured momentum values in the experiment. The 

measurement also requires a knowledge of the beam energy 

and width since a Lorentr boost must be performed to place 

the observed decay products in the lab frame. Further 

radiative correction must be applied and an underlying 

decay mechanism must be assumed. 

This method becomes more difficult as the beam 

energies are increased. There bEbeam tends to increase, 

making the Lorentx boost more uncertain, and the radiative 

effects become more important. When the beam energy is 
increased by a factor of 10 in going from SPEAR to PEP, 

then either the momentum resolution of the detector must 

be greatly improved or a much larger data set is 

required. But since large spectrometers tend to have 

similar resolutions and data set sizes decrease as a 

function of energy, the best results using the beta decay 

technique are obtained at low center of mass energies. 

Even so, SPEAR produced data sets with as many as -50,000 

tau pairs resulting in a 7 neutrino mass limit9 of only 

250 Mev/c2. The problem at low energies is that T events 

are hard to separate from the hadronic background, 

especially charm which has a similar mass. 

SINGLE PARTICLE HADRONIC DECAY 

Another technique is to look at two-body decays such 

as T + IV ~ or ‘c + Ku,. In the r rest frame the momentum 

sp?;ctrum of the neutrino and hadron are just a delta 

function. In momentum space this can be represented as a 

spherical shell, shown in Fig. 3. When the shell is 

viewed in the laboratory frame it is elongated in the 

direction of the boost. ?or a massive neutrino, if the 

boost is large enough, a gap will develop between the 

origin and the lowest momentum values. If the neutrino ir 

massless, no matter how large the boost, a gap will not 

develop. Since the neutrino is unobservable, the hadron 

must be studied and the neutrino spectrum inferred. In 

the laboratory frame the hadron spectrum is nearly flat. 

The interesting parts of the spectrum are the highest and 

lowest momentum values. The low part of the spectrum is 

usually lost due to tracking inefficiencies. The neutrino 

energy spectrum is found by subtracting Ehadron from 

Ebeam* This method suffers from the same problems as the 

beta decay approach except that an underlying decay 

mechanism is not required. The best limit of M, < 250 

?leV/c’ again comes from SPEAR?’ 
T 

MDRONIC MSS SPECTRUH 

The technique most likely to further improve the r 

neutrino mass limit is the study of the hadronic mass 

spectrum in high multiplicity t decays. These decays tend 

to have masses approaching that of the tau. At the end 

point of the hadronic mass spectrum a very simple 

relationship between R,, and Rhadrons holds: 
T 

Iv - % 7 - ‘hadrons . (3) 
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Massive neutrino 

p Mossless neutrino 
1 

Fig. 3. The momentum space view of a neUtrin0, from 
tau decay, as seen in the rest frame and lab 

frame. 

‘r 
’ This technique has many advantages: 1) The invariant 

mass of the r is well measured, being known to +3 UeV/c‘. 

2) The reconstruction of a high multiplicity mass involves 

the full momentum range of the detector and can include 

the measurement of neutral energy. A good detector can 

achieve a mass resolution of -10 Hell/c2 and better 

resolution is obtainable. 3) High energies become an 

advantage because rare decay modes of the r can then be 

easily separated from the hadronic background. 4) Working 

with mass as a variable means the beam energy and width 

do not enter into the neutrino mass calculation. 5) 

Radiative corrections are greatly reduced and affect the 

calculation only to the extent that a hard photon might be 

included in the mass calculation, a very rare occurrence. 

6) The decay is two-body, r + vrli, where R is the entire 

hadronic system. 

The Mark II group at PEP was the first to take 

advantage of this technique I1 by using the decay T + 

3n*nov,. The shape of the mass spectrum, shown in Fig. 4. 

is in good agreement with the two-body decay T + p’vr. 

Only the 22 events with masses above 1.5 GeV/c’ are used 

to set the limit. The limit is independent of whether or 

not the P’ or a phase space shape is used for the 

hadronic mass spectrum. This is reasonable because the 

high end of the mass spectrum is dominated by phase space 

and the weak interaction matrix element for the decay. 
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2 .5 

SOZlAl 

Fig. 4. The Mark II 3n*x0 invariant mass distribution 
from selected r decays. The curve is for 
mv  - 0. 

T  

Usin; a data set only one-third as large as those at SPEAR, an 

improved limit of 142 Rev/c2 at 95% confidence level was 

found . 

The DELCO group l2 has applied the same technique to 

the rare decay T  + K’K-s*vr, which has a branching ratio 

of only 0.22%. The four events that have been observed are 

shown in Fig. 5. To fit the data, a K+K-s* phase space 

model of the decay has been used as well as the 

predictions of the conserved vector current (CVC) 

hypothesis. The CVC hypothesis relates the isospin, I-1, 

part of the e+e- scattering amplitude to the weak 

isovector decay amplitude in r decay. The cross section 

data, e+e-+ K*K, for the I-1 channel at a center of mass 

energy below the r mass, were obtained from an experiment 

performed at ORSAY? This data is shown in Fig. 6 only 

to point out that progress at higher energies often 

requires a detailed understanding of the physics at lower 

energies. To the precision of the four events observed, 

the ORSAY data are adequate. Rowever if a large number of 

these rare T  decays were to become available, the 

uncertainty in the K*K cross section would dominate the 

mass limit requiring better measurements. The DELCO group 

finds an upper limit at 95% confidence level of fiv <157 

The HRS group at PEP has measured the mass spectrum of 

the rare decays r + Sn’v, and r + Sn’n”v, , each having a 
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Fig. 5. The mass resolution function6 for each K+K-a-+ 
event. The AM is the difference in mass with and 
without resolution effects. 

Fig. 6. Isospin cross section6 for e+e- + K*K*f s * 
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1 

branching ratio” of -7x1o-4. The IiRS group has observed 

five events of each type. The Mark II has  confirmed these 

observations by observing two events of each type. l5 To 

separate the r signal from the hadronic background, 

advantage was taken of the fact that in the limit of 

first-order QED, r-pair production leads to a unique 

momentum for each lepton. The thrust axis of these events 

is taken to be the direction of the produced r pairs. 

Honte Carlo calculations show that the thrust axis for 

high multiplicity r decays can be found to -2’. By 

performing a Lorentz boost on the hadronic decay products 

of the 7 , P* can be measured, where P* is the momentum of the 

hadronic decay product6 as well as the momentum of the r 

neutrino in the rest frame of the r. As can be seen in 

Fig. 7,the hadronic background appears at high values of 
l 

P , whereas the high mass T  decay6 appear near P+-0. 

Honte Carlo calculations show that radiative effects in ‘c 

pair production cause less than a 101 loss of signal when 

separating r events from hadronic events in this 

manner(Fig. 8). 

The masses of these rare events are given in Table 1. 

It is interesting to note that both groups observe equal 

numbers of 5x and 6x events. This is understandable 

considering that the weak amplitude is composed of equal 

amounts of vector and axial vector currents and that the 

phase spaces for the decays are similar. The Sn decays 

P’ GeV/c 

lig. 7. The measured momentum, P*, in the r rest frame 
for r candidate events (solid line) and the 
hadronic background (dashed line). 
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i 
0  

MONTE CARLO’ 
BOOSTED $1 OF 5 ,* 

f- Boost cut 

0 
P* (GeV/c) 

'u 1 Table I. Properties of the Events. 

T  + v,ss+ 

ARS EVENTS 

HASS 

MeV/c2 

%  

?leV/c’ 

Single Single 
track track 

momentum Particle 
GeV/c TYPe 

1 1494 i: ::i k/n/u 
2 1575 k/n+ny 

: 1625 1630 if ::4 k/n+ny k/n+ny 
5 1653 17 1.2 k/n+ny 

HARK II EVENTS 

3 1751 1646 44 S:i n/u n/u 
: 1522 1510 ii 51 ::I n/u U 

T-, v,sntno 

Pig. 8. The Honte Carlo prediction for the measured 
momentum P* of the charged hadronic decay 
products in the T  rest frame. 

HRS EVENTS 

I 1619 15 4.0 k/n+nr 
2 1668 

3 1684 4 1695 

;a 

1% 

1.8 

5:X 

k/n+ny 
k/n+ny 
k/n/u 

5 1727 41 2.1 e 
- 
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A 

proceed through the axial vector current and the 6n decays 

through the vector current. 

Both the Mark II and HRS group have reported upper 

limits using the r + 5n*vT events. W e  expect these 

events to be the result of the decay of a high mass 

hadronic state. Unfortunately for the Sn*vr events, there 

is no observed resonance that can be associated with these 

decays. There have been suggestions that the events decay 

through the A;, a radial excitation of the A1 (12701, 

whose properties may be similar to two-body phase space 

and a p’- n combination or a p-A1 combination. Aoweve r , 

there is no experimental evidence to support this view. 

Theoretical predictions of this decay would depend on the 

partially conserved axial current (PCAC) hypothesis. This 

hypothesis is valid to the extent that the A1 and the p 

have identical masses and widths, but this is not a 

reasonable assumption when setting the neutrino mass 

limit. Both groups argue that it is unimportant whether or 

not the decay proceeds through a resonance. Such a 

resonance is expected to have a mass in the t mass region 

and a mass distribution extending well above and below the 

T  mass. In this case the functional form of the hadronic 

mass distribution near the end point is dominated by the 

weak interaction matrix element and the effects of phase 

space, not the resonance shape. The data are then fit to 

a Honte Carlo generated Sn’vr phase space (psnfv ) t imes 

the Aeak matrix element for the decay 16 as shown in Pigure 

9: 

= - P5& 
d ‘had T  ‘had l (4) 

( fif - H;ad)2(H: + 2Riad) -+2H2, - Miad- ME)] . 

Using three events, the Mark II group finds an  upper  limit of 

125  MeV/c2, while the RRS group, using five events, finds an  

upper limit of 133 MeV/c2. Both limits are at the 95% 

confidence level. 

The phase space model predicts that half the r + Sn’v, 

decays should have a hadronic mass below 1.5 GeV/c’. Yet 

the events reported by both groups are at the upper end of 

phase space. This may indicate ‘c decay to a state 

narrower than is expected for hadronc in this mass region. 

More data is needed to check this possibility. Again, 

because of the small number of events, the limits are not 

affected by how the T  lepton is decaying. But to improve 

the limit once a larger data set becomes available 

requires a better understanding of the mass spectrum. 

The best limit to date using the mass spectrum 

technique has been obtained by the HRS group17 measuring 

the end point of the decay T  + Sn’x’v,. An example of such 

an event is shown in Fig. 10. The shape of the mass 

spectrum is predicted by the weak interaction matrix 

element, phase space, and the conserved vector current 

(WC) hypothesis. The shape is given by 15: 
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a.) 

b.) 

I I I 7 
SB EVENTS HR5 

1.0 1.2 14 1.6 I.8 

HADRONIC MASS (GeV/c2 ) 

‘0 
-e--c 

I I I I I 
I.0 I .2 I .4 I .6 I .% 

m5 (Cd*) 

rig. 9. The hadronic invariant mass of the events r + 
SAT. The solid lines are phase space times 
the weak matrix element for the best fit 
?I - 0. The dashed lines are the 95% 
covifidence level upper limit fits from a.) the 
RRS group. b.) the Mark II group. rig. 10. An event from the RRS group of ‘1 -, 5~~s’~~. 



d-r 
d ‘had 

- Mhad (Ht - M;ad)2 - I!3 2,; +2M;ad-?!3 ] 1’2 

[ W$-M;ad)(M~ + 24ad) - M:( 2Mt - lItad- I+ ] 

ul+ -(“had) ee (5) 
“pt(“had1 

where e + - cc is the isoepin one part of the cross section 

and ept(?Ihad) is the point cross section which varies as 

‘dad. 
Measurements of the e+e- -) 6n annihilation cross 

section for center of mass energies in the r mass region 

have been reported by Cosme et al.l* In this data there 

is a threshold-like behavior near 1.5 GeV/c’ shown in Fig. 

11. Using a linear fit to the measured 6n cross section 

in the r mass region, a 95% confidence level upper limit 
. 

of 86 MeV/c‘ is found for M v * This is shown as the 

dashed line in Fig. 12. If thi cross section “threshold” 

is varied by 250 MeV/c2,the limit changes by less than 1.5 

HeV/c2. 

Combining the 5f and 5.s’r” data, the RRS group finds 

a 95% confidence level upper limit of M,, < 04 MeV/c2. 

COMBINATION METHOD 
T 

The problems of setting a neutrino mass limit using a 

single hadron in the final state were discussed earlier. 

This same technique can be applied to the higher 

multiplicity r-decays if a large data set is available. 

1350 1550 175-O 1950 2150 

ENERGY (MeV) 

Fig. 11. The cross section e+e- + 61 as a function of 
energy for a.) 3r+3n- b.) 4~~2s’. 
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A 

HADRONIC MASS (GeV/c’ 1 

?ig. 12. The invariant mass of the 216  events T  + 
5nf,9v . The solid lint is based on Equation 
5, wit: the best fit M  = 0. The dashed lint 
is the 951 confidence l&l upper limit fit. 

The ARGUS group running in the t+t- storage ring DORIS II 

at DESY have used the decay r+3s*v, in this manner. 19 

Because the beams at DORIS have an energy width of 

only a few Rev, and to first order in QED, produced r 

pairs have a unique energy,  ET-Ebtam, a good approximation 

to the ntutrino energy can be found using 

ev - Ebtam - L %  * (6) 
T hadrons 

The sum is over the three observed hadrons.  

If the hadronic system were to have a unique mass the 

lower end point of the ntutrino energy spectrum would be 

shifted by an amount 

Y 
bE - -* 

2E 
(7) 

where y - l 

‘r/‘r and E (“hadron ) is the rest frame ntutrino 

energy, a function of the hadronic mass. But because the 

hadronic system has a variable mass, as is shown in rig. 

13, the end point region becomes smeared, having a shape 

dependent on the hadronic mass spectrum. 

The exact shape of the energy spectrum depends on 

many factors which include: (1) Radiative corrections, 

which tend to deplete the low energy region of the 

spectrum. If neglected, they would mimic a massive 

ntutrino. (2) The beam energy, since Ebtam enters 

directly into the calculation of E,. An uncertainty in the 
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Fig. 13. The invariant mass of the decay T + 3&v,. 
(uncorrected). 

tntigy causes a shift of the entire spectrum. (3) The 

energy width of the bean. While this number is negligible 

at DORIS, at PEP it is between -15-20 Rev and at Tristan 

it will be as large as -60 MtV. Its effect is to smear the 

spectrum. (4) The hadronic mass spectrum. The shape of 

the hadronic mass distribution is uncertain in the tails 

of the distribution and is not predicted theoretically. 

Therefore the exact shape of the energy spectrum cannot be 

calculated. But the shape is known well enough not to 

have an important effect on the ntutrino mass limit. (5) 

Lastly, the effects of the momentum calibration, momentum 

resolution, detector acceptance and backgrounds art most 

important. 

Combining all these effects into a Rontt Carlo, the 

ARGUS group has calculated the shape of ntutrino energy 

spectrum shown in Fig. 14. They report the world's best 

limit of Rv < 70 ltV/c2 at 95% confidence level. 
T 

CONCLUSIONS 

The ARS and ARGUS groups agree that the mass of the 'c 

ntutrino mass is below the mass of the muon. These 

results forbid T ntutrino decay with a muon in the final 

state. This conclusion is important considering that 

astrophysical arguments restrict stable neutrinos to have 

masses less than 100 w/c2 or greater than 2 GtV/c'. 

Excluding the decay involving the muon together with 

arguments concerning the survival of primordial 
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Ev ~4 3118, 

Fig. 14. The experimental data and Bontt Carlo 
txptctions for H, - 0 (solid lint) and My, I 
140 MtV/c2 (dash& lint). T 

dtuttrium2' may exclude an unstable r ntutrino heavier 

than -1 HtV/c2. 

Both the BRS and ARGUS groups art in disagreement 

with the results of the ITEP group if massive ntutrino 

generations art related by Equation 1. In this cast both 

groups predict an electron ntutrino mass lass than seven 
2 tv/c . 

It is interesting to speculate how much the 

txptrimtntal r ntutrino ma65 limits might improve in 

time. The RRS is capable of pushing the limit into the 10 

“tV/c2 range if a larger data set were available. 

Likewise, with improved statistics and a batter 

understanding of the systtmatics, the ARGUS group could 

push its limits lower. An improvtmtnt in the r ntutrino 

mass limit at higher energy machines is doubtful. 

Detectors at these machines will have resolutions similar 

to those at lower energies, yet they will be faced with 

smaller data sets and larger beam widths. Nontthtltss, if 

we plot the log of the ntutrino mass limit as a linear 

function of the year the limit is reported, as is often 

done for the muon and electron ntutrino, we find a 

straight lint behavior. The prediction shown in Fig. 15 

is that by the year 2000,txptrimtntal limits in the range 

of 1 Rev/c2 will be achieved. It's a long time to wait but 

it will be exciting to see if txptrimtnttrs can keep pact 

with the curve. 
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Fig. 15. The log of the ntutrino mase limit as a linear 

function of the year it was reported. 
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SEARCH FOR NEW PARTICLES AT PEP AND PETRA 

SACHIO KOMAMIYA: 

Physikolischcs Institut der Uniuerri~D Heidelberg 

Philosophcnwcg 13 6900 Heidelberg, F.R. Germany 

The recent experimental searches for new particles in e+e- annihilation at 

PEP and PETRA have been reviewed. The topics covered are the following: 

I. Particles Expected in the Standard Model or in the Extended Standard 

Models 

(1) Quarks (top, fourth generation, free quarks) 

(2) Leptons (fourth generation charged and neutral leptons) 

(3) Higgs (charged Higgs, non-minimal neutral Higgs + Maruyama) 

II. Supersymmetry 

(1) Partner of Matter Fermions (ji, ?, i, Z + Hollebeek, C + Hollebeek) 

(2) Gaugino-s (I@, I?, unstable 4, stable 5 + Hollebeek, 2 + Maruyama) 

III. Compositeness 

(1) Excited Leptons (e*, p*, r’) 

(2) Colored Leptons (es, ~8, vg) i 

(3) Preon Mass Scale (contact interactiop) 

In the conference, topics which are related to monojet searches were cbvered 

by Maruyama’s talk, and those related to single dhoton searches were covered by 

Hollebeek. 

hiling address: DESY Fll, NotkestraBe 85, 2ooO Hamburg 52, F.R Germany 
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(I) P.4RTlCLES ESPECTED IN THE STAZDARD MODEL 
OR IN THE EXTENDED STASDARD MODELS 

The stand d model agreea with experimental data excellently. However, 
there are still r ome particles expected from the model that have not been found 
yet. 

(1.1) QUARKS 
(A) Toponium. Open Top. Open b’ 

The top quark search is one of the main topics for PETRA experiments. 
Despite the great effort, it has not been found yet. At PETRA the R value 
(total hadronic cross section normalized bx the lowest order QED muon pair 
cross section) was scanned up to the highest PETRA C.M. energy of 46.78 GeV 
in energy steps of 30 Me\ and with an integrated luminosity of 60 nb-’ per 
experiment, as shown in Fig.q1,2,3,4; If there were a toponium resonance, the 
peak indicated in the figure would be expected. The upper limits on r.rBh,,d of 
the narrow resonance from the PETRA experiments are list.ed in Table 1. 

R-Scan at WsLO-Ll GeV 
12 I,,,,/,,,,,,,,/ ‘,““,‘,,‘,““,‘,,, 

lo- CELLO+lADE+MARK I+TASSO : 
R -I 

0 ,‘~~~~t,.,,‘,,.,I.,,,I~~~~I,,,~I,~~~ 
LO Ll L2 L3 U LS L6 L7 

W(GeVI ,777P 

Fig.1 

top had been passed, the R value would jump by a step of 4/3. The precise 
threshold behavior is difficult to predict by QCD, but it is much faster than the 
expectation for colorless fermions ( a(3 $)/2 ). Assuming a step function for 
the threshold, open top and open b’ mass limits have been obtained by looking 
for a step in the cross section of spherical events with or without large pt muons 
from semileptonic decay of the heavy quarks. The results are also shown in 
Table I. 

Table 1. Limits for toponium. open top Ad open b’, with 95 % C.L. 

Toponium Experiments rrrBhOd (keV) Open Top Open b’ 
Moss (CeV) More (c&V) Reference 

I CELLO < 2.9 I > 23.3 I > 22.7 1 PI I 
JADE I < 1.9 I > 23.3 I > 22.0 I PI I 

I Mark-.! I < 3.0 I > 23.3 I > 22.5 I 131 I 

I TASS0 < 2.5 I > 22.4 I > 22.0 I I41 I 

I Expected 5 3.5 I 

(R) Free Quarks or Fractionally Charged Particles 

In e+c- annihilation free quarks have been searched for by looking for 
charged tracks with abnormal ionization loss in scintillators by PEP14,[5] or in 
the gas of tracking chambers by TPC/6; and JADE.171 The 90 % C.L. upper 
limits for the inclusive cross section of free quarks in multihadronic events nor- 
malized by the muon cross section, R, are showr) in Figs. 2a and Zb, assuming 
the free quark momentum distribution to be approximately equal to that of low 
energy pions or to be constant. The limits are given not only for the charges 
? 1~3 and z2,‘3, but also for charge *I , ‘4 ‘3, t5’3, and it2 particles. Gener- 
ally the upper limits on R are about IO- 3. for free quark masses less than 15 
GeV. In Fig.3, the limits on the R value for the epclusive pair production of free 
quarks are shown. For free quarks of charge 2 1,‘3. the combined upper limit 
from JADE and PEP14 is about IO-’ for a mass below 20 GeV. 

The expected value of rr.Bhad for the lowest toponium resonance is about 
3.5 keV. All the experiments excluded toponium up LO the highest PETRA 
energy with more than 95 % C.L.. Note that a bound state of quarks with 
charge I ,‘3 (b’ resonance) cannot be excluded since the expected value of rccBhod 
is a factor four smaller than that for the t.oponium. If the threshold for open 
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/ 
(1.2) LEPTONS 

(A) Sequential Heavy Charged Leptons of the Fourth Generation 

In analogy to the mass spectrum pattein of the existing quark and leptons, 
a 4-th generation charged lepton could exist below the top mass. In c+c- an- 
nihilation, a sequential heavy lepton could be pair produced via a virtual 7 as 
shown in Fig.4a. If the Z” effect is neglected, the total cross section is given by 

CL’ L- = ffp fi- a(! - P)/2 , 

where 0 is the velocity of the heavy lepton in the c+e- C.M. system. The 
angular distribution is given by 

do 
IfIfl(l + co2 8 + (1 - f) sin’@). 

iii = 4s 

(a) 
Fig.4 

(b) 

The heavy lepton L- decays into a corresponding neutrino VL plus SU(2) 
doublet fermions mediated by an ordinary charged current (W-boson) as shown 
in Fig.4b. if the neutrino VL is lighter than L-. Because of the color factor of 
three, the hadronic decay modes dominate (about 2!3). Thus the dominant event 
topology is hadronic jets with large acoplanarity sith respect to the beam axis 
(z 45 % ). Also possible is the topology lepton 4 j&t(s) with a large acoplanarity 
[=z 15 % for each charged lepton species). The fraction of purely leptonic events 
is small (rz 10 % ). The tau lepton was discovered by searching for c - 1 events 
but it is not efficient to look for this topology to fi& the 4-th generation charged 
lepton. At PETRA, CELLO,[8] JADE,(S] and M.I\RK-J;lO: updated their lower 
mass limits for unstable charged leptons. The results are listed in Table 2, 
assuming massless neutrinos and an ordinary V-A weak coupling. If the YL is 
heavier than L- and if there is no mixing between VL and the other neutrinos, 
the charged lepton I.- would be stable. JADE;91 has searched for a stable L- 
by using energy loss measurement in the jet chamber to identify the heavy stable 
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charged particle. They exclude a stable L- up to a mass of 21.1 GeV with 
95% C.L. 

I 
Table 2. Lower mass limit for I,*, assuming my‘ = 0, with 95% C.L. 

Experiments mp > \GeVj 

CELLO 22.0 (new) 

JADE 22.7 (new) 

MARK-J 22.5 (new) 

PLUTO 14.5 

TASS0 15.5 

Signature 

acop. p+jet(s) 

acop. jet(s)+jet(s) 

acop. g+jet(s) 

(B) Heavy Neutrinos (Neutral Heavy Lepton) 

Heavy neutrinos can be pair produced via a virtual Z” boson as shown in 
Fig.Sa. 

(a) 
Fag 5 

(b) 

final state vould have at least twocharged particles. thus the charged multiplicity 
of the event would be greater or equal t,o four.’ If the mixing angle c is small or 
VL is light enough, the VL would have a long lifetime. 

The MARK-II groupjll] searched for a long-lived UL. They looked for 
events with a secondary vert.ex within their vertex chamber. The essential cuts 
are ! 

(1) charged multiplicity of the event > 4, 

(2) one of the vertex has to satisfy 2 mm < r,a < 100 mm, where I,,, is 
the distance (in r - 4) from the interaction point. 

After all the cuts (exact cuts are given in Ref.]]), three events are left. 
The estimated bachground is two events which is consistent with the observed 
number. Sane of the three events is. however, consistent with the VL hypothesis. 
In Fig.& the region excluded with 95 %. C.L. in the sin’c - M,, plane, assuming 
mixing of VL with VE (t = c, p or r). 

IO0 

I o-2 

ny I o-4 
.5 In 

I 0-g 

10-9 

= o(v,I$)a(3 -I D2)/4. 

The numerical value of the cross section is 0.34 pb at 4 = 29 GeV with B = 1. 
The heavy neutrino VL can decay, if VL is mixed with an ordinary neutrino vc 
(C = c or p or T) as shown in Fig.Sb. If the VL decays via charged current, the 

0.5 

The total cross section is given by 

O(VLiq) = ----- 
C+ {(I - 4 sin2 0~)~ + 1) a(3 + a2) 
lwn (I - s/M$)~ •t Y2/M; 

-e 

MASS (GeV/c*) 

I 
Fig.6 

‘We have not considered decays mediated by Z’, since these would be Ravor changing neutral 
C”r,Wlt. 
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HRS and Mark-JJ have searhed for short lived heavy neutrinos. HRS;lZ; 
looked for events with an isolated electron plus an additional charged particle in 

and > 2 two charged particlesin the other hemisphere 

HRS MARK 11 
(a) (b) 

Fig.7 

They found seven events after the cuts but these are consistent with being 
due to background from conventional sources (D-mason decays and the misiden- 
tification of electrons). The estimated number of background events is 5.5 zt 2.2. 
The upper limit of the production cross section is shown in Fig. 8. 

i ’ “‘I 
b - Neutral Heavy Lepton 

-(charged Current decay) 

2 

s 
1 

7 
20s 

0.2 

I 

MARK-II]131 searched for events with exactly four charged particles (plus 
missing neutrinos). To reject r+r- background, the invariant mass of any 
three particles is required to be larger than 4 GeV and any pair of oppositely 
charged particles has to have an invariant mass larger than 0.11 GeV to remove 
r-conversions. In the process, as shown in Fig.i’b, 

c+e- --I VLGL -4 (r+y-)(u+G-) + neutrinos 

the scalar momentum sum of I+ and y- (and’likewise for II+ and v-) must be 
smaller than the beam energy. Furthermore, the invariant masses of (z+y-) and 
(u+u-) must be smaller than the heavy neutrino mass if the event is due to v~ 
pair production. They observed no events with the invariant masses of (z+y-) 
and (u’r-) between 0.11 Gel’ and 5.4 GeV. The 90 % C.L. upper limit of the 
cross section normalized by that predicted from 2” exchange is shown in Fig.8 
as a function of the v~ mass. 

0.1 1 I I I1 I,,, I I I I I,,,, 

0.1 0.2 0.5 M,,[GeVf 1 5 10 

Fig.8 

-41% 



(1.3) HIGGS BOSONS 

The min’ al standard model requires the existence of only one neutral Higgs 
boson. At P ;I” P and PETRA energies it is impossible to find it since it can be 
only produced from the toponium resonance (Wilczek mechanism]ll])* and we 
have no evidence for toponium. In nonminimal standard models, there can be 
more than one SU(2) doublet Higgs fields or even SU(2) triplet Higgs fields. For 
example. in the minimal supergravity models, two W(2) doublet Higgs fields are 
expected.(lS] In this case there are two charged physical Higgs bosons (H*) and 
three physical neutrals (ht, hq and A.:). S onminimal neutral Higgs bosons are 
discussed by Maruyama elsewhere at this conference (G&how-Manohar monojet 
search). 

T*f T* jets 

(a) tb) 
Fig.9 

jets l jets 

(Cl 

Charged Higgs bosons can be found in e+c- annihilation since they are 
pair produced from a virtual photon. The total pair production cross section is 
a factor four smaller than the muon pair cross section and the reduction by the 
threshold effect is large: 

a(H’H - ) = o,,+ ,,- /4 . B3, 

The acceptance for H’H- events is, however, larger than that for charged 
fermions since the angular distribution peaks at B = 90”: 

WH+H-1 53Sin~B. 
dR =iii 

Since the charged Higgs bosons couple normally with heavy fermions, such as r, 
e and b, the dominant decay modes are H- -t T-P,, H- -+ st or H- 4 br. If 
H- + r-G, is the dominant decay mode, the event shape is an acoplanar r pair 
(Fig.Sa). This topology has been studied by CELLO,(lSj’JADE,[l7] MAC,[18] 
MARK-Jjl9; and MARK-JI.IZOj lf H- + z -G, and the hadronic decay modes 
H- - se or bi are both comparable, the dominant event shape would be a tau 

accompanied by jet(s) as shown in Fig.Sb. JADE,1171 MAC,[18] MARK-J’lSi 
and 51.4RK-11120, have studied this case. If the purely hadronic decay modes are 
dominant. the event shape would be four1 jets (Fig.Sr). TASSO]Zl] studied this 
case. Experimental limits from PEP and PETRA experiments are summarized 
in Fig.10. where the excluded regions are given in B(H- --t r-G,)- M”t plane, 
assuming that H- decays either into r-p, or into hadrons. 

Charged Higgs Bosq I Technipion 

---CELLO . . . . ..MARKI 
&(,.,--1-v). Br(H--had) -1 - JADE ---CLED 

-.-.- MARK1 

Fig. 19 

The limit can be applied also for the charged technipions expected by the 
technicolor theories since the event topology is just the same as that for the 
charged Higgs bosons. If the charged Higgs mass is smaller than the bottom 
quark mass, the b-quark would have the following twobody decay modes: b + 
H-c, H-u. The CLEO group]22] has studied the electron rate and charged 
energy fraction of b-decay, and ruled out the possibility of a charged Higgs mass 
being smaller than 5 GeV with 99.5 % C.Lj, regardless of the H- branching 
fractions, the relative rate of b -+ H-c and b -+ H-u, or production rate of 
B’B- to BOB”. Note that, if the top quark were found at the CERN pp 
collider,23; through its decay modes f -+ eu) or pub, and if the rates of those 
events were consistent with the standard model prediction, the charged Higgs 
masscould be excluded almost up to the top mass. If the charged Higgs 
is lighter than the top. the top decays mainly into H+b so that the yield of large 
pt leptons would be very small compared to the conventional top decay. 

-419- 



(II) SUPERSYMMETRY 

Supersymmetry (SUSY)124.25] may cure many difficulties of the standard 
model. SpecifJcally, the problem of the quadratic divergence of the Higgs mass 
and the hierarchy problem would be solved. In addition, local supersymmetry 
allows to unify the gravitational force with the forces of strong and electroweak 
interactions. 

In supersymmetric theories, each elementary particle has a superpartner 
(or superpartners) whose spin differs by a I/2 unit from that of the particle. 
If supersymmetry were exact, the superpartner would have the same mass as 
the corresponding particle. Since none of the superpartners has yet been found, 
supersymmetry must be broken. In Table 3, a shopping list of the ‘Minimal 
Supermarket’ is listed. 

Table 3. Shopping list for the ‘ Minimal Supermarket’. 
Physical Higgs bosons are hr, /$, hi and Hi. 
Charged Higgsinos and E’s can be mixed + charginos. 
Neutral Higgsinos, j and 2 can be mixed -+ neutralinos. 
Goldstino c is eaten by gravitino Es,2 -+ c?s12 get massive. 

I I I 

J=O J= 112 J=l J = 312 J=2 

CL (h) - * YL (h?) 
fL !I2 IL IR‘ 

<L QIR 9L 9R 
6 qq 9; 9; 

I I I I I A 

In the matt.er fermion sector, each qua,rk and leplon has two supersymmet- 
ric partners which correspond to the two helicity states of the fermion (right- 
and left-handed states). The neutrinos might also have two partners if they are 
massive. The minimal supersymmetric models have two SU(2) doublet Higgs 
fields. The pal tern of the gauge boson partners (gauginos) is rather complicated 
because they can be mixed with the partners of the Higgs bosons (Higgsinos). 
In the neutral gaugino sector, the partner pf the photon (photino 5). the part- 
ner of the 2” (zino 2) and the neutral Higgsinos (I?:, @) can be mixed and 
the mass eigenstates are generally called ne’utralinos(k7;, 2; . ..). In the charged 
gaugino sector, the partner of the W* (wino %) can be mixed with charged Higg- 
sinos and the mass eigenstates of these mixtures are called charginos ($$ ,$$). 
In the local supersymmetric models, the gravitino obtain a mass through the 
super-Higgs mechanism, while the Goldstone fermion (Goldstino 6) is eaten by 
the partner of the graviton (gravitino e 3,2) in this process. Candidates for the 
lightest supersymmetric particles are the photino, the neutral Higgsino (or one 
of the neutralino states) or the scalar neutrino (c). In global supersymmetric 
theory. the Goldstino could be the lightest supersymmetric particle. In this re- 
port, theories with R-parity conservation are congidered. In this case the lightest 
supersymmetric particle must be stable. Any supersymmetric particle has to be 
produced accompanied by another supersymmetric particle. The decay chain 
of any supersymmetric particle has to be terminated with the production of 
the lightest supersymmetric particle. The dominant decay mode of the super- 
symmetric particle depends on the mass spectrum of supersymmetric particles, 
which is model dependent. Therefore in order to find/exclude them, all possible 
decay modes have to be investigated. To give just mass limits without specifying 
the underlying conditions is meaningless. In this review, I have tried to state 
the conditions as precisely as possible for each mass limit. In the last few years 
an extensive experimental search for supersymmetric particles has been carried 
out at PEP and PETRA. Not only have the mass limits been improved but also 
almost all possible processes have been studied. 

I G/l G 
I 
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(11.1) SUPERPARTNERS OF MATTER FERMIONS 

(A) Scalar Leptons 

4 The SI plest cases of supersymmetric particle production are the production 
of scalar muons and scalar taus. They are pair produced via a virtual photon as 
shown in Fig.1 la. 

e- 

(a) (b) CC) 
Fig. 1 I 

The diflerential and total cross sections are just the same as those for 
charged Higgs boson pair production. Note that if the two partners (jin and 
Jim) are mass-degenerate, the cross sections have to be multiplied by a factor of 
WHO. The scalar muon [ scalar tau ] decays into j + p 15 + r], if the photino 5 is 
lighter than the scalar muon ] tau 1.’ 

Table 4. Mass region excluded for fi and i, with 95% C.L. (90% C.L. for 
MARK-II), assuming rnz, = 0 and m[e < ml‘. [26-341 

I 
Experiments m;lGeV] m;[GcV] 

I 

I CELLO 3.3-16.0 126; 6.0-15.5 1311 I 

j JADE < 20.3 1273 m, - 18.7 1321 

MAC 1 m,-13.6 1281 1 m,-13.0 [28] 1 

I h4ARK-J < 20.0 129; m,-17.0 1331 

MARK-II m,-9.9 134) 

TASS0 < 16.4 1301 I 

‘In general, 5 should be replaced by the lightest neutralino. 

Thus the event topology is a p-pair i r-pair ] with large acoplanarity with 
respect to the beam axis, since the two photinos carry momentum away. The 
background for these events is p+p--l ]i*r--r], where the 7 escapes in detector 
gaps. or ele-p*p- [e+c-r+r-] where the electrons escape through the beam 
pipe. There are updated mass limits for c and 7 from JADE and MARK-J, as 
shown in Table 4 together with old results from other experiments. JADE]271 
also studied scalar muon production for the more general case of a massive 
photino. The excluded region in the m;:m; plane is shown in Fig.12. 

-L : s I> E 

10 

-IQ - 

JADE 
ci+$x-y 

Fig.12 

The region above the m; = m- line can be rejected for the case of a stable 
ji. Note that, if cj is heavier than :. and 3, is lighter than ji, the scalar muon 
would decay into G,,ff (via U’), G&u,, (via W or @tr (via 2). No experiments -3 
have studied these processes. I 

(B) Scalar Quarks 

Scalar quarks are pair produced in e*e-l annihilation via a virtual photon 
analogous to the production of fi and iT. The total cross section is given by 

where the factor three is the number of colors and c; is the charge of the scalar 
quark. If the two partners are mass-degenerate the cross section has to be 
multiplied by a factor of two. The dominant decay mode of the scalar quark 
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is < - gq by strong interaction, if it is kinematically possible: The gluino 
subsequently decays into qe?. If the gluino is heavier than the scalar quark, the 
scalar quark decays into qj by electromagnetic interaction. If the above two 
decay modes ale kinematically forbidden, and the scalar neutrino is lighter than 
the scalar quark, 7 decays into CZq’ mediated by a wine or into hq mediated 
by a zino. If the Fwere the lightest supersymmetric particle or if all the decay 
modes were somehow suppressed, the q would be stable or would have a long 
liretime.’ JADE,351 has studied all the above decay modes. The preliminary 
mass limits for each case as well as the corresponding event signature are listed 
in Table 5. 

Table 5. Exclude mass regions for 7 with 95 % C.L., assuming charge 2/3. 
The parameter 1) is charged stable R-hadron production probability in the frag- 
mentation for the case of stable ii. 

Decay 

F - QF 

7- 91 

stable q 

3xcluded rnc with 95% C.L. 

m- PI 
= m- 

92 m;, < m- 
92 

Conditions 

< 19.2[GeV] ‘I;;;;;; < 20.0;Ge”~ 1.3 - 17.81Gel ]I m; = 0.5(GeV’j 

i 21.4jCcV] ‘3.2 - 2l.O\GeC’]’ m; < lO\GcV] 

< 20.8jCcl’] 5.0 - 20.0peV] ‘T = m@ ET mw 
m; = 1 .OICcV) 

< IS.O;GeV] 2.0 - IS.OiGeV] 7J = 0.5 

< 15.OjGeVj 2.0 - 15.01GcV] OSS<l 

e 

e 

I I 

Signature 

z multi- 
hadrons 

spherical events 

acoplanar jets 

acoplanar jets 

vents with heavy 
stable particles 

‘vents with large 
missing pt 

J 

The most stringent mass limit is obtained for the c + q? decay mode since 
the events have the distinctive signature of two acoplanar jets with respect to 

‘Tw_o-body decay modes ;- q’W and ;-. q.? are not considered here because the mass limits 
for 2 and I% are ralhct stringent as will be discussed later. 

the beam axis because of the missing photinos. For the case a - qa, the event 
shape is very similar to that of ordinary multihadron events if the @mass is not 
very large, and the shape will be spherical if it is produced near the threshold. 

In several supersymmetric modelsl36j it is suggested that one of the scalar 
partners of the top quark is the lightest scalar quark. 5 In this case, for the lighter 
scalar top (?r), the direct decays (?r + tc, ?r + t?) are kinematically forbidden. 
The rr decay is then possible only through higher order processes. Recently Bigi 
and Rudaz:37; have studied scalar top phenpmenology and concluded that for a 
wino mass lighter than the order of 100 GeV, the light ? decays predominantly 
into c? or c? via the one loop diagram. Since the detection efficiency for ii -+ uz 
Iv1 + UT: is equal to or larger than that for ?+ cg (r+ c’;], the JADE limits for 
q + qg and 9” + q3 (mass non-degenerate case) are also valid for the scalar top. 
Iiote that the scalar quark mass limits from the CERN pp collider are usually 
with the assumption that five flavors of 9’s are mass-degenerate and left- and 
right-handed are also degenerate, so that the cross section is factor of ten larger 
than our case. 

I 

I 

5The masses of the two scalar partners of the mrtler fermions are approximately liven by the 
following formula: 

~=Im,,2*mfI 

where mSjI is the gravilino mass and ml is the fermion mass. 
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(11.2) GAUGIKOS 

(.4) Ch rginos (Wines or Charged Higgsinos or Their hfixtures) 

% In sever I supersymmetric modeIs(38] the mass of the lightest charginos is 
expected to be smaller than that of the W boson, making a search for them 
especially promising. The charginos can be pair produced in c+c- annihilation 
via a virtual photon or by an exchange of a scalar neutrino v, (for the wine 
component) as shown in Fig.13. 

Fig.13 

(b) 

If the second diagram is neglected, the total cross section and the angular 
distribution are just the same as those for charged heavy leptons. Since the 
interference of the two diagrams makes a positive contribution to the cross sec- 
tion, the total cross section is, in general, larger than that for heavy lepton pair 
production. Note that charginos can be produced in c+e- annihilation even if 
all the scalar partners of fermions (r, 6 and 3 are very heavy, since the charginos 
can couple directly to the photon. This is in contrast t.o the production of neu- 
tralinos (j. 2, neutral Higgsinos, or their mixtures) which have a reasonably 
large cross section only for light scalar electrons (m; < lOOGel’), unless they 
come from a 2 decay. 

The dominant decay mode of the chargino is x- -+ ic if the scalar neutrinos 
are lighter than thechargino. All the other three level, three body decay modes 
are suppressed in this case. The event topology for this case is two charged 
leptons of any combination of lepton species with missing momentum carried 
by the scalar neutrinos. BIARH-J(39] studied the topologies c - e, p - p and 
e - /1, and JADE[QO] the topologies e - c, p - fl and r - t. The region in the 
m;;-m- ~.f plane excluded with 95 % C.L. is shown in Fig.14. MARK-Ji39; 

also studied single wino production (e+e- + E*Se*) by searching for high p, 
single muon events and the wino mass limit is improved for small t masses. If 
the scalar neutrinos are heavier and gluinos are lighter than chargino, the decay 
mode z- + qj&a is the dominant one. JADE:IO] studied this case by looking 
for an excess in the R-value for low mass charginos and by searching for spherical 
events for high mass charginos. A chargino mass up to 22.6 GeV is excluded 

i 
with 95 % C.L. for mi = 10 GeV and mi = mi/6. If the above two decay 
modes are kinematically forbidden, the only possible decay modes are if -, 
fvj and qlaq, mediated by the W-boson or scalar leptons and quarks. The 
event shape is very similar to that forcharged heavy leptons but the leptonic- 
and hadronic- branching fractions are unknown. The branching fractions 
depend strongly on the masses of i and + relative to each other as well as to 
the W-boson mass. MARK-J[39] studied the topologies c - c, c -P, cc - p and 
r -jet, JADE[IO] studied c - c, c - p, T - r and jet -jet, and CELLO[Il] 
studied e - e, e - r. In Fig.15, regions excluded with 95 % C.L. in the plane 
of leptonic branching fraction versus rni* for three photino masses (0,3 GeV 
and 10 GeV) by JADE1401 are shown. Independent of the leptonic branching 
fraction and mz,, chargino masses are excluded up to 22.5 GeV with 95% 
C.L. If the chargino maas is very close to the photino mass, the photinos carry 
most of the energy away, so that the events cannot be triggered or the chargino 
signal is buried in the background from twophoton processes. In summary, 
the lower mass limit for charginos is = 22.5 GeV, independent of the decay 
modes. 

---*ARK J t 

Fig.14 
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Fig.15 

(B) Unstable Photino 

So far we have only considered the dase of stable photinos or invisible 
photinos.6 However, if global supersymmetry were spontaneously broken, there 
would exist a massless spin I /2 Goldstino 6 (the supersymmetric version of the 
Nambu-Goldstone boson) and then the photino would decay into $i42] ’ In 
that case,the lifetime of the photino is giveti by 

where d is the scale of supersymmetry breaking. In e+c- annihilation, photinos 
are pair produced by an exchange of a scalar electron as shown in Fig.lGa. 

ta) (b) CC) Cd) 

Fig.16 

The event topologies are two acoplanar photons if m; is large and r; is short 
(Fig.lGb), two colinear photons with unbalanced momentum if m; is small and 
r; is short (Fig.lGc), and a single photon (only one 5 decays inside the detector) 
if r; is long (Fig.lGd). All PETRA experiments 144,45.46, 471 have studied the 
production of unstable photinos. The regions in the m; - m; plane excluded 
with 95 % C.L. are shown in Fig.17 for the case d != (100G~V)~ and rnb = m- . 

: cL 

! 

61f scalar neutrinos arc lighter lhan photinor, ; can decay into Gv via one loop. In this case 
the final state is invisible. 
‘Rrcently. Komatsu and Kubo!43! studied scenarios with light Higgsinos where photinos decay 
into Higgsino plus pholon. The limits discussed below can also be applied for this case. 
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M5 GeV 

Fig. 17 

(111) COMPOSITENESS 
1 

To find compositeness experimentally; new particles, which are expected 
from composite models,/48] can be looked for, or possible deviations from the 
standard model predictions in the context of compositeness can be studied. 

! 
(111.1) EXCITED LEPTOSS 

In e’e- annihilation, excited leptons can be produced in pairs or singly as 
shown in Fig.18. 

e’ 

Y 

e- H 

I” 

a I” 

e’ 

k-c 

I 

Y  

e- 
C I* 

I 

I" 

+I 
e Y 

Fig.18 
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In the diagrams of Fig.lR.the open circle I ertex denotes the existence of 
a form factor Hhereas the filled circle vertex is described by the following La- 
grangianI49;: 

L = e( -&t.o,,wv + h.c. 
t 

with X a free parameter. The excited lepton decays into a photon plus an 
ordinary lepton as shown in Fig.lBe. The e- mass range which can be reached 
in the case of e- pair production goes, in principle, up to the beam energy. 
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The backgrou d for this case is relatively low since.it is due to higher order 
QED (0’) ? pro esses and there are two -yC invariant mass constraints. For single 
P production, one is sensitive to L- masses up to the C.M. energy but the 
production cross section depends on X. The background is higher than in the pair 
production case, since it is due to an o3 QED process and only one yL invariant 
mass is constrained. For e’ single production, it has been suggested[50] that 
the virtual Compton scattering configuration (scattered electron escapes into 
the beam pipe so that the final state is c-r from the c- decay) is the dominant 
topology. To investigate c- masses above the CM. energy, the process c+c- + 
7-r can be used. The angular distribution of the photons in this process would 
be modified if there were an c- exchange, as shown in Fig.lgf. CELLO 1511 and 
JADE 1521 have updated their C’ limits substantially, as shown in Fig.19. 

EXCITED ELECTRON e* 

--........_ -- . . . . . . . . . . . . -1 
e--b \ 

0 10 20 30 LO 50 60 70 60 
Me* [GeV] 

Pig. 19 

Assuming a form factor equal to unity, CELLO excludes e* masses up to 
23.0 GeV and JADE excludes up to 23.1 GeV with 95 % C.L., independent of 
A. 

Results on the P’ and r’ are presented in Fig.20, where the excluded regions 
in the plane (&)’ versus m,. are shown. For a form factor of unity, CELLO$l] 
excludes m,- up to 22.6 GeV, and CELLO]Sl] and JADE1531 exclude m,- up 
to 22.5 GeV with 95 % C.L., both limits independent of X. 

I I I I 

1o-2 - 

1o-3 - 

- t-4 -4 
‘5 10 - 

Tc,o-L 
V 
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lo-’ < 

i 
20 
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95W.L. 
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-CELLO 

30 
M ,* [G&f 

40 

Fig.20 
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(111.~) COLOR OCTET LEPTONS 

If color1 
T 

s leptons were composite state made up of colored preens, color 
octet leptons would be expected.[54,55] With a color octet electron es, the 
process e+e- 4 gc~ could be possible by an exchange of cs,[56] analogous to the 
virtual c’ effect in e+c- + 7-r. The coupling of the octet lepton to the gluon 
and the lepton is described by the Lagrangian: 

where c denores the color index (c = 1,2, . . ..g) and X is the strength of the 
coupling. The total cross section for c*e- --) 99 by es exchange is then given by 

for m,, is large compared to C.M. energy. JADE studied this process by invest- 
tigating an s-dependent excess over the standard model prediction of the total 
hadronic cross section R. The resulting limit on es mass is given by JADE[Z] as 
a function of X: 

m,, > 173. x2’3pcv]. 

For X 7 I, the color octet electron can be excluded up to a mass of about 2.m~. 

Color octet muons (~1s) can be pair produced in c+c- annihilation. Since 
their decay mode is ~1s. the resulting event topology is ~(~99, which is similar 
to the CELLO ep jet jet eventj57j found at 4 = 43.45[GcV]. The t.otal cross 
section is given by 

a(3 - P) 0=8.0,,.F(s)----- 9 
2 

where F(s) is the form factor of ps. 

Simular to the above case, color octet neutrinos are pair produced via a 
virtual 2”. The cross section is a factor of eight larger than that for the ordinary 
neutrino: 

8(3 + P) u = 8~o,,~F(s)+----. 
4 

The vs decays into vg so that the event shape is (two) acoplanar hadronic jets. 

JADEi56; studied ps and vg production. For a form factor equal to unity, 
excluded mass regions are mcL < 23.2[GeV] and Q/Get’] c m,, < 21.9[GcV] as 
shown in Fig.21. 

m [GevJ 

Fig.21 
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(111.3) LIMITS ON PREON MASS SCALE 

If the chiral components of the fermions are composite, there are contact 
interactions, w 

II’ 
rch modify the cross sections of most’ processes. Assuming a 

flavor-diagonal, helrcity-conserving contact interaction, the Lagrangian is given 
in its general formj59]: 

where A is the preon mass scale and g is the coupling constant of preons. For 
example. the Bhabha scattering differential cross section will be modified by the 
existence of such a contact interaction. In addition to the diagrams due to the 
standard model in Fig.22a-d, there is a contact interaction diagram as shown in 
Fig.22e. 

p-(: :-j-T: ‘)“(’ -y-iy 1x1 
e e 

(a) (b) 63 cd) te) 

Fig.22 

The modified differential cross section for the Bhabha scattering is then 
given by 

do 
- = $/I& + A-(1 - 
dcose 

cos e)’ + A, (I - cos tqZ] I and 

where tz = t - m; + imzrz, 

s,=s-m; + imzrz, 

gL = -e.c~?eu’, and 

gR = t. fad,,.. 

The experimental differential cross section divided by the prediction of the stan- 
dard model for the reaction e’e- -t es c-, measured by TASSO,)SO] is shown in 
Fig.23. The curves show possible contributions of coupling assuming the contact 
interaction to be strong: i.e. c = I. For a A value of about 1 TeV, the effect 
can be seen as shown in the figure. A summary of the limits on the preen mass 
scale from HRS,[61] JADE@21 MAC,[63] PLUTOl64] and TASSOISOj is listed 
in Table 6. 

Table 6. Limits on the preon maas scale with 95 % C.L., assuming f = 1 

Conditions Ma$~c&,e HRS,JADE MAC PLUTO TASS0 

7L~ = 1, t)RR = r)~,, = 0 A+(LL)(TeC’] 0.64 6.82 

I ’ 

1.2 1.10 0.70 

LL = -1, TJRR = ~)RL = 0 A-(,%)!Td’] 0.51 1.45 0.76 1.94 

rjRR = 1. ~)LL = qRL = 0 A+(RR)jTel’j 0.64 0.81 

I I 

1.2 1.10 0.70 

R~ = -1. ILL = ,,RL = 0 A-(RR)ITeVj 0.51 1.44 0.76 1.94 
i 

qLL = qRR = ,,,fL = 1 A+(VV)/TcV] 1.42 ,2.38 2.5 2.2 1.86 
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SUMMARY 

From the experimentalist’s point of view,, it is worthwhile to summarize the 
new particle searches not only in the context of theortical expectations or of 
new particle species, but also in the context of the event topologies. In Table 
7, the event topologies which have been studied are listed together with those 
new particles which give corresponding signytures. Also listed are background 
processes as expected within the standard model. 

Table 7. Typical signatures for expected new particles and corresponding 
background from conventional sources 

acoplanar 
lepton + jet(s) L*, H* 

I CX0pllWlr 

jet(s) Lit, c, F*, z. us 

I 
monojet 

I 
.?, hyh; 

isolated lepton(s) 
-t jei(s) UL, Ieptoquarks, /.Q, 

spherical events 17 F’ 95, 
x’* - 9,Qz? 

single photon 7% lzl. -9 IFI 

acoplanar 77 unstable 5 

pariicles with 
long lijetime 

Background 

4=-d, P(W) 

72 

(y) + hadrons, (CC) + hadronc 

(y) + hadrons, TT 

i D + 14@4 
(4@7* (PP)94 

mulli - jet.9 /ram 
higher order QCD 

: 

I 
(4-f. h)-l. (ce)-f 

-l-lkf) 

nuclear i&era&ion 
in the chamber 

Fig. 23 
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As seen in Table 7, the event shapes originating from the production and 
the decay of many new particles are qujte similar to each other. Thus if, experi- 
mentall>-, a new effect were found, it would not be a simple matter to identify it 
with a specific 

T  
w particle. A  careful investigation of production cross section, 

angular distribu ions as well as other decay modes would be necessary for an 
interpretation. 

Note that it is worthwhile to search for new particles, quite independently of 
the fact whether one believes in (understands) the theories beyond the standard 
model. In a search for an event topology characteristic of a specific particle from 
a certain theory, one potentially can find particles from other, as yet unthought 
of, theories which have similar signatures. History tells us that some of the 
most important particles were discovered just this way or even by chance. The 
discovery of the muon is an example of this. 

(1) 

(2) 

(3) 

COKCLUSIONS 

NO new particles have been found so far in e+e- annihilation at PEP 
and PETRA. 

We understand our detectors well. The experiments have learned that 
it is of utmost importance that the detectors are hermetic down to 
small polar angles. 

‘The search for new particles at PEP/PETRA is a good training ground 
for the upcoming experiments at SLC/LEP and hopefully at TRIS- 
TAN. 
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PEP/PETRA SEARCHES FOR MONOJETS 

TAKASHI MARUYAMA 

Department of Physics 
University of Wisconsin, Madison, Wisconsin, U.S.A. 

ABSTRACT 

The search for monojet production at the PEP and PETRA storage rings is 

reviewed. The searches by JADE, CELLO, HRS, MARK II and MAC groups are 

presented and the limits for monojet production are given. 
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1. Introduction 

The UAl Collaboration at the CERN pp collider has reported five monojet 

events in the data sample taken in 1983.“’ These events have characteristic 

signatures of a large missing transverse energy associated with a narrow hadronic 

jet. Since at the time these events appeared inconsistent with the standard model, 

considerable theoretical speculations were stimulated. “’ Considering the fact that 

the invariant mass of the jet and the missing energy of these events is consistent 

with the mass of the Z” boson, one possibility would be a Z” decay into a pair 

of particles, one of which decays into a hadronic jet while the other one escapes 

undetected. Krauss,“’ and Gronau and Rosner”’ proposed such models in terms 

of a Z” decay into a heavy neutrino pair. Glsshow and Manohar proposed a model 

in terms of a Z” decay into light Higgs particles.“’ They also pointed out that in 
such a csse, the monojet events should also be observable in e+e- annihilation. 

The c+e- colliders at present energies which are not yet capable of producing real 

Z” bosons nevertheless can have energetically allowed reactions proceed through 

virtual Z” production. Their paper stimulated considerable activity among the 

e+e- experimental groups: the JADE”’ and CELLO”’ detectors at PETRA 

and the HRS,“’ MARK II”’ and MAC”” detectors at PEP have completed 

monojet searches in a very short period of time. 

2. The Experimental Searches 

Table 1 summarizes the experimental conditions and the expected monojet 

yields from the Glsshow-Manohar model at PEP and PETRA. Here oVvp is the 

total cross section of the neutrino-pair production which sets the cross section 

scale of the search. The PETRA experiments have an advantage in huger cross 

section due to the higher machine energy, while the PEP experiments have an 

advantage in the total integrated luminosity. As far as the signal is concerned, 

PEP and PETRA experiments are comparable. 

Table 1. The experimental conditions and the expected 

monojet yields at PEP and PETRA. 

PEP PETRA 

6 (GeV) 

uvv W 

/ .C dt (pb-‘) 

Expected yield from 

Glashow-Manohar Model 

(u = )a,*) 

29 44 

0.36 1.1 

250 199 

45 57 

The criteria for the search is to identify events with missing energy and 

unbalanced momentum. This event sample is then examined to determine if 

conventional backgrounds can account for the events. Table 2 shows the search 

criteria used by the experiments. Here PA is the transverse momentum of the 

jet relative to the beam and the polar angle 0 of the jet is defined for either the 

event thrust axis (JADE, MAC) or the direction of the vector sum of detected 

particle momenta (HRS, MARK II). In order to search for events with ‘di-jet” 

topology and to extend the search region, the JADE group developed another 

type of search criterion which is not shown in the table. 

A major background is expected from events with initial-state radiation of a 
high energy photon recoiling against the hadronic jet. If this photon enters any 

gaps of the detector and escapes undetected, then such events will be misidentified 

as monojets. HRS and MARK II estimated this type of background in their 

sample using radiative Bhabha, p-pair and multi-hadron events. In csse of the 

MAC detector, all the gap sizes between the chambers are much smaller than 

the electromagnetic shower size of such a high energy photon and, therefore, 

background coming from this source can be eliminated. 
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Table 2. Monojet search criteria used by the experiments. 

f 1: dt (pb-I) 

N chorllrd 

JADE CELLO HRS MARK II MAC 

14 11.6 

(275 4537) (405 4546) 

20 9.4 (fi=44) 176 222 23.6 

(385 & 546) 1.1 (Gz46.3) 

24 22 14 t2 22 
and2 510 

PI (GeV/c) 27 20.15& 24.83 28 25 (144 pb-‘) 

(6.06.9) >3 (94 pb-‘) 

i-4 SO.65 IO.66 so.5 SO.67 50.8 

Empty hemisphere 

Charged track8 No trach No tracks No tracks No trackm No tracks 

&MI. (GeV) 51.0 SO.5 0.0 0.0 so.5 

Efficiency (%) 75 75 35 36 70 

(d maaw5 GcV/c*) 

Backgroonda 

i+jct 3.3f1.5 2.0 0 

tall-pair 1.3 13.2 

Candidates 0 0 1 2 11 

Another type of background is expected from the two-photon annihilation 

process c+e- + c+c- + jet with unobserved beam particles escaping in the beam 

pipe. However, the transverse momentum of the observed jet in this process 

must be balanced by that of the unobserved particles. If an efficient particle 

detection extends to within a small angle fIveto from the beam axis, then Pl is 

kinematically limited by PL 5 (fi - tit) sin t&to, where Diet is the energy of 

the detected jet. Therefore, if sufficiently high PL cut is applied, jets resulting 

from this process can be excluded. The Pl cuts ranging from MAC’s 3 GeV/c to 

MARK II’s 8 GeV/c were applied depending on the small angle coverage of the 

detectors. The MAC group has two data samples: the first sample had &to w 

loo with a search region chosen as PL 1 5 GeV/c, and the second sample was 

taken with small angle veto calorimetersn” shown in Fig. 1 and had &,t, = 5’, 

expanding the search region to include Pl 2 3 GeV/c. Figure 2 shows the PL 
distribution of the selected monojet candidates of the MAC group. Figure 2(a) 

corresponds to data taken without the small angle veto chamber system, and 

Fig. 2(b) corresponds to data taken with this sydem. The peak around 3 GeV/c 

seen in Fig. 2(a) can be explained by the twophoton annihilation backgrounds 

and is not present in the data sample taken with the additional small angle veto 

requirement, ss shown in Fig. 2(b). 

It is still possible to observe monojet-like events from tau pair production 

where one tau decays into a jet and the other tau decays into either i) a particle 

with very low momentum which stays inside the beam pipe, or ii) a particle trav- 

eling opposite to the parent tau direction. In each case one or more neutrinos 

carry away most of the associated tau energy. The MAC group has calculated 

this background by a Monte Carlo simulation and found that 13.2 events were 

expected in their sample, where the number of observed events was 11. Further- 

more, the invariant mass diitribution of the observed events is consistent with 

the expected distribution for tau decays, and these events have the characteristic 

low charge multiplicity of tau decays. Specifically no events were found with the 

five or more charged particles. Therefore, the 11 candidate events are completely 

consistent with the tau decay hypothesis. 

No candidates were found by JADE and CELLO, and all the candidates found 

by HRS, MARK II and MAC were consistent with the known backgrounds. 
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Fig. 1 The MAC small angle PWC veto system shown relative to the beam pipe 

and main detector. 
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Fig. 2 The observed Pl spectra for the MAC monojet search for two data sam- 

ples corresponding to 10’ and 5’ veto angles respectively. The calculated 

tau yield is also shown in the figures as a dsshed line. 
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3. Limits of Monojet Production 

Since no anomalous monojet events were observed, each group has calculated 

upper limits for monojet production. 

An interpretation of the cross section limit may be made in terms of virtual 

Z” production and decay. The total cross section c+c- -+ mrms may be written: 

0 G~M.zrza 
m’m’ = &((a - A4.9)’ + wzr;, (1 - 4sin2 0~ + 8sin’Bw) . B&,,,,, , 

where GF is the Fermi coupling constant, Mz=92 GeV/c2 and Pg=3.0 GeV 

are the Z” mass and width, and BR,,,, is the Z” branching ratio of the decay 

responsible for the monojet events. Jn order to interpret the significance of these 

limits in relation to the UAl results or to compare PETRA and PEP results, 

the Z” branching ratio or branching width should be used instead of the cross 

section. 

The upper limits have been calculated for the following monojet models: 

(a) Higgs pair production 

All groups have given limits for the Glashow-Manohar model, namely produc- 

tion of pseudo-scalar (x0) and scalar (X0) Higgs particles e+e- + x”Ao followed 

by x0 -+ r+r- or CE decay. The scalar Higgs particle X0 has a long lifetime 

because of its small mass and does not interact in the detector. The mass of the 

X0 was assumed to be 0.2 GeV/c2 and the msss of the x0 was varied from 2 to 10 

GeV/c2, a range compatible with the CERN monojet events. The JADE group 

extended this mass region up to 20 GeV/c2 by searching for “di-jet” events. They 

also took into account the additional decay mode x0 -+ X”jf by introducing a 

parameter r=I’(x” -+ jn/ (T(x” -+ /n + l’(x” + x”fn), although this decay 

mode is expected to be less than 10% for rnxa 5 10 GeV.‘“’ The production 

angular distribution is do/dR cc sin’@. If no mixing of the Riggs particles is 

assumed as is the csse of the Glsshow-Manohar model, the Z” decay rate into a 

Higgs particle pair is well defined and the expected branching ratio for Z” + x”Ao 

is given by’“’ : 

GFM; BRpA. = ___. 
24&rz 

where mx and rn~ are the x0 and .I0 masses respectively. For small x0 mass 

(5 3 GeV/c2), the branching ratio is about 3% which is about a half of the 

neutrinepair branching ratio. 

Figure 3(a)-(e) show the results obtained by each group. PETRA groups gave 

95% confidence level upper limits, whereas PEP groups gave 90% limits. In order 

to compare these results given in different units, all the results were expressed 

in terms of the Z” branching ratio as shown in Fig. 4. Similar conclusions 

have been reached by all the groups, namely the Glashow-Manohar model as 

the interpretation of the monojet events observed by the UAl experiment has 

been excluded for the heavier Higgs masses up to about 10 GeV/c2 (PEP) or 

20 GeV/c2 (PETRA). 

(b) Neutral heavy lepton pair production 

The MAC group has given limits for Z” decay into a neutral heavy lepton 

pair. In order to produce a monojet, one neutral heavy lepton is assumed to decay 

into three neutrinos with a branching ratio on the order of 10% while the other 

is assumed to decay into a jet. The neutral-current decay modes such as three 

neutrino decay can arise in the mirror neutrinos.“” The model of Gronau et IL”” 

was used for the neutral heavy lepton decay and the mass of the neutral heavy 

lepton was varied from 2 to 10 GeV/c 2. The production angular distribution in 

this case is do/dR LX (1 + cos2 8) and the expected branching ratio for Z” -+ NN 

followed by N -+ vvfi is given by: 

BRNn = ~.2(l-~)i.(1-~).2BR....(1-BR...), 
24&r, 

i 
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particles. (e) The MAC limits with 90% C.L. The upper limits are also 

shown for the monojet production from Z” decays into a heavy neutral 

lepton pair. 
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Fig. 4 The upper limits for the monojet production from Z” decays into Higga 

particles in terms of the Z” branching ratio. 
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where rn~ is the mass of the neutral heavy lepton. The expected branching ratio 

is about 1% if BR,,s is taken to be 0.1. 

Figure 3(e) shows the 99% confidence level upper limit. The monojet model 

due to Z” decays into neutral heavy leptons is ruled out for the Z” branching 

ratio into monojets as small as about 0.5% for neutral heavy lepton masses up 

to about 10 GeV/c’. 

(c) Higgsino production 

The JADE and CELLO groups have given limits for the supersymmetr ic ver- 

sion of the Glashow-Manohar model, namely production of two different higgsinos 

e+e- -+ ,&‘iz’. One of the higgsinos fro would be light and stable whereas the 

other one xi0 would decay into ir’f{. A massless X;’ was assumed and the 

mass of the fro was varied from 1 GeV/cz to about 30 GeV/c’. The production 

angular distribution is do/dlI or (1 + cos* a) and the expected branching ratio 
is about twice that of a neutrinepair. General formulas for this reaction have 

been given by Baer et al.(12) Figure 5 shows the 95% confidence level upper limits 

obtained by the JADE and CELLO groups. 

4. Other Monojet Models 

As described in the introduction, the monojet search in c+c- annihilation was 

stimulated by attempts to explain the UAl monojet events in fip annihilation. 

There are other models which predict monojets in c+e- annihilation, although 

these models are not necessari ly related to the pp monojets. 

(a) Supersymmetr ic models 

Events with large missing energy can arise from zino-photino production”*’ 

( e+e- + .@) via a scalar electron exchange provided that the photino is stable 

and non-interacting particle. Since the zino decays into 14, q& and qqi, the 

event signature would be an acoplanar lepton pair, monojet and di-jet. MARK- 

J”” searched for the acoplanar lepton pair productions. JADE”” searched for 
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the monojet and ‘di-jet” productions as well as the acoplanar lepton pair pro- 

ductions. Figure 6(a) shows the excluded mass regions in Mi-Mi plane obtained 

by JADE. FIRS reinterpreted their monojet search result and obtained the limit 

as shown in Fig. 6(b). HRS assumed that the second lightest gaugino state 

is a mixture of the zino and the higgsino introducing the zino fraction A2 as a 

parameter. 

(b) Heavy neutral lepton 

Gi lman and Rhie”*’ pointed out that the monojet events also arise from a 

massive fourth generation neutrino and electron neutrino production e+e- + 

Npe via generation mixing between these two neutrinos. They showed that the 

upper limits obtained by the experiments can be used to extend the upper lim- 

its on the generation mixing matrix of the fourth generation neutrino and the 

electron neutrino, as shown in Fig. 7. 

As an attempt to solve the generation puzzle, the SO(16) model of family 

unification has been proposed.“” Hall, Nelson and Kim”” have shown that in 

this family unified model, a GIM-violating neutrino mass matrix is not forbidden, 

and monojets can arise from Z” decay into one heavy and one light neutrino. 

There are many possibilities in the decay modes and the decay rates depending 

on the mass matrix. Here again, the monojet upper limits obtained by the 

experiments can be used to give constraints on these unknown parameters. 

5. Conclusions 

Searches for monojet production in c+e- annihilation has been performed by 

JADE and CELLO at PETRA and HRS, MARK II and MAC at PEP. No events 

have been observed beyond expected backgrounds from radiative-hadrons and 

tau-decays. The results have been interpreted as an upper limit for Z” decay into 

monojets, thus precluding the interpretation of the UAl monojets as Z” decays. 

The limits can be used to give constraints on any models which predict monojet 

production in e+c- annihilation. 

a) 

b) 

(2) 
1-wrv.u-u-v.Qw.-m MOE 

k 

SCALAR ELECTRON MASS (GeV/c*) 

Fig. 6 The results for the zino-photino production. (a) The JADE limits on 

excluded region in the M(i)-M(a) plane for two assumptions. (b) The 

HRS limits on the M(r?) as a function of the mass of the second lightest 

gaugino and the parameter A2BR(Xr ---) qq5). 
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I Introduction 

During the past year, two experiments have been carried out at PEP to search 

for events with a photon and large missing transverse momentum. These event 

searches are particularly sensitive to contributions from supersymmetric photino 

production but can also be used to search for additional neutrino generations, 

supersymmetric weak charged currents or the production of any other neutral 

particle whose interactions in matter are of the order of the weak interaction. The 

MAC collaboration began modifications of their apparatus during the summer 

of 1983 to be able to detect photon events with no other observed charged or 

neutral particles. At the same time, a new experiment, ASP, was approved for 

installation at the PEP ring to do a high sensitivity search for such events. 

(0) 

Single Photon Sources 
(b) 

In the standard model of weak and electromagnetic interactions, events with 

a single photon and no other observed particles will be produced by radiative 

corrections to the production of neutrino pairs: 

N” u(e+c- -b 71@) - aCJs 1 + 7 ( > . 

Since this cross section is of order aGi , one might think that it is too small 

to measure, but in fact, the total cross section for reasonable assumptions about 

the photon acceptance is a few times 10s2 pb at PEP and is therefore detectable. 

This process receives contributions from the weak neutral currents (Fig. l(a)) 

proportional to the number of neutrino generations and from the production 

of electron neutrinos through the charged weak currents (Fig. l(b)). Because 

of the sensitivity of the cross section to the presence of all generations of light 

neutrinos, thii process has been suggested’ as a means of counting the number 

of different types of neutrinos and hence placing limits on the number of lepton 

generations. Unlike many other methods of counting generations, thii technique 
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has  the advan tage  of be ing  insensi t ive to the masses  of the assoc ia ted cha rged  

leptons wh ich  a re  obse rved  to inc rease  rap id ly  wi th genera t ion  n u m b e r  in  ou r  

present  examp les .  

In add i t ion  to the s tandard  m o d e l  sources  of s ing le  pho ton  events,  m a n y  

m o d e l s  of n e w  phys ics  conta in  part ic les wh ich  can  b e  stable a n d  wh ich  interact 

in  mat ter  wi th a  cross sect ion wh ich  is of the o rder  of magn i tude  of the weak  

cross sect ion. If the cross sect ion for p roduc t ion  of events  conta in ing  on ly  these 

part ic les is known,  then the s ing le  pho ton  rate can  b e  ca lcu la ted f rom the rad ia -  

t ive correct ions to that c ross sect ion. For  examp le ,  if os  is the cross sect ion for 

the product ion  of such  a  state, then the s ing le  pho ton  rate is g i ven  by  

6 0  2a l  1  =  --  & ,d c m  8, F  ~ 7  s in’ 8, co(J)  

whe re  d  =  s (1  -  2, )  is the reduced  center  of m a s s  ene rgy  squared.  

Supe rsymmet r y  Is a n  e x a m p l e  of a  m o d e l  of n e w  phys ics  in  wh ich  there 

a re  m a n y  possib i l i t ies for events  wh ich  conta in  on ly  weak ly  interact ing neut ra l  

part ic les. F ina l  states wh ich  migh t  b e h a v e  this way  a re  phot ino  pairs,  s ino  pairs,  

o r  sneut r ino  pairs.  B e c a u s e  of a  conserved  quan tum n u m b e r  (R-par i ty) ,  the 

l ightest supersymmet r i c  part ic le wou ld  b e  stable, a n d  cosmo log ica l  a rgumen ts  

ind icate that it is p robab ly  neutral .“’ Poss ib le  cand ida tes  for the l ightest neut ra l  

spart ic le a re  the phot ino  ($),  the neut ra l  sh iggs  (f ir) a n d  the grav i t ino (6).  S i nce  

these a re  a l l  fermions,  they m a y  b e  protected by  ch i ra l  symmet ry  f rom at ta in ing 

a  la rge  m a s s  d u e  to supersymmet ry  break ing.  O f course,  the sneut r ino  (fi), 

a l though it is a  boson  m a y  a lso  b e  the l ightest neut ra l  supersymmet r i c  part ic le.  

A s  po in ted  out  by  Fayet  a n d  others,“’ a  search  for s ing le  pho ton  states is a  

par t icu lar ly  sensi t ive way  of test ing supersymmet ry  if the phot ino  is l ight. T h e  

rad iat ive correct ion to phot ino  pa i r  p roduc t ion  is 

whe re  m ; is the m a s s  of the sp in  ze ro  par tner  of the e lect ron (selectron).  S i nce  

1  
the coup l ing  constant  of the supersymmet r i c  part ic les is sti l l u, the ca lcu la t ion 

p roceeds  M  in  Q E D  except  for sp in  factors a n d  masses  (ses Fig. 2). If w e  

c o m p a r e  the supersymmet r i c  source  of s ing le  pho tons  to the cross sect ion for 

s ing le  pho ton  events  in  the s tandard  m o d e l  us ing  

a G ; -  a &  a 3  
7 -  

*W s in’( B w s ) m $  ’ 

w e  can  see  that it is poss ib le  to have  sensit iv i ty to se lect ron mssses  of o rde r  mw.  

If the se lect ron is suff iciently heavy,  the interact ion cross sect ion of phot inos  in  

mat ter  wi l l  b e  sma l l  a n d  they wi l l  not  b e  detected.  Th is  phot ino  interact ion cross 

sect ion is de te rm ined  by’ 

so  that 

Q i  4 0  G e V  
-50  -  

0, (  >  rn: 

a n d  thus if the se lect ron m a s s  is a  few tens of G e V , the phot inos  wi l l  escape  

detect ion. 

B e c a u s e  the detected f inal  state is the s a m e  a n d  because  the F e y n m a n  d i -  

a g r a m s  of Fig. l (b)  a n d  Fig. 2  a re  s imi lar ,  the two p rocesses  wh ich  have  b e e n  

cons idered  so  far have  very  s imi la r  di f ferent ial  c ross sect ions. Except  for the 

add i t ion  of sma l l  correct ions for pho tons  rad\ated f rom the W  or  selectron,  the 

cross sect ions in  the loca l  l imit  (s  <  m z )  for pho tons  wi th I =  2E/f i  a re  

whe re  

K ,ii =  2  
c  
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Fig. 2. Feynman diagram for e+e- + 75. 

and y = cos8,. A limit on the single photoh cross section probes the sum of 

the neutrino pair and the supersymmetric sources, so one might think of the 

generation counting process as a “background” to the search for new physics. In 

this case, for rni > fi mw the weak cross sectibn for 7v1i dominates and the only 

way to separate the two is a careful study of the fi dependence since the weak 

cross section has a resonance and the supersymmetric cross section does not. 

The possibility of new physics is also a background for the generation counting 

experiment. Because of this, we will not be able to interpret the results of SLC 

and LEP studies of the 2 width without using the lower energy (PEP) data. 

If the sneutrino is the lightest supersymmetric particle,’ single photon events 

will be produced by the standard weak neutral current and the supersymmetric 

charged currents (see Fig. 3). In the neutral current,diagram, the size of the cross 

section is determined by the number of light sneutrinos. Due to spin factors, each 

sneutrino generation adds to the cross section an amount equivalent to half that 

of a neutrino generation. For the charged currents, the cross section is determined 

by the masses of the charged weak fermions l?* which may be different and by 

the mixing angles7 between them and the Higgsinos. It is still possible, however, 

to place a model independent limit on the cross section for such processes since 

the photon spectrum is insensitive to these parameters. The interpretation of the 

cross section in terms of masses will depend on the mixing angle assumptions. 

Supersymmetric theories postulate a new symmetry of nature between bosons 

and fermions and hence predict many new particles. Within this theory, every 

particle has a supersymmetric partner with opposite spin statistics and since no 

pair of particles in our current particle table is known to be a particle-sparficle 

pair, there are as many new particles as old ones! Cllearly the theoretical commu- 

nity must be highly motivated to propose such an idea . In order to understand 

this, we should look carefully at the standard model of weak and electromag- 

netic interactions. Despite the obvious successes of the Weinberg-Salam-Glsshow 

model, there is one outstanding problem related to the Higgs mass. The Higgs 

boson is crucial within the theory for generating the masses of the weak bosons, 
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Fig. 3. Feynman diagrams for c+c- + lxy. 
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yet many particle searches have failed to locate such a particle leading to spec- 

ulations that its mass may be large. Theoretically, the mass is very large since 

higher order corrections cause it to be ultraviolet divergent. There are two pos- 

sible solutions to the problem: give the Higgs internal structure so that large 

corrections to its mass are cut off by a form factor, or introduce new interactions 

which cancel the higher order terms. Supersymmetry is au example of the latter 

approach because for every boson loop contribution to the Higgs mass, there is 

an opposite sign contribution from a partner fermion loop. This cancellation 

would be complete if the masses of the fermions and bosons were degenerate, but 

in general the correction to the Higgs mass has the form* 

Note that if the superpartners are too heavy relative to normal matter, super- 

symmetry can no longer be looked on as a solution to the Higgs msas problem. 

While supersymmetry is of great interest at the moment because of the way 

in which it solves divergence problems in the standard model and within quantum 

gravity, we may in the future find other means of solving these problems. In this 

case, the single photon cross section will remain a powerful test of any model of 

new physics which contains particles which interact weakly in matter. 

i 
Single Photon Detection 

t 

Because the radiative cross section varies like 

! 
1 1 

-7 9 21 sm 8, 

it is important to detect photons at as small an energy and angle relative to the 

beam energy and angle as possible. In the energy dependence, the integrated rate 

will Vary as In Z,in so that the difference between a 2 and a .25 GeV threshold 
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at PEP wifi be a factor of two in the observable rate. Similar factors can be 

obtained from the sin6 dependence. This is illustrated in Fig. 4 which shows 

Monte Carlo data folded with efficiency for events within the ASP detector as a 

function of the energy and angle of the detected photon. Note the rapid increase 

in the cross section for low energy and angles. 

In addition to having as large an acceptance as possible, it is also necessary to 

show that the detected events are accompanied only by neutrinos or other weakly 

interacting particles. This is particularly important because of the presence of 

radiative corrections to QED production of electron, photon, muon, and tau pairs. 

The cross section for cc + 7ee is the largest background and requires a rejection 

of m  lo-’ to reach a sensitivity to neutrino pair production. Fortunately this level 

of rejection can be achieved by using the kinematics of the three-body final state. 

As shown in Fig. 5, the transverse momentum of the detected photon relative to 

the beam line must be balanced by the electron pair. Thus for a detected photon 

with transverse momentum p:, at least one of the other particles will be at an 

angle larger than 

sin OEi, = E: 2E 
bcom - E, 

As an example, for a photon with 1 GeV/c of transverse momentum, detection 

of additional particles must extend to a veto angle less than 36 mrad at PEP. In 

practice, the veto angle for QED processes can be almost a factor of two larger 

because for soft photons the QED matrix elements are dominated by the case 

where the photon tends to be balanced by only one of the other particles. This 

results in a decrease of the cross section between the above recoil angle and 

1-86 

Fig. 4. Monte Carlo data in the AS%’ acceptance u(ee + 7~). 

For a 1 GeV/c transverse momentum cut , the required veto angle now becomes 

roughly 69 mrad. Figure 6 shows the results of a QED Monte Carlo calculation 

of the cc7 cross section as a function of the cos 0 of the electron scattered through 
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Fig. 6. QED Monte Carlo calculation of u(ec7) versus cos 0,. 
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the maximum 0 when the detected photon has at least 1 GeV/c of transverse 

momentum. I 

Because of the large number of events which must be rejected, it is impor- 

tant that there be no regions of the detector through which charged particles or 

photons can pass undetected. These are usually referred to 88 “cracks” and can 

occur for example in the gaps between azimuthal segmentations of a calorime- 

ter or in the transition region between calorimeters at large and small values of 

theta. Special care must be taken to either cover all such are88 with detection 

equipment or to have a design which ha8 no cracks. Covering the cracks can 

sometimes be difficult since the background from 777 events requires that the 

detector be thick enough so the non-conversion probability of photons is small. 

The MAC Experiment 

The MAC detector9 is shown in Fig. 7. The shower counter (SC) used to 

detect photon candidates consists of 32 lead plates interspersed with proportional 

wire chambers for a total thickness of 14 radiation lengths. The proportional 

wires are parallel to the beam axis and are contained in 1 cm x 2 cm aluminum 

extrusions. Position8 along the wire are obtained by charge division readout with 

4 cm resolution. Groups of wires are combined together such that the detector 

has three segments in depth and an azimuthal segmentation of 1.9’. Photon 

candidates are required to be more than 40’ from the beam axis so that the 

shower is contained in the SC. The endcap hadronic calorimeter (EC) extends to 

roughly 10’ and is used as a veto. It consists of 28 l-inch-thick steel plates each 

followed by planar proportional chambers constructed in 30’ wedges. There is a 

gap of about 10 cm between the wedges. Segmentation in the EC is 5’ in both 

0 and I$ with four layers in depth. Events with charged particles can be vetoed 

using the central drift chamber which ha8 10 layers of drift cells with at least five 

layers for particles at more than 17” from the beam axis. 

Two samples of data have been reported.” In the first sample of 36 pb-‘, 

sp” 80° 70” 6.0’ 5p” 

e; 

5-65 

e- 

r I I 1 I I I 
0 I 2 3m 

5092A20 

Fig. 7. The MAC Detector: central drift chambkr (CD), shower counter (SC), 
central and endcap hadron calorimeters (HC, EC), and small angle veto (SAV). 
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a small an le veto system was not installed, hence the minimum veto angle of 

- 10’ required a missing transverse momentum of greater than 4.5 GeV for a 

complete veto of the QED backgrounds. When a small angle veto (SAV) system 

was installed, it reduced the veto angle to So which extends the search region to 

Ep, > 3 GeV. The SAV (see Fig. 8) is constructed from lead and proportional 

chamber8 and is 8.5 radiation lengths thick. A total of 80 pb-r was collected 

with this configuration. 

Background8 to the search can occur from cosmic rays, electronic noise, and 

from beam related backgrounds such as scattering from upstream masks, beam- 

halo, and beam-g88 interactions. The hits in the SC from cosmic rays or bursts 

of electronic noise have wider azimuthal angular spreads on average than photon 

showers, 80 cuts are placed on the width of each shower candidate. The hits 

are fitted with a straight line to determine an origin for the event (se) along 

the beam axis and a distance of closest approach r,;,, to the beam axis in the 

plane perpendicular to the beam. The resolution in these quantities is 12 cm and 

3.3 cm respectively. Shower8 are required to have 18~1 < 30 cm and +mia < 15 cm. 

-I IOcm L 

The trigger for the search requires > 2.0 GeV in one of the SC sextants plus at 

least two of three layers in depth with > 0.3 GeV in the 10’ veto sample. The 5’ 

veto sample requires 1.5 GeV in the SC and two layer8 with more than 0.25 GeV. 

Figure 9 shows the trigger efficiency measured using a sample of single electron 

event8 which are tagged with the forward detector. When combined with the 

analysis efficiency and plotted as a function of Er (Fig. 10) the overall efficiency 

is found to rise with increasing Et, from (67 f 5%) at 3 GeV to (73 f 5%) at 

10 GeV. When folded with the radiative photon spectrum, thie yield8 an overall 

efficiency of 71% for the first data sample, and 69% for the second. 

The distribution of event8 seen a8 a function of the missing transverse me 

mentum is shown in Fig. 11 for the data samples with 4.5 GeV and 3.0 GeV veto 

capabilities. The event levels below the search region8 are roughly compatible 

with the background estimates shown, and one event is observed in the search 

t--I Ocm 

I 7.6cm 

5092A6 3-85 

I 
Fig. 8. Construction detail - MAC small angle veto. 
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Fig. 11. MAC - Single photon event8 Been a a function of E: in the sample with 
(a) kcfa = 10’ and (b) &et,, = 5’. 

region of the second sample. The estitiated background contribution from all 

sources is less than 0.3 events, with a’signal of 0.5 event expected from TUG 

production for three generations. 
I 

MAC Limits 

The one event observed in the sample corresponds to a 90% confidence limit 

of 3.9 events within the luminosity and efficiency weighted average of the two 

samples previously discussed. This corresponds to a cross section limit of < 

0.057 nb. When interpreted a8 a limit on neutrino generations, it requires NY < 

41. To interpret the result in terms of supersymmetry, a subtraction is made for 

the ylir cross section corresponding to the expected value for three generations 

of neutrinos, and the excess is used to obtain the limits for Z and 5 m88ses shown 

in Fig. 12. 

MAC - 1985 

During the summer of 1984, a four atmosphere pressurized vertex chamber 

of the straw type was installed in the central region of the MAC detector. Unfor- 

tunately, vertex detection and single photon detection have somewhat conflicting 

requirements. The vertex chamber introduce8 considerable inactive material in 

the small angle region due to its endplates, pressure plate and electronics. It also 

requires masks to shield it from synchrotrm radiation. In the MAC detector, 

Hevimet shielding and tantalum mask8 were,installed which would eliminate the 

ability of the SAV system to veto below 7.3”. A BGO calorimeter was installed 

immediately in front of the above masks to allow the detector to continue to veto 

at small angles. There are two problems wit 3 this approach. First, since the re- 

gion of the beamline which is unmasked is comparable to the resolution along the 

beam axis for single photon candidates, it is difficult to determine the contami- 

nation in the signal region from event8 which come from beam-halo or beam-gas 

interactions. (This is normally done by looking at the signal from regions outside 
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Fig. 12. MAC - Excluded region in mr and m+ for 90% confidence level. 

of the central region.) Second, the mask itself can become a 8ignificant source 

both of events, and of backgrounds or occupancy in the BGO veto. Data from 

the 1985 run is still being processed, however with the presence of the ASP de- 

tector and the problem8 mentioned above, the emphasis ha8 rhifted from single 

photon physics to vertex physics. 

ASP - A Detector Optimized for Single Photons 

The ASP detector was designed specifically for the single photon search and 

was optimized to give both a large acceptance for the photon8 and a high degree 

of certainty that any additional particles in the event at small angle8 would be 

detected. As discussed before, good photon acceptance require8 small angle and 

low energy detection. The ASP detector is constructed from a lead-glacs array 

which can detect photons down to 20’ and can veto other particle8 down to - 10’. 

Lead-glass is well suited to low energy photon detection both because of its good 

intrinsic resolution, and also because a phototube based system ha8 much less 

electronic noise than a proportional wire system which allow8 a clean trigger at 

low energies. The full apparatus is shown in Fig. 13. The central region is 

the lead-glass array, and the forward detectors are arranged 80 that scintillators 

and calorimeters cover the region from 30’ to 100 mrad, and four plane8 of drift 

chamber8 and a calorimeter cover from 100 mradito 21 mrad. 

ASP - Forward Detectors 

The forward region is shown in greater detail iA Fig. 14. The lead-glass array 

provide8 five layers of depth information on the shower deposition of a photon at 

angle8 greater than 30 degrees and veto capability down to 10 degrees. Individ- 

ual elements of the array are offset by i elements from layer to layer in order to 

optimize the resolution of the array along the beam axis and thus to distinguish 

between real events and beam-gas or beam-halo events. The tungsten mask for 
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Fig. 14. Forward Detectors. 

-457- 



I 
the apparatus sits in a special indentation in the vacuum chamber. Thii indenta- 

tion allows the mask to cover the region between 12 and 20 mrad and thus shield 

the central array from synchrotron backgrounds. The indentation is also used to 

minimize the amount of material in front of particles below about 27 mrad. This 

window can be used to verify that the QED production of cc7 events behaves as 

expected near the kinematic limit for a 0.75 GeV photon transverse momentum. 

The materials in the vacuum chamber are summarized in Table 1. 

Table 1. ASP Vacuum Chamber Materials 

$1 

I 45 - 50 I Al-stainless weld I 

I 30 - 45 1 stainless flange (3.5 X0) 1 

Drift chambers are placed in the region in front of the low angle calorimeters 

in order to measure the exit angles of charged particles in three-body QED final 

states. By measuring the angles and energies of forward electron pairs in ee7 

events, the properties of the photon can be determined by a constrained kinematic 

fit. The results of such a fit can be used to determine the efficiency for photon 

reconstruction as well ss the resolution for all of the photon parameters. Because 

angles are in general measured much more precisely than energies, the resolution 

of the three-body kinematic fit depends primarily on the angular resolution of 

the forward drift chambers. The energy resolution of the kinematic fit is small 

compared to the resolution of the lead-glass array. 

Details of the forward calorimeter construction are shown in Fig. 15. A 

module is constructed from alternating sheets of lead (0.6 cm Pb + 6% Sb), and 

Slot for 
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6-84 4830A5 
! 

Fig. 15. Forward Shower Counters. 
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Polycast PqlO acrylic scintillator (1.3 cm). Each’6Xo lead-scintillator stack is 

read out by four sheets of Rohaglas GSl919 wavelength shifter viewed by an 

Amperex S2212A phototube. The modules are constructed in left and right 

halves to allow easy assembly around the beam pipe, but care has been taken 

that there are no gaps in the coverage of the modules. As shown in Fig. 15, 

thii is accomplished by having a 4 cm overlap of the joint in the front and back 

halves of a module. Two modules are used at 1.5 meters and three are used 

at 4 meters. The larger number of radiation lengths at small angles is needed 

to assure that there is no background from QED production of 777 events with 

non-conversion of the two forward photons. Between modules of each calorimeter 

are proportional wire chambers used to determine the position of showers in the 

calorimeter. 

The forward shower counter system is a veto and calibration system for the 

ASP experiment as well as the luminosity monitor for the PEP storage ring. The 

good forward coverage, small amount of material in front of the calorimeters, and 

ability to track particles in the small angie region make it an ideal luminosity 

device. Small angle Bhabha events can also be used to verify the veto performance 

of the device. Figure 16(a) shows the mean energy of such events ss a function 

of the theta angle with respect to the beam. Coverage extends to angles of about 

20 mrad with good uniformity. At approximately 0.12 rad one can see the effect 

of the transition from showers which are contained in the modules nearest the 

central calorimeter to those which are contained in the calorimeters at 4 meters. 

The behavior at .04 rad is due to the presence of a vacuum flange. Figure 

16(b) shows the response of the system as a function of the asimuthal angle and 

illustrates that despite the fact that the modules are constructed in two halves, 

there is no gap in the coverage. The energy resolution of the forward system is 

25%/a when averaged over the region used as a luminosity region (50 mrad 

< B < 90 mrad). The angular difference between the two electrons in the forward 

Bhabha events can be used to determine the angular resolution of the system. 

(See Fig. 17). The total integrated luminosity for the search is determined to be 

yl, ( , , , ,, ,(:;,I 
0 0.04 0.08 0.12 0.16 0.20 

8 (rodions) 

i (b) 
0 I I I 1 1 1 

0 loo 200 300 

Fig. 16. Mean energy of Bhabha events in the forward calorimeters as a function 
of (a) 8 and (b) 4. 
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Fig. 17. The A8 and Ad for Bhabha events in the forward calorimeters, 
where 00 = 2.5 mrad od = 28 mrad. 

68.7 pb-r. A  comparison of the messured and calculated rata for o(ce -) CC) ls 

shown in Fig. 18. 

ASP - Central detectors 

The view of the ASP apparatus along the beam line is shown in Fig. 19. 

Photons are detected in a five layer deep stack of lead glsss bars. Each bar is 

made from 6 x 6 x 75 cm extruded glass of type F2 (Schott) with 0.35% Ce 

doping for radiation hardness. Bars are read out at one end by an XP2212PC 

phototube (Amperex) which is a 12 stage phototube with good noise performance 

and an attached printed circuit card base. Bars are arranged in a staggered 

pattern along the beam axis sa shown in Fig. 13 to improve the resolution of the 

stack along the beam axis. 

There are 632 bars in the total system arranged in four quadrants of 158 

bars each. Each bar has a light fiber which sends light down the axis of the 

bar to be reflected off the far side and back through the bar to the phototube. 

This system is used to calibrate and monitor the lead-glass array. All fibers from 

a quadrant are pulsed by a single Hewlett Packard Superbright LED (HLMP- 

3950). The LED’s are monitored by reference phototubes which also view NaI- 

Americium pulsers. Individual quadrants are complete subassemblies which can 

be easily dismounted and transported. The two quadrants on the upper and 

lower left are mounted together on rails ss are the two quadrants on the right. 

The entire central apparatus can be split apart with a hydrolic drive system to 

allow easy access to detector elements around the beam pipe and to proteot the 

lead-glass from excess radiation exposure during injection into the storage ring. 

Each layer of lead-glass is followed by proportional wire chambers constructed 

from aluminum extrusions. The extrusions are eighecell closed structures with 

1.23 x 2.36 x 200 cm channels with 0.18 cm walls. The wires are 48~ gold-plated 

tungsten, and four extrusions are used to form a PWC plane. The PWC planes 

provide photon pattern recognition in the zy plane. 
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Insidelthe photon calorimeter are two systems, each of which is designed to 

adequately reject events with accompanying charged particles and to distinguish 

between electrons and photons. The innermost system (central tracker, Fig. 20) 

is made from .9 in x .4 in x 88 in aluminum tubes which are thinned by etching 

to a wall thickness of .012 in. The wire used is Stablohm 809 and the tubes 

are read at each end so that the coordinate along the wire can be determined by 

charge division. The extrusions are glued together to form two L shaped modules 

which are mounted on a Hexcell backplate and then assembled around the beam 

pipe. The tubes are arranged so that radial lines from the beam axis do not 

pass through tube walls, and extra tubes are added at the corners to ensure that 

charged particles pass through at least five layers. The use of the tube design is 

intended to ensure that the chamber does not have correlated inefficiencies which 

would result for example from wires which draw current and the resulting bad 

field configurations which can occur in open geometries. 

,Surrounding the central tracker is the second veto system: a 2 cm thick 

scintillator. Each of the four sides is made from two sheets of 33.5 x 225 x 

1 cm Kiowa scintiliators. The two sheets could be read separately but at the 

moment are read by a waveshifter bar and a single phototube. The edges of the 

scintillators overlap so there are no dead regions. 

ASP Trigger 

Triggers for the detector consist of two types: monitor triggers and single 

photon triggers. The single photon triggers are based mainly on analog sumsrr 

of the pulse heights found in the total lead-glass array, individual quadrants, 

combinations of layers, or groups of eight bars in a layer. The signals from in- 

dividual glass bars are sent through passive transformer splitters. One of the 

signals after the splitter goes to a SHAM-BADC system for the primary readout 

of the calorimeter. The other signal goes both to the trigger system and a sec- 

ond independent ADC system which is used to verify that missing signals in the 
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Fig. 20. Central tracker and veto scintillators. 
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central cal de rrmeter are not the result of electronics failures. (These transformers 

are also used to break the ground loops between the detector and the summing 

circuits and produce a lower achievable threshold.) The highest threshold single 

photon trigger is formed from the analog sum of all 632 bars of lead glass. The 

threshold for thii trigger is however only 1.6 GeV which for photons concentrated 

around 30” translates to a pt threshold of 0.8 GeV. The distribution of trigger 

energies from thii trigger on a typical run is shown in Fig. 21(a). The lowest 

trigger threshold is obtained by requiring fewer than three central veto scintilla- 

tars. &,: > 0.4 GeV with at least 0.15 GeV in layers 2 through 5, and energy in 

the forward system either less than 1 GeV or more than 7 GeV (see Fig. 21(b)). 

The threshold for this trigger is about 700 MeV or transverse momenta of 350 

MeV at 30 degrees. 

Monitor triggers consist of randoms, cosmics, forward luminosity (Bhabha) 

triggers and a special trigger for ee7 and 777 events. The random triggers are 

used to determine the level of occupancy in each detector system. These occu- 

pancies are in turn used to determine the efficiency of each veto requirement used 

in the single photon analysis. Typical occupancies are 1% for E > 40 MeV in the 

lead glass and 5% for E > 100 MeV in the forward system. Cosmic ray triggers 

are formed by the coincidence of two central veto scintillators in a narrow gate 

15 nsec prior to beam crossing. This yields a sample of minimum ionizing tracks 

roughly in-time with the beam crossing which can be used to monitor the cali- 

bration of the lead-glass and also the response of the central system to minimum 

ionizing tracks. The forward Bhabha triggers are used to determine the lumi- 

nosity for the search, and finally the cc7 triggers are used to provide a sample of 

single photon events which have all of the same characteristics as signal events 

except that they have two forward tracks. An example of such an event is shown 

in Fig. 22. 
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Fig. 21. Number of events versus energy for (a) total energy trigger (b) lowest 
threshold trigger - ASP. 
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Fig. 22. Typical et-r event used to provide a source of constrained single photons. 
The vertical scale has been increased by a factor of three. 

The ecy trigger provides a sample of over 130,000 triggers with two forward 

tracks and an energy deposit greater than 200 MkV in the lead glass. Thii aample 

contains both electrons and photons in the central region. By using the measured 

parameters of all of the tracks in the event, a 4C fit can be done to the hypothesis 

of a thre+body 6nal state. Alternatively, using only the measured parameters of 

the tracks in the forward system, a 1C fit can be done to determine in an unbiased 

manner the parameters of the track which should be found in the central system. 

Using thii method, the efficiency of the photon pattern recognition algorithm 

and event cuts as well as the resolution of the photon fitting procedures can be 

determined. Figure 23 shows the trigger efficiency of the ASP search determined 

in thii way. The efficiency for p: > 1 GeV is > 99%. Typical angular resolution 

in the lead glass is us - 3.2’. The energy resolution is - 8%/d at 80’ and 

- 15%/a at 20 - 2S” without correction for energy leakage into the forward 

calorimeters. The same procedure can be applied to determine the efficiency of 

all photon pattern recognition cuts. This analysis efficiency is shown in Fig. 24 

as a function of the photon energy. 

Event Selection 

Photon candidates are required to have a clusty of lead-glass bars whose 

pattern (i.e. which bars are above threshold ) is consistent with photon patterns 

determined from the ecy sample. The time of the l&ad-glass total energy sum 

signal (relative to the beam crossing time) as well as the time of each layer of 

the lead-glass is used to form a time for the event. This time is required to be 

within f39 of the known beam crossing time. The resolution is 2.4 ns at 1 GeV 

and slightly better at higher energies. Candidate showers are fit to a straight 

line in the XY plane and the X2 or YZ planes. The projected distance of closest 

approach to the beam axis in XY is required to be less than 2Ocm to eliminate 

cosmic rays, and a value is extracted for &, the signed projected distance of 
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I closest approach to the beam collision point along the beam axis in the X2 or 

YZ plane. Photon showers are distinguished from other energy deposits by the 

loose requirements that the width in each layer be consistent with a photon 

shower and that the ratio of energy deposited in the front half of the shower to 

that in the back half be less than 0.5. The average efficiency of all of these cuts 

is measured to be 75% with little variation in E7 and 0,. The majority of the 

inefficiency occurs due to reconstruction inefficiency in the pattern recognition 

software at azimuths where showers span two lead-glass quadrants. 

In addition to having a valid photon candidate, an event must have no other 

charged or neutral particles visible in the detector. The ability to veto against 

events which do have additional particles depends crucially on the electronic noise 

levels and occupancies of the components of the detector. Random triggers are 

used to determine the efficiency for the veto cuts, and cc7 events and 7-r events 

are used to study occupancies which are correlated to the presence of a photon 

such M backspllrsh from the central calorimeter into the central veto scintillators 

and tracker and leakage into the forward shower modules. The efficiency for 

all veto cuts is determined to be 60% with the cuts arranged so that no single 

component of the detector contributes an inefficiency greater than 10%. 

The & Distribution 

Figure 25 shows the I& distribution of events at an early stage of the analysis 

where there are roughly equal numbers of events coming from QED interactions 

and beam-gas interactions. Since the latter are to first order uniformly dis- 

tributed along the beam axis, the R,J distribution can be used to separate the 

two contributions. In order to do this, the shape of the distribution for signal and 

background must be known. The & distribution for signal events is measured 

with the cc-y sample and is shown in Fig. 26(a). The resolution is u = 3 cm 

with a small non-Gaussian tail which is approximated by an exponential. The 

resolution is found to be independent of the transverse momentum of the photon. 
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Fig. 25. The I&J distribution for a mixture of QED and beam-gas interactions. 
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Electrons have slightly better resolution’(o - 2.9 cm) than photons due to their 

earlier shower development. The background from beam-gas interactions is ob- 

served to be flat in I&J before the application of several photon pattern cuts that 

are biased to accept showers from Ro < 36 cm. The shape of the final background 

is measured by relaxing cuts other than these pattern cuts. (See Fig. 26(b).) 

Final Event Sample 

Three events with single photon energies consistent with the beam energy 

were observed in the data sample. These are interpreted as cc * 77 events in 

which one photon escapes due to non-conversion. A study of observed 7-r events 

predicts 1.5 single photons from this source. The requirement E, < 12 GeV 

determined from an analysis of es and 77 final states eliminates thii background 

with negligible loss of signal acceptance. The final event sample is shown in Fig. 

27 for those events with transverse momentum greater than 0.5 GeV/c and polar 

angle greater than 20 degrees. For the present analysis, we determine a limit 

using only those events with p: > 1 GeV/ c. Several methods of using tighter 

cuts on the identification of candidate energy deposits as photon showers are 

being studied and should eventually allow the use of the lower energy data to 

improve the sensitivity of the search. 

To obtain the best estimate of the possible number of signal (S) and back- 

ground (B) events, a maximum-likelihood 9 
is done to the measured diitribu- 

tions of signal and background events in &I. For a given true number of signal 

and background events, the confidence level’of this experiment is computed by 

Monte Carlo as the fraction of equivalent experiments which would estimate a 

value larger than S. The 90% and 95% con&ence level upper limits for the ob- 

served distributions are 2.9 and 3.9 events respectively. 
Fig. 26. (a) The I&I distribution of photons from cc-y. events. The line is a 
Gaussian with o = 3 cm. The non-Gaussian contributions are estimated by an 
exponential tail starting at &J = 6 cm. (b) The distribution of background events 
with p: > 0.6 GeV/c. The line is a Gaussian with Q = 12 cm. 
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Fig. 27. Final sample of single photon candidates with 
p: > 0.5 GeV/c and 8, > 20”. 

’ 

ASP Limi& 

The upper limit of 2.9 events together with the measured huninosity and 

photon event efficiencies implies that the 9O%‘CL upper limit for the sum of all 

contributions to the single photon cross section is 

o(ee + -y + weakly interacting particles) < 0.094 pb 

for a photon acceptance defined by E7 < 12 GeV, p: > 1.0 GeV/c and S, > 20°. 

(Note that this limit is actually more stringent than the MAC limit of 57 fb 

because the photon acceptance of the ASP apparatus is much larger.) Since the 

detection efficiency for photons is nearly constant over the signal region in ET and 

B,, the extension of the limit to processes in which the photon energy or angular 

distribution differs from TUG or -y?q is straightforward. The cross section for 

radiative pair production of three neutrino generations within the acceptance is 

0.032 pb, 50 the sum of all non-standard model contributions to the cross section 

must be less than 0.082 pb 

o(ee -+ 7 + new sources) < 0.062 pb . 

Figure 28 shows the dependence of the u~-y cross section on the number of 

neutrino generations. The limit determined above for the cross section allows a 

maximum of 14 generations with 90% confidence level. Several features of this 

limit should be noted. First, unlike many cosmological limits and limits derived 

from strange meson decays, there is no dependence on the mass of the associated 

charged lepton partner of the neutrino. Second, the mass of the neutrinos could 

be of order a few GeV without affecting the Iim$. The validity of the limit 

requires no assumption other than the standard model coupling of the Ze to a 

single generation. By contrast, the method of Deshpande et al.” extracts NY 

from the ratio of W to Z production in pp interactions and requires cancellation 

of QCD k factors, the branching ratio for both Z + vp and W --* eu, and the 

msss of the top quark.13 
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Fig. 28. Corrected vt7 cross section versus the number of neutrino generations. 

As can be seen from Fig. 29, all contributions to the 7 rate observed at PEP 

must sum to something slightly less than twice the yvn cross section. Supersym- 

metry is the most topical but not necessarily the only source for such additions. 

In the case of 777 production, the magnitude of the cross section is determined 

by the mass of the exchanged virtual selectron (see Fig. 2) and the mass of the 

final state photinos. The excluded region in these parameters is shown in Fig. 

30 both for the case where the left and right-handed coupling selectrons (ZL, in) 

are degenerate in mass and the case where only one contributes to the observed 

rate. Note that the supersymmetric decay of the 2 into pairs of selectrons is 

excluded for photinos masses up to 6 GeV. 

If the lightest supersymmetric particle is the sneutrino (see Fig. 3), then 

the ASP limit constrains the mass of the Wino. From the model of Ref. 6, the 

90% CL limit on the mass of the Wino is rnw > 48 GeV/c2 with the assumptions 

of massless sneutrinos, no mixing between the Wino and Higgsinos, and only 

one light Wino (rnc = 0, 0 + = 1, and mr a: ms). Other limits can be easily 

determined by scaling the cross section to the above assumptions. For the case 

of light gravitinos, limits on Md can be found using (see Ref. 4) 

o(~j+z2.8x10-3pb(~)2(40;ev)2 . 

Finally, if one assumes that at some scale the gauge couplings for strong and 

electromagnetic interactions become equal and that at that scale the squarks and 

sleptons are related by rni = mr, then the re ations between these masses can be 1 

calculated at any scale. In particular, at present energies we would have” 

3 aa rnie--m--6.3mi 
8 a.,,, ‘r 

and 

mfz32m;+mf . 

Using these relations, the ASP excluded region can be mapped into the squark, 

-469- 



1:’ ’ 

IO’ r 

IO0 = 

2s 
a - PEP 

- 1 
b 10-l r 

,- 

10-2 

10-3 

I ’ I ’ 1, ’ I 4 

I I I , I , 1 1 I , 
20 60 100 140 180 

l-06 JT (GeV) 6316AZB 

Fig. 29. The yvG cross section versus & within the ASP acceptance and the 
ASP limit from PEP. 

0 

9-65 
my (G&k *) 

5244A3 

5 
1 

IO 

Fig. 30. Region of rni and ml excluded b: the present ASP data fyr 
rnZL = rnzR (solid curve) and rnil,, > rntR L 

i 
(dot dashed curve). 

-470- 



gluino rnssj plane. The excluded region is shown in Fig. 31 together with 

approximate limits determined from a theoretical analysis of monojet searches 15 

and cosmological constraints. “‘*’ The cosmological constraint comes from the 

fact that for every point along the excluded boundary in Fig. 30, the cross section 

for massive photino production can be calculated and if the photino is stable, 

photino production will contribute to the gravitational mass of the universe. For 

heavy photinos and light seiectrons, this contribution can dominate and would 

violate the observed value of the Hubble constant. In inflationary models of 

cosmology, the density of the universe is very close to the critical density. ‘* In 

this case, the msss of the photino and selectron can be related by the requirement 

that the photinos supply the missing dark matter. The allowed values then lie 

along a line ” in Fig. 30. 

Summary 

The technique of detecting a single photon whose transverse momentum can 

be shown to be unbalanced by any detected particles can provide significant con- 

straints both on our standard model and on important extensions of this model 

which predict the presence of new particles. The experimental identification of 

such final states requires that particular care be given both to the acceptance 

over which the photon can be detected as well as the ability of the detector to 

observe other particles over a large acceptance with small occupancy. Previous 

data from the MAC detector and new data from the ASP detector have been 

presented. The ASP data have reached a sensitivity which excludes any new 

contributions greater than twice the contribution of ~VG events and therefore 

provide new limits on the number of neutrino generations, the masses of selec- 

trons, photinos, and Winos and important restrictions on the masses of squarks 

and gluinos. Since the method requires only that the photon be accompanied by 

neutral particles whose interactions are small enough that they do not interact 

in tens of radiation lengths of material, and since the photon spectrum is rather 
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Fig. 31. The excluded region in m5 and dt from (A) ASP, (B) monojets (see 
Ref. 15) and (C) cosmology. 
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insensitive to t & details of the final state, the limit is’ quite generaI and can be 

easily extended to any future models containing particles of thii type. 
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1 Introduction 

Recent results on hadron production in e+c- annihilation at PEP and 

PETRA are summarized.’ The main purpose of these experiments is to study 

the hadronization of partons in the framework of Quantum Chromodynsmics 

(QCD).* Hadron production in c+c- annihilation is described in the following 

steps: 1) Annihilation of the electron and positron into a virtual photon or 

Z”, 2) Production of a quark pair with virtuality of O(&), 3) Radiation of 

partons from virtual partons, 4) Hadronization of partons with low virtuality, 

and 5) Decay of unstable particles. 

The steps 1) to 3) can be calculated by QCD and the Weinberg-Salam 

models of the eiectroweak interaction, because perturbative expansion is 

known to work well in QCD for the large Q’ region. In the region of small Q’, 

however, QCD perturbation fails, and the hadronization of partons, step 4), 

is not calculable. Therefore, main problems to be studied are: i) confirmation 

of the Weinberg-%&m model and QCD in the perturbative region, ii) at 

what value of Q’ and how does the perturbative phase merge to the non- 

perturbative phase in QCD ? and iii) how do partons hadronize ? 

In the analysis, several models for perturbative and non-perturbative 

regions are combined and experimental data are compared with model pre- 

dictions to test which model is appropriate to describe the data. An abrupt 

transition from perturbative phase to non-perturbative phase is assumed in 

these models. 

Two methods exist to calculate QCD perturbatively: A) Perturbative 

expansion in powers of as, the strong coupling constant. The cross sections 

for parton production in e+e- have been calculated up to a$? The results 

depend on the scheme used to regularize perturbative singularities. Calcu- 

lations of exact matrix elements to higher orders are very difficult. B) The 

Leading-collinear Logarithmic Approximation (LLA), which supplements the 

above exact expansion in as.I The LLA method permits emission of as many 

partons as are kinematically allowed. The LLA cross sections are only ap 

proximate, however, and some cross sections are not given correctly, e.g., the 

3-jet cross section with small thrust. 

At the termination of the perturbative phase, the parton system must 

be converted to a hadronic system. Several models have been proposed to 

describe the hadronization process based on the general arguments of QCDs 

The most popular models are: a) Independent Fragmentation Model (IF) 

(Fig.1 (a)),‘sns b) String Fragmentation Model (SF) (Fig.1 (b)),‘O and c) 

Cluster Fragmentation Model (CF) (Fig.1 (c)). rl*rz~ra Basic assumptions of 

these models are as follows: 

a. In the IF model, each parton is assumed to fragment independently 

based on the Field-Feynman mechanism? The hadrons produced from 

a parton are distributed cylindrically around the parent parton diiec- 

tion. A serious problem with thii model is that the Cmomentum and 

flavor conservation is imposed in an ad-hoc manner. 

b. In the SF model, it is assumed that strings are stretched between par- 

tons along the direction of color flow. This assumption is based on 

the string picture of confinement. Each string is assumed to hadronize 

with cylindrical symmetry in its rest frame. Hadrons are boosted to 

the c+c- CM frame if the CM frame and the string rest frame dif- 

fer. An important consequence of thii Lorentz boost is that in 3-jet 

events, interpreted as qqg, more hadrons are produced in the regions 

between q - g and -Q - g than in that between q - q. In this model, 

the &momentum and Savor are naturally conserved. Recent studies 

have shown that the hadron state produced from two partons with a 
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Fig. 1. Schematic representations of a I-jet event in (a) the Independent 
Fragmentation Model, (b) the String Fragmentation Model and (c) the Clus- 
ter Fragmentation Model. 

small invariant mass is almost the same as the hadron state produced 

from a single parton with the same momentum in this model.” This 

is an attractive feature because it reduces the dependence of model 

predictions on the perturbative cutoff scheme. 

c. The CF model is used with the LLA method. The invariant mass of two 

neighboring partons after the parton shower evolution by LLA is rather 

small, O(lCcV), of the scale of hadronic massez. Based on the scheme 

of preconfinement, it is assumed that color singlet clusterz are formed 

from neighboring partons. Each cluster is viewed as a heavy resonance 

with a large decay width. Es& cluster is assumed to decay into two- 

body states, while the flavors of the decay products are determined by 

their phase space and spin freedom.” 

The IF and SF models are the two extreme cases. In the former, the 

interaction between partons is assumed to be negligible until the end of 

the hadronization process, while in the latter, maximal interaction between 

partons through strings is assumed. The CF model where a parton shower 

is generated by LLA lies between IF and SF. For hadron production in the 

central region, it is similar to the SF model, but in the high momentum 

region, it predicts hadronization to proceed independently. 

In the following, experimental data are compared with several Monte 

Carlo predictions to test these assumptions. The principal Monte Carlo 

programs are: 

1. The Hoyer Monte Carlo” and the Ali Monte Carlo! which uses QCD 

matriz element up to O(ai) and lF. 

2. The LUND Monte Car10~~ which uses QCD matrix element up to 

O(ai) and SF. 
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Fig. 3. Inclusive cross sections of K* and A at PEP and PETRA. 

In Fig.2, the predictions of the Lund SF and Webber CF models are also 

shown. The two models are in reasonable agreement with observed multl- 

plicities and single particle cross sections, despite the very different manners 

in which the relative abundance and the spectrum shape are determined. 

Jn the Lund model, the production rate of a hadron with a given flavor is 

mainly determined by the rates of quark-antiquark and diquark-antidiquark 

pair production in the string-like color field. The physical motivation comes 

from two-dimensional field theory, but several phenomenological parameters 

have been introduced, which are to be determined by experimental data. 

For example, the s/u ratio (ratio of sx to uu pair production rates) is de- 

termined from the ratio of multiplicities for kaons and pions. Parameters in 

the fragmentation function should be determined by the measured momen-  

tum spectrum. The fragmentation function proposed by the LUND group 

can predict the mass dependence of the function. Once the parameters are 

determined by the charged particle distribution, the model can predict the 

momentum spectra of charm and bottom particles.s“ This prediction of the 

mass dependence is consistent with experimental data. 

In the Webber model, the differential cross section is determined in two 

steps. First, parton configurations are generated in momentum space in 

LLA, and the mass and momentum of color singlet clusters are determined. 

Next, these clusters decay to hadrons governed only by kinematical factors, 

i.e., phase space and spin factors. 

The charged particle cross section in the high z region ( z  = Em/E,..,,,) 

has been measured by HRS at PEP.” (Fig.4) The cross section in this 

region is very interesting because 1) the contribution of the decay products 

from resonant particles is small, and 2) the behavior of the cross section is 

strongly model dependent at around z = 1. Such a measurement is only 
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Fig. 4. HRS measurement and Monte Carlo predictions of the charged 
particle cross section at high Z, 

possible with their good momentum resolution, Ap/p = 0.25%p(CeV/c) at 

PM = &mm. The number of background events above L = 0.9 is estimated 

to be less than 0.1. 

In Fig.4, the predictions of the LUND MC and the Webber MC are also 

shown. As can be seen, the LUND MC gives a good description of the data, 

but the Webber MC predicts too soft a momentum spectrum above z = 0.6. 

In order to trace back the origin of thii problem in the Webber MC, another 

combination of assumptions was tested in which the perturbative phase is 

based on LLA (as before) but the hadronisation phase is based on SF. This 

model gives almost the same result as the LUND MC. Failure of the Webber 

MC in the high I region is now explained by the fact that the cluster is forced 

to decay into two hadrons. It is then difficult to produce a high L hadron, 

even if the energy of the cluster is approximately equal to the beam energy. 

This difficulty is common to hadronization schemes based on cluster decay. 

If a cluster with small invariant mass is replaced by a hadron with a mass 

close to the cluster mass, the predicted spectrum becomes harder.** 

2.2 Charm particle production 

The D** provides a unique tool for measuring the fragmentation function 

of the c quark. The D** cross sections measured by DELCO, HRS, TPC, 

JADE and TASS0 at around ECM = 30 GeV are shown in Fig.S.*s The 

absolute value of the production cross section depends on the branching 

fractions of the D meson In thii regard, the fact that the latest MARK 

III data” significantly differs from the values in the Particle Data Tableas 

affects the production cross section. The cross section given here will become 

smaller if the new branching fractions are used. 

The cross sections of Ae measured by CLEO” at CESR and ARGUS at 
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Fig. 5. Cross sections of D* measured at PEP and PETRA. Also shown are 
Webber MC predictions. 

DORIS II are shown in Fig.& The solid line in this figure is the Peterson 

function*’ with r = 0.14, fitted to the D* spectrum obtained by CLEO, 

and the broken line is the same function with c  = 0.21, fitted to the 1 

spectrum of ARGUS. No difference is observed between the D* spectrum 

and A. spectrum. As is clear from Fig.4, Fig.5 and Fig.6, the spectrum is 

harder for charm particles than for ordinary hadrons. 

The observed hadron spectrum deviates from the fragmentation function 

at the parton level due to radiative corrections, multi-jet emissions and kine- 

matics. The scaled momentum < z > after unfolding these effects has been 

calculated by S. Bethke, and it has been shown that < s > is almost inde- 

pendent of ECH in the range of 10 - 34 CcV.” The average value of L was 

found to be 0.71 f 0.014 f 0.03. 

In Fig.5, predictions of the Webber MC are also shown. The solid l ime 

is the prediction including all contributions and the broken line gives the 

distribution of D* in ci? events. In the Webber model, the fragmentation 

function is not given externally but is determined by dynamics ( LLA ) 

and kinematics ( masses of quarks and hadrons ). The flavor dependence 

of the inclusive spectrum comes mainly from the differences in quark mass. 

The Webber MC predicts too soft a spectrum in the high E region, but the 

spectrum around .e = 1 depends strongly on the assumptions made for the 

production of heavier resonances, e.g., D**. 

2.3 Flavor dependence of the hadronization process - 

u,d,s vs.c,b jets 

As has been shown above, the spectrum of charm particles is harder than 

that of ordinary hadrons. This difference was predicted based on kinematics 

due to the difference of the quark massss Therefore, the test of the flavor 
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Fig. 6. Momentum distributions of A, measured by CLEO and ARGUS. The 
solid l ime is the Peterson function fitted to CLEO D* data and the broken 
line is the same function fitted to the ARGUS data. 

dependence of the hadronization process should be addressed as follows: 1) Is 

the hadronization dependent on the quark flavor for that part excludii the 

leading part ? and 2) Is the quark-gluon coupling dependent on the quark 

flavor ? Here, leading part means those hadrons which are decay products 

of hadrons which contain the primary quarks. 

The flavor dependence of the charged multiplicity has been tested by 

MARK IL They used prompt leptons to enrich c and b jets by requiring 

p 2 2GeV/c and pt <  1 GcV/c ( for charm ), and, p 1  2  GeVc and 

pe 2 1 GeV/c ( for bottom ).” The average total charged multiplicities in 

0 -q jets obtained in this analysis are 16.14~0.5 f 1.0 for bottom events and 

13.2 f 0.5 f 0.9 for charm events. The non-leading hadron multiplicity NNL 

has been estimated by subtracting the average multiplicity of the leadii part 

from the total multiplicity: N~~(bottom) = 5.2fO.SfO.Q and N~~(charm) = 

8.1 f 0.5 f 0.9. The average invariant mass of the non-leading part, WNL, 

and the mean energy fraction of the heavy hadron < z >o are related by the 

following equation: 

In Fig.7, the average charged multiplicity over a wide range of Eort is 

shown. Assuming that the relation between NNL and WNL is the same as 

that between the average charged multiplicity and &M, they found the 

mean energy fraction of heavy hadrons < L >Q to be < s >b= 0.79f~:~~ and 

< s >c= 0.60?~:~. These values are consistent with measurements based on 

lepton inclusive spectra and D* fragmentation.‘s~ss~sl Turning the argument 

around, one can conclude that the hadronization of the non-leading part is 

independent of the leading flavor. 

Particle distributions of non-leading hadrons have been studied by several 

grouys using particles in the side of the event opposite to the side of the 
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Fig. 7. The energy dependence of the charged multiplicity in e+c- annihila- 
tion. The arrows indicate the non-leading charged multiplicities for b8 and 
cg events, and the corresponding invariant masses. 

barticle used to tag the specific quark type. In the following, the results 

reported by HRS (preliminary) for light quark jets vs.charm jets** and by 

DELCO for average jets vs. bottom jetsa’ are presented. 

HRS has used large momentum charged particles with I > 0.7 to tag light 

quark jets. The charm events are tagged by observing a peak in the D*-D 

mass difference, with assumed D decay modes of D + Ku and D 4 Knrrr. 

For the first decay mode, the minimum s is required to be 0.4, while for 

the second, is required to be 0.5. The average values of momentum and 

transverse momentum in these jets are < p >eb,,,,,,= 1.33 f 0.00 GeV/c*, 

< p >jicu= 1.52f0.04, < pr >cbo,,= 0.39f0.01 and < pr >rir#= 0.4OfO.01. 

No significant difference is observed between charm quark jets and light quark 

jets, except that the average momentum in charm jets is slightly softer than 

that in light quark jets. This result can be reproduced by models where the 

same hadronization scheme is used for light quark jets and charm quark jets. 

DELCO has used electrons with p = 0.5 - 5.5GeV and pr > 1GeV to 

tag bottom quark jets, and has compared those jets with jets in the their 

entire event sample. The rapidity and transverse momentum distributions 

in these two-jet samples are shown in Fig.S(a) and (b). The average values 

of momentum and transverse momentum in these jets are < p >w:,,,,,= 

1.06 f &@I, < p z-.,,~~,~= 1.293 f 0.002, < pi >kltm= 0.31 f 0.03 and 

< pi >moW= 0.274 f 0.001. The observed rapidity distribution in the 

bottom quark jets is slightly softer than that in the average jets, and shows 

a dip at y  = 0. In Fig.E(a), the LUND Monte Carlo predictions are dB0 

shown. In this model, the hadronisation process is the same for aI1 types 

of quark jets. The solid line shows the rapidity distribution of all particles 

and the broken lime shows that of the leading part. The leading hadron 

distribution gives a clear dip at y  = 0 due to kinematics, the large < z > of 
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Fig. 8. (a) Rapidity and (b) transverse momentum distributions of charged 
particles in bottom and average jets measured by DELCO. The LUND MC 
predictions are given in (a) for total and for primary hadrons. 

bottom hadrons and subsequent decays with high multiplicity. The solid line 

is consistent with the data, and the difference between the bottom jets and 

the average jets can be explained by the difference in the leading hadrom. 

The test of the flavor dependence of og is made by TASSO, JADE 

and HRS by using charm events tagged by D*. TASS0 found Q(C) = 

0.153 f 0.031 f 0.030 and as(c)/as(aueroge) = 1.00 f 0.20 f 0.20,= using 

IF medals for hadronisation with second order QCD calculation for the par- 

ton cross section. JADE obtained as(c) = 0.13 f 0.03,s6 using the LUND 

MC. HRS obtained as(c)/us(u,d,s) = 1.03 f 0.27 (preliminary-),ss where 

as(u,d,s) means the us measured for light quark jets tagged by large mo- 

mentum charged particles. The quoted errors are statistical only. The a, me% 

sured for the charm quark is equal to as measured for average qua&P 

within statistics and no flavor dependence is observed. 

3 Hadron Spectrum in G luon Jets and  Quark 

Jets 

The particle momentum spectra in gluon jets and in quark jets have been 

compared by MARK ILy The analysis uses charged particles and photons 

in SO,000 events and proceeds as follows: 

l Three-jet events are selected by using a cluster algorithm. 

l The momentum of each jet is calculated by summing the momentum 

vectors of particles which belong to the jet. The energy of the jet is 

calculated from opening angles between jets assuming massless parton 

kinematics. 

l Events with a nearly I-fold symmetry are selected by requiring the 
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opening angles between any two jets to lie between 100” and 140”. A 

total of 560 events is selected to be used in the following analysis. 

l The scaled momentum of each particle is defined to be pi = pi/Ei, 

where pi is the momentum of particle i and Ej is the energy of the jet 

to which it is assigned. 

s The distribution in x is corrected for the detector acceptance and initial 

state radiation. This momentum distribution is viewed as the sum of 

the distributions in the one gluon jet and two quark jets with energy 

of 1/3Ec~ each. 

l The momentum distribution in events with two quark jets of energy 

l/tEo~ each is calculated by interpolation of existing data at several 

different energies. Most events in these samples are 2-jet events and can 

be used to approximate the particle distribution for a-jet events. The 

broken line in Fig.Q(a) is the distribution obtained by thii interpolation. 

l The scaled momentum distribution in gluon jets is calculated by the 

following equation: 

&&7lUm id) = &$$(a jet cventa,ECM = 29&V) 

- &$(2 jet events, ECM = 19.3&V). 

s The ratio r(z), which approximates the ratio of f(gluon jet + 2 + 

quark jet) /;(2. quark jet), is defined as follows: 

&g(3 jet events, ECM = 29CeV) 
r(z) = Jd- 

&g (cdl eventa, ECM = 19.3GeV) 

Figures Q(a) and (b) show the results for l/u~,~~do/dr(gluon jet) and r(x), 

respectively, along with the predictions of several Monte Carlo programs. 
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The cross sections in Fig.Q(a) are normalized by the number of jets in the 

events, Nj.r, to give the distribution per jet. In Fig.Q(a), black circles denote 

the distribution of particles in %jet even@ while the white circles correspond 

to the distribution in gluon jets defined above. By comparing the broken line 

and the distribution in gluon jets, it is observed that the spectrum is softer 

in gluon jets than in quark jets. The same conclusion can be reached in 

Fig.Q(b). 

The LUND and Ali MC’s give too hard a spectrum in gluon jets, while 

the Webber MC gives a fairly good description of the data, as seen in Fig. Q(b). 

Further study has been made on thii subject by using different kinds of MC’s: 

1) second order QCD + SF with m  tixed, where m  is the minimum invariant 

mass of two partons; 

2) second order QCD + SF with y  fixed, and where y = m ’/EiM; 

‘u 
th;! same result, and are consistent with data. The comparison between 

model 3) and model 4) shows that the ratio r(z) is insensitive to the models 

of the hadronization, despite the fact that the spectrum itself depends on 

the hadronization model (see Sec.2.2). Model S), in which fewer gluons are 

emitted than in model 4), gives a slightly decreasing distribution, but the 

decrease is weaker than that of Model 4). The conclusion from these studies 

is that more partons are required than are provided by a model based on 

second order QCD. 

4 Analysis of S-jet Events 

4.1 String effect in 3jet events 

The string effect was first observed by JADE s“;TPC’O and TASSO” have 

also confirmed this effect. The analysis W M  as follows (Fig.10): 
3) LLA + CF; 

. Particles were projected into the event plane. 
4) LLA + SF; 

5) LLA + SF with G,,, = Gpin, where G,, and Gpr, are the coupling 

constants. 

Model 1) gives a distribution of r(z) slightly decreasing as z incresses, 

while model 2) ( which is the LUND MC ) gives a flat distribution. The 

difference is due to the fact that the energy dependence of the fraction of 

multi-parton events is stronger in model 1) than that in model 2). When 

partons are produced with fixed y, the fraction of events with a given num- 

ber of partons is almost energy independent, while, when produced with 

m  fixed, the fraction of events with multiple partons increases as ECM in- 

creases. Model 3) ( which is the Webber MC ) and model 4) give almost 

. Three-jet events were selected by sphericity cuts (except for TASSO), and 

by the clustering algorithm or by the generalized sphericity method. 

l The momentum of each jet was calculated by summing vector momenta 

of particles in the jet, while the energy of each jet was calculated by 

the opening angles between jets. 

l The largest energy jet and the smallest energy jet are called jet 1 and 3, 

respectively. The probability that jet 3 is the gluon jet wss estimated 

to be around 50% based on a Monte Carlo study. 

. Using these 3-jet samples, the following quantities were studied: 

1. The particle and energy flow in the event plane. 
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Fig. 10. Definitions of variables in the analysis of 3.jet events. 

‘u 
1 2. The mass and Pm, dependence of N=/Nl,. Here Nij is the number 

of particles between the jet i axis and the jet j axis with he = 

0.3 - 0.6 x  8, (0.25 - 0.75 for TASSO), and A0 is the angle 

between the jet i axis and the particle and 8ij is the angle between 

the jet i axis and the jet j axis. 

3. The dependence of Nts/N1s on the probability of jet 3 being the 

gluon jet. 

Figure 11(a) and (b) show the heavy particle flow by TPC and the energy 

flow by JADE in the event plane as a function of 0. Here 0 is the angle of 

particles in the event plane messured from the direction of jet 1 through jet 2 

to jet 3. In Fig.12. N~s/N~~ reported by TPC, JADE and TASS0 are plotted 

for particles with different massee and with different Poyt, the momentum 

component out of the event plane. It is clear from Fig.12 that the ratio 

is larger than unity and more hadrons are produced between jet 1 and jet 

3 (quark-gluon) than between jet 1 and jet 2(quark-antiquark). The ratio 

N,s/Nls is larger for heavier particles and for particles with larger Pd. 

In Figs.11 and 12, the predictions by the LUND, Hoyer, Webber and 

Gottschalk models are also given. Particle distributions predicted by the 

Hoyer and Gottschalk models do not agree with the measured distributions 

in the regions between jets, especially between jet 1 and jet 2. These two 

models predict the ratio N1s/N,, to be unity, independent of hadron mass and 

P oUt* This prediction is common to all IF based models.sso’s The LUND and 

Webbe.r models predict N1s/N1, to be larger than one and to become even 

larger for heavier particles or larger Pd. These predictions are consistent 

with experimental data. 

In order to confirm that thii effect is due to the gluon emission, the ratio 

N1s/N1z is plotted as a function of the probability that the jet 3 is the gluon 
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jet by TPC” (Fig.13). In this analysis, the probability was calculated aa 

follows. The cram section for @g in first order QCD is proportional to Crqr, 

where 

cm = (2: + +)A1 - 4(1- 4 

and x, and xv are the energy fractions of the quark and antiquark. The 

probability G&(jet3) is defined M  

Gt.,(jet3) = 100 x G/(S + Cl + CS), 

where Ci is the value of Cra, when jet i ia the gluon jet, wing the experimen- 

tally determined jet energies. It i.9 clear from thii figure that the string effect 

is enhanced for those events with a higher probability Gt,(jet 3). The differ- 

ences between the IF model prediction and the LUND and Webber model 

predictions are enhanced for those events. 

Two different models, LUND and Webber, reproduce the string effect, 

including the m a m  and Pd dependencea of the effect. The common char- 

acteristic of these two models in that hadrons are produced from sources 

moving towards between 6 - g or between q - g in the c+e- CM frame. The 

invariant mass of the Bource of hadrons depends on the cutoff value of the 

perturbative phase. The average string m a m  in the LUND model in the 3- 

jet sample is around 6 GeV, while the average cluster m a m  in the Webber 

model is about 2 GeV; nevertheless both models provide similar predictiona 

for hh/Nn. 

The soft gluon interference effect, a part of the next to leading order cor- 

rection, becomes important in the perturbative phase of QCD.” Interference 

terms due to multi-soft gluon emissions cancel a part of the LLA croea section. 

This effect can be approximately incorporated in Monte Carlo programs by 

requiring the angles between partona to be ordered, i.e., 01 > 81, where 81 is 

1.7 

1.5 

1.3 

1.1 

0.9 

0.71 I I I I I 
35 55 75 95 

c SF model 
IF model - - - 

G&jet 3) 

Fig. 13. The TPC measurement of the ratio Nrs/Nta a.~ a function of the 
probability that jet 3 is a gluon jet, Gi.,(jet 3). 
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the angle between the partona preceedmg the partonn with opening angle of 

02. 11 

In the Webber model, the angular ordering between partons ensuren that 

partons are more likely to be produced along the direction of the parent 

parton. Thii causes depletion of partons between the quark and antiquark 

jets and depletion of clusters between the quark and antiquark jeta. To 

confirm this point, the ratio NLs/NrI was calculated using the Gottschalk 

model, in which soft gluon interference b not included. The Gottschalk 

model predicts Nrs/Nr, = 1.03 f 0.03. If one usea, however, only those 

events in which the angles between partons are accidentally ordered, the 

ratio becomes Nis/Nrt = 1.22 f 0.04 (See Gottachalk MC prediitious in 

TPC analysis in Fig.12). 

, 

4.2 SF ve.IF for large momentum particles 

The analysis presented above is sensitive to the distribution of hadrons 

in the central region, which primarily contains small momentum hadrons. 

TASS0 has observed a reversal of the string effect for high momentum par- 

ticles in the regions between jets, however, the IF model leema to be 

favored over SF.” Other groups, JADE” and TPCP have also examined 

high momentum particles. Neither of them confirmed the above TASS0 

result. 

TASS0 has analyzed the data with two methods: 

i. The ZQ. dependence of the Nra/N,e ratio; 

ii. The power dependence of the Nra/Nrr ratio. 

In the Srst analysis, the Nis/Nir ratio was plotted as a function of z+,, 

where pi. = Pin/&am an d pin is the particle momentum projected onto the 

’ event plane. The data b rhown in Fii.lrl(a) and (b). TASS0 has observed 

that the data pointa deviate from the prediction of the SF model in the 

region of G,, > 0.4, but are consistent with the IF model. The deviation ia 

enhanced when low planarity event8 are selected, where planarity P b defined 

to be P = Qa - Qt and f& and Qt are medium and smallest eigenvaluea of 

the sphericity tensor. The TPC and JADE data analyzed in an analogous 

fashion are shown in Fig.lrl(c) to (e). As can be seen from these figures, the 

TPC and JADE data are consistent with the SF model predictions at both 

large and small zi,, valuea. 

The second analy& by TASS0 W ILY done using charged particlea M  fol- 

IOWIA: 

l Three-jet events are &acted by the generalized rphericity technique 

and by requiring that the opening angle between any two jets be larger 

than 55’. 

l The jet axis is then defined by calculating the momentum weighted 

vector sum 

where the sum runa over the tracks associated with jet j. The jet axis 

is determined mainly by small momentum particles for small powers of 

II and by large momentum particles for large power of n. 

l For each power of n, the scaled energy of each jet ia calculated by 

the opening angle between jets, and the jets are labeled 1, 2 and 3 in 

decreasing order of energy. 

l The transverse momentum of jet 3 with respect to the direction of jet 

1 ia defined to be zr(n). The difference AZ&L) = z=(2) - q(n) is 

used to study the momentum dependence of z*(n). 
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Fig. 14. The ratio N,s/Nrs as a function of qn, measured by TASSO, TPC 
and JADE. Ranges of P and Qr used to select events are shown in the figure. 
Data are compared with MC predictions. 

‘r 
’ Figure 15(a) shows the average value of zr(n) as a function of n. JADE 

analyzed data in an analogous fashion using charged particles and photons 

as shown in Fig.lS(b). While TASS0 did not impose the planarity cut, 

JADE required planarity cut (P > 0.07) and an aplanarity cut(Qr < 0.06). 

In order to reduce the difference between the TASS0 and JADE analyses, 

events containing more than 3-jets are removed from TASS0 data using the 

clustering algorithm for thii plot. The distribution of An=(n) is strongly 

dependent on the analysis, and therefore the n dependence is different from 

analysis to analysis. In the low n region, the two analyses are in agreement 
that SF is better than IF. But in the higher n region, the two analyses give 

different results. The TASS0 data points come closer to the prediction of 

IF for high n region, while the JADE data still favor SF. 

The high momentum region is very sensitive to the heavy quark pro- 

duction and the parton production cross sections. More data and further 

analyses would help to settle the discrepancy between TASS0 on the one 

hand and JADE and TPC on the other. 

5 The p - p  Correlations and the Baryon Production 

Mechanism 

6.1 Models for baryon production 

Several mechanisms for baryon production in e+c- annihilation have been 

proposed. The major models are 1) the diquark model” (Fig.lG(a)), 2) the 

popcorn model4s (Fig.lG(b)), and 3) the cluster decay modePe (Fig.lB(c)). 

In the diquark model, the diquark is considered to be an effectively funda- 

mental “particle”. The diquark-antidiquark pair is produced from the color 

field like an ordinary quark-antiquark pair. A baryon is produced by com- 
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bining a diquark and a quark, The popcorn model was introduced in order 

to explain baryon production in QCD. In this model, only quark pairs are 

produced from the color field. It w= shown that three quarks can combine 

themselves to form a color singlet system with a reasonable rate. In the 

cluster decay model, a baryon pair is produced through the decay of clusters 

in the same way aa a meson pair. In the Webber model, gluons split into 

quark-antiquark pairs and only mesonic clusters (clusters which contain a 

quark and an antiquark) appear. A cluster is assumed to decay isotropically 

into two hadrons in the rest frame of the cluster. 

5.2 Cluster decay vs. string model 

TPC obtained 110 pp and 21 pp. pp pairs in the proton momentum range 

of 0.5 to 1.5 GeV, with estimated backgrounds of 7 and 3, respectively. 

They used thii sample to teat the above mentioned models!’ In order to see 

how the cluster decay model differs from the other two models, the angular 

distribution of pp pairs with respect to the jet axis was studied. The angle 

B’ is defined aa the angle between the proton momentum and the jet axis in 

the CM frame of the pp pair. 

In the cluster decay model, the cluster decays spherically symmetric and 

the cosB’ distribution in Bat. In the diquark model, the proton and an- 

tiproton are more likely to be produced along the jet direction because the 

diquarks are pulled along the direction of the string. The popcorn model 

gives almost the same prediction as the diquark model for thii distribution. 

The 8’ distribution in the diquark model shows an enhancement around 

(~0~8’1 = 1. The predictions of these models in the generator level are 

shown in Fig.l7(a). 

In order to remove the contributions of pp pairs in which the p and p are 

‘v 
I 

F 2.0 
0 
g 

SC 
1.5 

2 1.0 
x 
g 0.5 

0.0 
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(4 
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L-w- -- 

I I ! 

--- Webber 

I I ! I 

0.0 0.25 0.5 0.75 0.0 0.25 0.5 0.75 1.0 
I cos o* I 
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F;‘-YI \ \ 

Fig. 17. Distributions of p - p pain in Icos~?‘l. (a) Predictions of MC’s 
baaed on CF (Webber, dashed line) and on the diquark model in SF (LUND, 
solid line) at the generator level, and (b) the TPC data with these two MC 
predictions. 
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produced independently, the 0’ distribution in defined an follows: 

dn/dlcosO’) =dn/dlcosB’l(p+~) -dn/dlconB’((p+p,~+fi) , 

where dn/dl cos Vl(p+ji) is the distribution of the pp pairs and dn/dl con I(p+ 

p, j? + p) is that of the pp and pg pahn. 

The I co8 0’1 distribution measured by TPC is shown in Fig.l’l(b) together 

with the predictions of the diquark model and the cluster decay model. The 

shapes of the distributions suffer from the limited momentum range of p and 

p, but the relative difference between the two models h retained. As can be 

seen from the figure, the data nhows an enhancement around I cos 8’) = 1. 

The diquark model reproduces this rrhape. The cluster decay model, however, 

shows a decrease at I co8 8’1 = 1 and ia excluded at 95% C.L.. 

The above result means that baryon pairs are oriented primarily along 

the jet axis a la diquark model prediction and that the the baryon pairs are 

not produced isotropically in the CM frame of the pair. The implication for 

the Webber model ia that either baryonic clusters, i.e. clusters which contain 

three quarks, must be introduced or that clusters must decay anisotropically. 

An updated version of Webber MC (V3.2), which includes baryonic clusters 

by allowing the splitting of virtual gluons into diquarks, reproduces the en- 

hancement at I cm 0.1 = 1. 

5.3 Diquark model va popcorn model 

In the diquark model, the baryon and antibaryon are always adjacent, 

while mesons can be produced between the baryon and antibaryon in the 

popcorn model. Because of thii difference, the correlation between the p 

and F  momentum transverse to the jet axis is stronger in the diquark model 

than in the popcorn model. To measure the strength of thii correlation, the 

f&owing quantity a in defined using the tranaveme momenta of the proton 

z(p) and the antiproton s(p): 

Q =< Z(P) * Z(F) >  / <  Z:(P)’ >  * 

The diquark model predicts a = -l/2 at the generator level. In the real 

analysis, several effects smear thii prediction. The largest effect h hard gluon 

emission. Because of hard gluon emission, the jet axis (sphericity axis) is not 

the direction of the quark or gluon. To make the analye& lesa dependent on 

the gluon emission, two correlation coefficients, po,,, and pi”, are deEned 

from the same equation by using the tranaveme momentum component out 

of and iu the event plane, respectively. 

In order to simulate the popcorn model, a simple mechanism hae been 

incorporated into the LUND MC, whereby baryon pairs are produced with 

or without a meson between the baryon and the antibaryon.“ The ratio 

f P BMB/(BMB + BB) is defined M  the fraction of baryon pairs with 

such an intermediate meson. The prediction with f = 0 corresponda to the 

diquark model. 

The measured a,,,,, and (ri,, are shown in Fig.ll)(a) and (b). In the same 

Egure, the prediction of the popcorn model is shown aa a function of f. Thii 

prediction in insensitive to the perturbative part. i.e., the result is almost the 

same for second order QCD and for the LLA. As can be seen from Fig.l(l(b), 

o+, suffers from the gluon emission effect and R,, is pushed to positive due to 

the topology of qqg events. The model prediction in Fig.lB(a) indicates that 

the value of Q,,* strongly depends on f, i.e., the strength of the correlation 

between the transverse momentum of p and ii. The data shows a very weak 

correlation between the transverse momentum of the proton and that of 

the antiproton. From this data, the lower Emit on the fraction BMB/(BMB+ 

BB) was calculated to be 45% at So% C.L. 
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Fig. 18. Correlation coefficients (a) cr.%* and (b) pi,, measured by TPC and 
the popcorn model predictions of the fraction BMB/(BB + BMB). The 
measured values are shown by bands. 

In this presentation recent results on hadron production in e+c- am&i- 

lation at PEP and PETRA have been summarized with an emphasis on the 

hadron production mechanism. 

In order to understand the hadronization process in the framework of 

QCD, the questions which need to be answered are 1) how the perturbative 

phase merges with the non-perturbative phase and 2) how partons in the non- 

perturbative phase transform into hadrons. The data have been compared 

with predictions of models based on different assumptions and calculations. 

For the perturbative phase, parton cram sectiona are calculated baaed ei- 

ther on second order QCD or on LLA, possibly with a part of the corrections 

from the next to leading log. For the non-perturbative phase, hadroniza- 

tion models tested are the Independent Fragmentation Model (IF), the String 

Fragmentation Model (SF) and the Cluster Fragmentation Model (CF). 

The gluon jet study by MARK II haa shown that the particle spectrum in 

gluon jets is softer than that in quark jets. By comparing the data with the 

predictions of several Monte Carlo programs, multigluon emission in found 

to make the spectrum soft. In thii case, LLA is a better approximation than 

second order QCD. 

The Eavor dependence of the hadronization process is studied by ub 

ing charm and bottom enriched events tagged by prompt leptons and D’. 

Available data are consistent with the QCD prediction that hadronization is 

independent of the quark flavor. Apparent differences in data between heavy 

quark jets and light quark jets are explained by differences in the momen- 

tum spectrum and decay of the Erst rank hadron. The Monte Carlo based on 

LLA can explain the difference of the momentum spectrum in heavy quark 

jeta and that in light quark jets by the difference of quark masses, i.e., less 
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gluons are emitted from heavy quarks than from light quarks. 

Cross sections for many kinds of hadrons are fairly well reproduced by 

a model based on LLA and CF hadronization with only a few fundamental 

parameters to be adjusted. The SF  model, which is very successful in de 

scribing hadronization, cannot predict the multiplicities without adjusting 

several phenomenological parameters. HRS measured the inclusive particle 

cross section up to L = 1. The data are inconsistent with the prediction of 

the CF model in the region above z = 0.6. Another problem with the CF 

model is its isotropic cluster decay mechanism, as has been pointed out by 

TPC in p-p correlation studies. These problems originate from a simplified 

treatment of the Cluster Fragmentation Model. 

The 3-jet event analysis has proven that the IF model cannot explain 

the depletion of soft hadrons in the region between the quark and antiquark 

directions. The SF  model explains thii signal by the absence of a string 

between the quark and antiquark. The model with LLA and CF also explains 

this “string effect” mainly by the soft gluon interference effect. TASS0 has 

reported that the IF model is favored for high momentum hadrons in the 

region between q - @. JADE and TPC do not observe this effect, however. 

Further study is required to determine whether the SF  model can reproduce 

particle distributions in the entire momentum range. 

The p-p correlation studied by TPC has given the following two results. 

The observed p - p correlation in the polar angle is consistent with the 

diquark and popcorn mechanisms in the SF  model but not consistent with 

the spherically symmetric decays of clusters incorporated in the CF model. 

The p - p correlation in azimuthal angle is relatively weak, suggesting that 

a meson pops up between a baryon antibaryon pair at least half of the time. 
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ABSTRACT. Recent lifetime measurements of heavy particles at PETRA 
and PEP are reviewed. A comparision of the methods used is given. The 
world averages for the lifetimes of the Do and D* mesons are found to 
be (Rio) = 3.97*0.3x IO-‘s ret and (r~f) = 8.64~0.7~ IO-Is sec. This 
difference in lifetimes isdiscussed in tight of recent information about 
exclusive decays. The world average for the lifetime of bottom hadrons 
is determined to be (n) = 11.0 f 1.5 x 10-ls #CC and new eatimates for 
the b quark mixing elements, II$Wi and IVb.l, are given. 
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INTRODUCTION 

The production and subsequent decay of hadrons containing heavy flavored 

quarks involves a unique interplay of the strong and electroweak forces. The 

measurement of the bottom quark lifetime, when combined with information de- 

rived from the endpoint of the semi-leptonic decay spectrum of bottom mesons, 

gives the 5rst direct estimate of the b quark weak mixing angles. In the case 

of charmed mesons,where the &-weak mixing is known to a relatively high 

precision, the weak decays of the c quark may be used to probe the strongly 

interacting constituents present. Measurements of exclusive channel branching 

fractions, as determined by detectors at SPEAR, DORIS II, and CESR, pro- 

vide valuable information on the relative rates for di5erent processes. However, 

direct measurements of lifetimes of heavy flavor hadrons are needed to set the 

absolute scale for these decay rates. 

, 

Direct determination of heavy particle lifetimes, which are on the order of 

a picosecond, require the particles flight path to be measured. For this reason 

the resonances, the @I” and the T 44 states, which produce open heavy flavor 

mesons copiously, are not suited’ to lifetime measurements since the primary 

mesons are produced almost at rest. This report reviews the meruurements that 

detectors at the e+e- colliders, PETRA and PEP, have made recently in 

determining the lifetimes of heavy Bavor hadrons at energies signiicantly above 

threshold. Half these measurements were reported for the 5rst time within the 

past year and nearly ah have been signi5cantly updated. 

THEORETICAL MOTIVATION 

CHARMED MESONS The weak decay of c and b quarks proceed via the 

‘There, however, in 8 prelimin~ obrerntion by CLEO of. poritive lifetime for the Do 
produced in the &uy of B mc,oxaa. [l] 

emission of the charged gauge boson, the W*. Originally the weak decay of the 

r lepton,shown in Figure i(a),was used as a direct analog for edcolatiug the 

decay rates of heavy 5avor hadrons. It was gene&y assumed that other quarks 

or gluons present would not contribute significantly to the decay process. These 

assumptions are incorporated into the spectator decay model. Examples of such 

decay modes for the D+ and Do mesons are shown in Figures l(b) and l(c). The 

rate expected from the spectator model, in analogy with the decay of the r and 

I( leptons, is given by 

where r, and r,, are the lifetimes of the c quark and the muon respectively 

and m, and m, are their masses. The factor of # comes from the increased 

number of states that the charmed quark can decay into, ignoring the effect 

on the phase space due to the 5nal state s quark’s mlus. There are also QCD 

corrections which change this by about[Zl 15% to 20%. The spectator model 

predicts essentially the same lifetimes for the charged charmed mesons ( the Df 

and the F* ) as for the neutral Do and does not explain why the observed’ D* 

lifetime is twice as long as the Do lifetime. 

The weak decays of the Do and the F* also have non-spectator diagrams 

that contribute to the hadronic widths of these mesons. Figures 2(a) and 2(b) show 

the exchange diagram for the Do and the annihilation diagram for the F*. 

These classes of decays were originally ignored when calculating the lifetimes 

because of helicity suppression. The V - A nature of the quark couplings to 

the W* selects out the helicity eigenstates. The low masses of the possible 

final state quarks, the u,d, and s quarks, ensure that the resulting helicity one 

‘The old ratio for the Df lifetime to that of the Do wan l.Of~:~fO.6~10-‘~ WC. set refea~~cc 

14. 
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a) 

b) 

cl 

Figure 1. The t decay diagram (a), and spectator diagrams for the D+ (b) 
and Do (c) ate shown. 

a) 

Figure 2. The exchange diagrams for the Do (a) and the annihilation diagram 
for the F+ (b). 

quark eigenstate has a spin of one as well. These decays are suppressed by 

the order jirn:rn;’ Cu 10-s ( where /‘D is the D meson decay constant, which 

is proportional to the probability of Rndmg the c quark and the light anti- 

quark with sero separation ) relative to the spectator decays. The presence 

of a substantial amount of glue could aUow the initial quarks to be iu a spin 1 

con5guration, thereby avoiding the helicity suppression for the 54 state quarks. 

The D* mesons have annihilation diagrams similar to those of the Ff’s, 

however they are Cabibbo suppressed’ as well as being helieity suppressed and 

are ignored in the lifetime calculations. These additional allowed diagrams for 

the hadronic decays of the Do ( and F* ) could lead to a substantid diflerence 

in the lifetimes of the charged and neutral D mesons. 

Another possible mechanism that could produce a diierence is called color 

cluster interference.[ej While the W exchange processes enhance the hadronic 

decay modes of the Do, shortening its lifetime, the destructive interference of the 

amplitudes of two distinct channels of the D* decay to the same 5nal state would 

act to reduce the charged D’s hadronic width. The uncertainty in the proper 

mass to be used for the charm quark’and the high power with which it enters 

into Eq. 1 makes it impossible for lifetime measurements alone to determine 

whether the Do width is enhanced over that expected from the spectator model 

or the charged D’s hadronic width suppressed. 

BOTTOM H ADRONS The situation for bottom hadrons is less well defined 

3There UC mixed rmdts for Cab1Sb.o ~pprwsion )n h&o& decaya of charmed memm. 
The decq Do - K+K- is anc.m~ous& lar@j4] IS] but that could be due to fInal a’sto 
intaactiom. The decmyr Do - I+*- and Do - ( K-K+ or - K*+K- ) mp~ort tbs 
va6di.y of Cabibbo mppnssion in charmed decay& 
‘The charm quark mus, on &t amined by the 1cptc.n rpectmm km D meeon wmi-kptcmic 
decays ad that found &om B memn semi4cptouk decay8 differ by ., much u 220 MeV,[S] 
depmdizq 011 the fit to the data. TMs mcatainty alone could catwe an uncertainty of. factor 
of 4wo in the txpected 6fetime. 
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owing to the difeculty in reconstructing their high multiplicity decays. In fact, 

because the event selection routines used can not distinguish between charged 

and neutral bottom hadrons, only au average lifetime e(y1 be determined. This 

information is still valuable in determining the Kobayashi-Maskawa[7] mixing 

matrix. The mixing of the charge f q uarks mw be represented by the matrix 

equation 

(;)+I; ;I g) (1) PI 

where the primed quarks represent the weak isospin eigenstates and the un- 

primed quarks are the mass eigenstates. 

The four elements, Vs& V.,, VO,j and V,, correspond to the original Cabibbo 

mixing matrix. The unitarity properties of the mixing matrix in Eq. 2 may be 

explicitly represented using either the formalism of Kobayoshi and Maskawa 

or that due to Maiani[6] by trigonometric functions of three real angles and 

an additional phase augle. The phase angle is possibly related to CP viola- 

tion.[9] The values have been determined by a variety of experiments. The 

a-d coupling Iv*dl is determined by comparing nuclear beta decay rates with 

that of muon decay[lO]lll] while IV,,,1 was determined from comparisons of 

hyperon semi-leptonic decay rates. Neutrino and anti-neutrino production of 

charm is the most straightforward way of determining Iv&l. The CDHS collab- 

orationllf] has measured the charm production off the valence d quark, yielding 

a value B,IV,,# = 0.41 f 0.07 x  10s2. This must be combined with data from 

e+e- experiments on the charm to muon branching fraction, B,,, and yieldsIl3) 

lv,,dl = 0.24 f 0.0% Similar neutrino measurements may be used to help deter- 

mine IVc,l. Here, however,the charm production involves ss quark pairs from 

the sea and the mixiig element appears multiplied by the integral of the strange 

quark structure function IVJ’ x 2s. While SU(6) symmetry may be used 

to give an upper ( lower ) limit on S ( lVc,ls ),a true determination of IVc,l in 

only obtained by utilizing the information from b quark lifetimes ( see below ), 

invoking unitarity and making a constraimd fit with S essentially being a pa- 

rameter. It ls instructive to try to use values for the mixing matrix elements, 

that were determined without such a constrained fit, to try to place limits on b 

quark mixing elements. The semi-leptonic decay spectrum of D mesons[l4] was 

5tll6]lt] with several quark mass hypotheses to give a range of values for Iv=dl 

and IVc,l independent of the unitarity constraint.’ The values used for these 

four elements used in this example are 

Iv.dl = 0.9735 f 0.0024 Iv..1 = 0.231 f 0.005 

(vcdl = 0.212 f 0.6 IVo.[ = 0.931 f 0.09 . 

These values may be used to place upper limits on lVYbl and IV,,bl by invoking 

the unitarity of the mixing matrix in Eq. 2. The values reached by this method 

are 

lvr(,12 = 1 - (I&l’ + I&$) = -0.002 f 0.0061 =+ Iv.21 < 0.1 ( 96 %  CL ) 

lvc,,ls = 1 - (Ivcdl’ + [vo,l’) = 0.08 f 0.17 * IV&l 5 1.0. 

The large uncertainty in IVc,l and hence in IVeal comes from the difficulty in mea- 

suring the end point of the charmed meson’s semi-leptonic decay spectmm.So 

unitarity by itself does not constrain the b quark mixing. 

The lifetime of hadrons containingb quarks mw be used to make better es- 

timates of the mixing elements IV.tJ and lVct.l if the spectator model is assumed 

for the decays. If the b quark did not mix with the lower mass quark states 

‘It should be noted that the charm lepton spectrum k notoriourly hard to 6t, because oftbe 
rchtively low mrsees of the partidea imwh-ed, and the valuc~ wd for thim e.mnpk are Pot 
considered to be the best estimatea currently waikbk. For comktency both nlua, Iv.dl and 
IVc.l, kom the simultsucous lit are umd. 
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then it would be stable. A long lifetime then implies small couplings. This is 

qaanti5ed by the following simple relationships]2] between the b lifetime and 

the mixiug matrix elements, 

Ivacls _ (2.78 f 0.18). 10-r” ret 
(1 + &)a 

and 

IK*l’ = RB(1.23 i 0.09). lo-‘s ree 
(l+&)n ’ 

(3) 

(0 

where 

is the ratio of the semi-leptonic widths of the decay of B mesons to hadrons con- 

taining only tight flavors to that where the B decays to hadrons with a charmed 

quark. The upper lit on thii ratio is a combined value of measurements from 

CLEO and CUSB. These lifetime measurements have the possibility of signi5- 

cantly improving our knowlege of these mixing values. 

DETECTORS AND METHODS 

Detectors at the storage rings PETRA and PEP operate in an environ- 

ment very di5erent for those lifetime measurements made at 5xed target experi- 

ments. Emulsions or bubble chamber experiments use an active target, one that 

is also used in the trackiig, and actually observe the flight path of the decaying 

heavy 5avor hadron. This is in contrast to the storage ring detectors which 

mast extrapolate 5tted tracks over a distance of several centimeters,’ and use 

an assumed production point. However, the storage ring detecton are able to 

tag heavy 5avon by using methods that are unbiased with respect to the decay- 

ing particle’s lifetimes and are able to “calibrate” their detectors by measuring 

the lifetime of r leptons. The charmed mesons are tagged by their transition 

between the vector and pseudo-scalar states ( D*+ + Dar+ for ucample ) while 

b quark enriched data samples sre achieved by global event shape-s, the presence 

of a high PJ. lepton, or a combination of the two methods. These tagging meth- 

ods differ considerably between charm and bottom hadrons aud so a detailed 

discussion of them will be postponed till later. 

Storage rings have a region where the bunches of electrons and positrons in- 

teract which is, of necessity, outside the Bducial volume of the detectors. Because 

of the dipole magnets and the desire for .high luminosity, this region resembles 

an ellipse]l7] in cross section whose shape is described by Gaussian density func- 

tions along the major and minor axis. These Gaussiaus represent the densities of 

the initial electrons and positrons as well as the production points of the initial 

quarks. The dimensions of the beam spot ellipse are estimated from the storage 

ring’s dynamic parameters to have a Gaussian width,at PETRA for example, 

of 450 pm along the horizontal axis and about 50 pm along the vertical. The 

position of the center of the ellipse, as a function of time to account for dlffer- 

ent machine confgurations, is usually determined by each detector by using the 

average intersection point of the charged tracks accumulated ovez a run. These 

tracks may also be used to check the predictions made using machine parameters 

for the beam spot widths. In practice the uncertainty in the determination of 

the center of the beam spot gets folded into the measured width with the result 

that the beam spot is assumed to be on the order of 150 pm by 530 pm. 

IMPACT PARAMETER METHOD The impact parameter, 6, is de5ned as the 

distance of closest approach to the beam spot center ( see Figure 3 ). Usually 

only the component of this distance in the plane perpendicular to the beam axis 
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path of B 

Figure 3. The impact distances for the B meson secondaries, i and j, are 
shown. ‘f&k j, which has a larger opening angle then track i, has a larger 
impact parameter. The B was produced at point p, but the impact parameters 
are calculated with respect to the beam spot center. The 6’s are de&red to be 
positive if they correspond to decays down stream of production, IN depicted 
here. 

is used. This produces results with smaller uncertainties then would be the case 

if the three-dimensional distance was used because most detectors do an order 

of magnitude better in estimating the x and y positions of tracks then in the I 

dimension. The center of the beam spot is assumed to be the production point 

for the heavy mesons when the impact parameter method is used to estimate the 

flight path. The parameter 6 is assigned a positive ( negative ) value if the track 

intersects the projected flight path of the heavy flavor hadron in front of ( behind 1 

the assumed production point. A positive 6 would result from a flnite liietime if 

there were no tracking errors, perfect resolution,and a known production point. 

Figure 3 illustrates that for a given flight path length a larger impact parameter 

is measured for daughters with larger opening angles. It can also be seen that 

for a given opening angle, longer flight paths produce larger 6. Both the flight 

path length and the average opening angle for an isotropic decay’are functions 

of the velocity of the parent particle. The flight path length increases like 7 of 

the decaying particle while the average opening angle is roughly proportional to 

7-r. These competing effects provide a relationship between the proper lifetime 

and the average impact parameter that is almost completely independent of the 

decaying particles momentum and is expressed by 

r=ro 
c ’ 

where f is a constant of proportionality and includes the effects of only using 

the component of 6 in the plane perpendicular to the beam W&J as well as the 

detector’s acceptance for individual tracks. The error on the measured lifetime 

associated with this method will be discussed in the section comparing the two 

methods of estimating lifetimes. 
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VERTEX REOONSTRU~TION The second method of estimating the flight 

path length is to reconstruct the actual point where the hadron decayed. Once 

the track corresponding to the daughter particles have been identified, their 

track parameters are varied so that they all intersect at a point. This point 

is chosen so that the increase iu x’ for the system of tracks, after this new 

requirement has been satisfied, is a miniium. The intersection requirement 

may be made in either two or three spatial dimensions. The threedimeusioual 

5t requires that the tracks intersect at a space point, thereby utilicing all the 

tracking information available. A two-dimensional vertex 5t only requires that 

the projections of the tracks into the plane perpendicular to the beam axis 

intersect at the same point. The number of additional constraints to the 5t this 

intersection requirement produces depends on which type of vertex Bt, either 

twoor three-dimensional, is used and on the number of tracks involved, Nf,k. 

A three-dimensional vertex 5t introduces[l8] (tNl,h - 3) uew constraints while 

a two-dimensional it only introdnces (Nt,a - 2). It is common to use only 

the zv projection of the reconstructed coordinates even if a three-dimensional 

vertex 5t has been implemented. TASS0 has found, in their-r lifetime study, 

that the three-dimensional vertex 5t improves the accuracy of reconstructing 

the +g coordinates of the decay point by 15 %  over that found by u&g the two- 

dimensional 5t. TASS0 further improves the vertex position reconstruction for 

Do decqys by using a mass constraint to improve the determination of all the 

track parameters, including the spatial coordmates.(l9] 

The reconstructed decay point and the direction of 5ight for the heavy 

Bavor hadron may be used, by projecting back to the beam spot, to determine 

a better estimate for the production point. The 5ight path direction is known 

from reconstructing the charmed meson or approximated by the sphericity axis 

in the case of b quark production.This is illustrated in Figure 4. The beam spot 

is represented by an ellipse corresponding to the one sigma level of the Gaussian 

distribution functions. The uncertainty in the position of the reconstructed 

vertex position is shown by the error ellipse centered on the found vertex. The 

most probable decay length is then given by 

1 = WJyyf. + w,d, - b.y (%,f, + udr) 
~:% - 2a,,fdy + M; (5) 

The beam spot ellipse and the vertex error ellipse have been added together, 

element by element, to give a combined ~ncertai~~ matrix, oij. The coordinates 

of the reconstructed vertex, with respect to the beam spot center, are E. and 3v 

and the direction of the decaying particle is determined by its direction cosines, 

1. and I,. 

The three-diiensiond path length is determined by using the polar’ angle 

OL the decaying particle. The proper decay length of each reconstructed vertex is 

then calculated by nsiug either the found momentum ( in the case of the charmed 

mesons ) or an assumed momentum as in the c.h~ of the bottom hadrons. The 

average lifetime is then calculated using a maximum liielihood method. The 

likelihood function that is typically used for charmed mesons is giveu by’ 

log L = 5 bg((l - Sk - pB)cf(rD) + pbkcf + hfB(rD; rB)} , 
f 

where the sum runs over the N events used. The decay distribution for charmed 

mesons, Cc, is an exponential folded with a Gaussian resolution function. The 

width of the Gaussian is given by the error associated with the measured distance 

?3ec reference [%O] for. complete dklmlon of the IlttlBg proccdrpc gms* wed. 
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~ + 3 decay, length 

Beam Spot 

Figure 4. The Do decay is detected by tracks in the central drift chamber 
( illustrated in the upper left corner ). The actual decay occurs within the beam 
pipe boundary. The extrapolation of the tracks to the reconstructed vertex 
is represented in the lower right corner. Estimation of the decay length, 1, is 
discussed in the text. 
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on an event by event basis. The contribution to the measured distribution arising 

from combinations of tracks falsely identified as charm decays is a Gaussian, 

Ci, whose width is again given by the error associated with each event. The 

probability, Pbk, of such a fake combination is calculated from the background 

to the signal. Finally for charm decWs, there is the possibility that a real charm 

meson is the decay product of a bottom hadron’s decay. This has a probability, 

PB, determined by Monte Carlo studies of bottom decays and is represented by 

a distribution, Be, that also depends on the assumed b quark lifetime, se. This 

contribution to charmed meson decays is mimimised by looking only at high 

momentum D mesons. 

COMPARISON OF THE Two METHODS The two methods described above 

have complementary strengths and weaknesses. For instance the impact param- 

eter method is essentially independent of the decaying particle’s momentum, 

an important property for b quark lifetime measurements in particular. Vertex 

reconstruction, on the other hand, allows errors due to bad track-5nding to be 

eliminated in a way that does not bias the lifetime measurement. Bad drift 

chamber digitisations can be rejected by inspecting the x2 of individual track 

flts,[l8] with further rejection of events by cutting on the x2 of the vertex ( or 

kinematic ) fit.1191 We examine here the relative precision of the two methods. 

The impact parameter, 6, can be used directly rur a track parameter in the 

track 5tting algorithm. Also, the error associated with 6 may be determined 

experimentally. The separation at the origin of tracks found for Bhabha and 

muon pair production is t/z timee as big as the error associated with 6.[18] This 

ignores the effects of increased multiple scattering and track errors common 

to tracks in hadronic events where the average momentum is less and track 
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confusion greater. TASSO, for example, haa an error for 6, of QO pm when a 

track is 5tted in their high precision vertex chamber. This naively corresponds 

to an uncertainty in the position of the decay, along the 5ight path, given by 

(4 = -$$ . 
where 8 is the opening angle of the decaying particle projected into the zy plane 

and QL refers to the longitudinal error ou the decay position, also projected into 

that plane. Thus for TWSO’S (06) = QO pm and a median opening angle for the 

Do 4 K-n+ decay of 13O this implies (ut) 2 795 Mm. This would be the error 

expected from a sero constraint It. TASS0 5nds a slight improvement in this two 

prong decay by making a threedimensional vertex 5t ( and thereby making a 

lc fit ) and a further gain in precision by imposing the kinematic constraint of 

the Do mass to the system of track parameters. Their 5nal average longitudinal 

error for the Do 4 K-r+ decay is (as) = 620 pm.[lQ] 

This improvement in the precision of the vertex position achieved by adding 

the additional constraints does not uecessarily compensate for the decrease in 

statistics associated with halving the number of independent measurements. The 

impact parameter method would contribute two iudepeudeut estimates of the 

lifetime for each vertex found in the example above. There are also a signi5cant 

number of cases where a vertex can not be found because one of the tracks is 

poorly reconstructed. The impact parameter method would still be able to uti- 

lize the information remaining from the other tracks. In the example discussed 

abwe, the vertex 5t would have to have a precision better then 350 pm just 

to compensate for the increased statistics naively expected from the impact pa- 

rameter method. Not ail tracks in an impact parameter distribution contribute 

the amount of information about the decaying particle’s lifetime. Those tracks 

‘Y 

which make small angles to the decaying particles direction of flight contribute 

less information then the wide angle tracks. 

However, this is not the complete story! As mentioned abwe,the vertex 

reconstruction method allows a better determination of the production point to 

be made. For large or highly eccentric beam spots, such as exist at PETRA 

and PEP , this is an important consideration. 

THE r LIFETIME: A CALIBRATION Precision measurements of the lifetime 

of the r lepton have been made by a number of the detectors at PETRA 

and PEP . The unambiguous decay topology of the r pairs prodaced at these 

energies, three charged particles with low m(y19 in one hemisphere opposite a 

single charged particle,” and the presumed simplicity in calculating the lepton’s 

lifetime make this a good measurement to use to compare the precision of the 

two different methods. The MAC detector at PEP has used both methods[21] 

on the data from their new vertex chamber to measure the lifetime of the r. 

Figures 5(a) and 5(b) show their distributions for the flight path and the impact 

parameter respectively. Both distributions show a positive asymmetry and give 

consistent results for the lifetime, (2.76f0.2Qf0.M) ~10~‘~ rec. from the vertex 

reconstruction method and (2.67 f 0.24 f 0.22) x lo-‘s sec. from the impact 

parameter distribution. Figure 6 shows the distributions of all the high precision 

measurements, made by TASS0,[22] MARK I&(23] HRS,[24] and CLE0[25] as 

well as the new MAC impact parameter measurement, combined with their pre- 

vertex chamber number.131 

It is worth while to note that while the detectors have considerably diFerent 

‘%tha decq topolqier, ~ch aa the three vers” three have sbo been wed in Ufctime mea- 
mremcllt~. When two distbxt decay vertka UC obesrcd, the dluta~~cc between them baa a 
mdmum at a E&e value. Since thh method baa yet to be applied to the msuunmet of 
heavy quark lifetimea, this n&mmcd will not be di-cd ban. 
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Figure 5 a. MAC'S T decay length 
distribution, using the vertex chamber 
information. 
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Figure 5 b. MAC's impact parameter 
distribution for T'S using their vertex 
chamber information. 
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Flgure 6. The world’s t lepton lifetime measurements. The world average, 
8.0 f 0.6 x  lo-” ret, is indicated by the dashed vertical line. Only statistical 
errors are shown. The two diflerent methods used by the MAO detector ( see 
text ) are presented separately. I have combined their pm-vertex chamber data 
( made using the impact parameter method ) with their latest result from the 
new vertex chamber data using that method. The MAO value from vertex m  
construction, based on the same events, has not been included in the calculation 
of the average. 



resolutions, acceptances and methods of estimating the r lifetime, the distrlbn- 

tion of the measarements is consistent with statistical fluctuations expected from 

the statistical errors given by each detector. The current world average may be 

calculated by a simple weighting technique to be 2.876 f 0.07. 

The standard model predicts a lifetime of 

Br, 192s’ r, = G%rnf = (2.82 f 0.18) x 10-I’ ret , 

where Br, is the I -) e&v, branching fraction, GF is the Fermi coupling 

constant and m, is the mass of the r. The error on this predicted vabie comes 

mainly from the uncertainty in the branching fraction. This predicted value is 

in very good agreement with the experimental value. 

THE 00 AND D* LIFETIMES 

Charmed mesons are copiously produced at both PETRA and PEP where 

almost half the hadronic events have two primary charmed quarks. Recon- 

structing individual decays, however, has been hampered by the relatively small 

branching fractions of the few-body decay channels. The lifetime measurements 

of the Do have been made by looking at the detays” 

Do *K-r+ ( Br = 4.9 zk 0.9 56 ) , 

K-n+r” (Br=20.4*4.1%) , and 

K-r+~-r+ ( Br = 11.8 f 2.3 % ) . 

The higher branching ratios of the three- and four-body decays, are however 

offset by the reduced efllciencies and increased combinatorial backgronnds as- 

sociated with them, especially those encountered in reconstructing the so. The 

“The bran- fmdionr whom haa arc the latest MARK III(2Sl d. Charce coahgate 
states are tacitly ummed through oat thb papa. 

backgrounds to these decays are reduced considerably by looking at those Do’s 

produced in the decay D’+ + Do& and requiring the mass difference between 

these two reconstructed states to be consistent with the transition energy. This 

method works because the mass difference between the D’+ and the 00 is 

148.4 MeV, just greater then the mass of the transition pion. The background is 

suppressed considerably by the small amount of phase space available. A simll 

method of tagging D+‘s has been used by MARK II[tl] by using the decay chain 

D’+ -+ D+r”, D+ -) K-w+& where they reconstruct the so. The reduction 

in the background is especially important in liietime measurements where the 

detector resolution is of the same order as the expected night pmth lengrh. 

MARK II(lX] As mentioned before, MARK II is the only experiment at 

either PEP or PETRA to have measured the lifetimes of both the Do and 

the D* mesons. They have a data sample of 74 Do -* K-r+ decays ( 39 

events in the Do + K-z+ channel and 36 events from Do -) K’r+r” ), 

with an estimated background of 4.8 events, using their high precision verta 

chamber.[27] They obtain a lifetime for the Do of 

A sample of 23 ( with an estimated background of 6.7 f 3.6 ) charged D 

mesons was used to determine the Df lifetime. The decay D+ -+ K-r+*+ 

was tagged by reconstructing the so in the transition D’+ + D+r”. This 

not only enhances the observed signal, but also reduces the contamination from 

Ff’s being reflected into the the D* muts region.” This @ eontamlnation has 

been a serious problem because of the potentially large branching fraction for 

“The F** can not decw into au F* *ia. zD soilsdon becawe e are both isospta sch. 
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the Ff -+ K-K+r* ( non-resonant ) decay as found by the TPC.]23] The 

MARK II’s result for the Df lifetime is 

rDt = 8.42::: f 0.6 X 10eJs sex. 

They have limited the contribution due to feed-down from B decays to 

between 3 %  and 5 o/o by requiring ID = ED/E~.~ 2  0.6. The MARK II’s 

lifetime distributions for the Do and the D* are shown in Figures 7(a) and 7(b). 

HBS]24] The HBS Collaboration has used their four layer “straw” trigger 

chamber]tQ] to measure the Do lifetime. They have a total of 31 events in 

their lifetime sample, from the decay chain D’* + Do&, Do * K-r* with 

zD 10.4. Using this sample they messure a preliminary lifetime for the Do of 

TDO = 4.5 f 1.4 f 0.5 x lo-” rec. 

While the rD cut they employ is substantially smaller then the typical value 

other experiments require, they still believe that the feeddown from the B is 

small. The extremely good mass resolution available to the HRS has allowed them 

to obtain a sample of Do’s for 2~  between 0.2 and 0.4. This sample of low zo 

D’s has the potential of allowing them to check the B feed-down experimentally 

as opposed to the Monte Carlo studies other experiments must use. 

DELCO[30] The DELCO Collaboration has used the impact parameter 

method to measure the Do lifetime. Events are selected by requiring the stan- 

dard mass difference cut and by also requiring particle identigcation” on either 

the K- or the t+ in the decay Do + K-r+. A series of track quality cuts 

“Partldc idmtlficrtion is done by threshold wing Cherenkov detecton just outside the drift 
chamba myrtem. 

15.0 

12.0 

9.0 

6.0 

3.0 

0.0 
-20.0 0.0 20.0 40.0 

x lo-- sec. 

Figure i’(a). Mark II’s Do lifetime distribution. 

6.0 

4.0 

2.0 

0.0 
-20.0 0.0 20.0 40.0 

x lo-l3 sec. 

Figure i’(b). Mark II’s D” lifetime distribution. 
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is then imposed which leaves the Bnal sample of 269 tracks. One of the track 

quality cuts was on the ratio of the track’s impact parameter to the implied Do 

decay distance. By requiring this ratio to be large,the statistical significance of 

accepted tracks is increased. Tkeir measured Do lifetime is 

fD0 = 4.6 f 1.53:: x 10-l’ rec. 

TASSO The TASSO Collaboration has measured the lifetime of the Do 

meson by using a modified vertex reconstruction method. First the eight Do’s 

( six in the K-r+ channel and two in the K-x+p” decay mode ) reeonstrncted 

with their vertex chamber(S1) are required to have good three dimensional vertex 

fits. Then the Do mass constraint is imposed, thereby improving the precision 

of the vertex position determination. The background is estimated to be one 

event for the combined sample. The contribution from feed-down from the B 

was estimated to be less then 5 % because a ZD 2 0.6 cut. The current TASSO 

measurement of the Do lifetime is 

CONCLUSIONS FOR D MESONS I * I I , . , 

The lifetime for both the Do and the D* mesons have been measured 

by detectors at c+c- machines and by Uxed target experiments. The world’s 

measurements” for these lifetimes, at the time of this conference, are shown in 

Figures 3 and 9. The distribution of the Do results is consistent with statistical 

ffuctuations ( the calculation of the average has a reduced xs of 1.1 for 10 degrees 

“Sco rofermca [62] to ]86] and rdurncc [I] fin the dto for Do md D* lifethcr born 
6xed target crpclimcutm. 

DELCO 

TASS0 
HRS 
Mark II 
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m/3/5 
NAIE 

NA27 
NAl6 
IA58 
E531 

‘I 
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--t, s, 
I 

I 4 

I I 4 

+-I- -1 
+-I 

0.0 2.0 4.0 6.0 6.0 

x 1 O-” sec. 

Flgura 8. The world’s Do lifetime measurements. The world average, 397 f 
0.3 x lo-r3 set, is indicated by the dashed vertical line. Only statistical errors 
are shown. 
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Figure 9. The world’s D* lifetime measurements. The world average, 
8.6 f 0.7 x lo-‘s WC, is indicated by the dashed vertical line. Only statlsti- 
cal errors are shown. 

of freedom ) in accordance with the individual experiments’ reported statistical 

errors. This enables the world average to be calculated using a scheme based on 

the statistical errors alone. Thls gives the current world average of 

(IDO) = 3.97 f 03 x lo-- ,ec. 

The average for the charged distribution has a reduced x2 of 0.96 (for 

eight degrees of freedom ). The world average for the charged D lifetime is 

(rDf) = 8.64~ 0.7 x lo-‘s ret , 

where the individual measurements have been weighted by their statistical errors 

only. The world value for the ratio of thee two lifetimes is 

bD0) - = 2.16fO.S. 
bD*) 

It is expected that the widths for the semi-leptonic decays of the Do and the 

D*, which must proceed through the spectator diagrams, should be the same. 

Hence the ratio of these branching fractions should be inversely proportional 

to the total widths. The ratio of the lifetimes may be directly compared with 

the Mark III value for the ratio of the semi-leptonic branching fractions. This 

branching fraction ratio is[37) 

Br(D+ + e+X) 
Br(DO -+ e+X) = 2.3:;:: f0.1. 

Them is good agreement between these two different methods of measuring the 

relative total widths of the D* and Do mesons. Both methods show that the 

D* total width is substantialy smaller then that of the Do. 
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The information from exclusive decays is still ambiguous as to whether the 

charged D decays are inhibited or rather that the Do decays are enhanced. 

The strongest evidence for the color cluster interference model[88) ( inhibiting 

the D* decays ) are the relative rates of Cabibbo suppressed decays of the 

Df. MARK III[26) has measured the two-body Cabibbo suppressed decays 

to be anomalously large with respect to similar Cabibbo favored modes. The 

three-body Cabibbo suppressed modes, however, do not show the enhancement 

expected from this model. 

The W exchange hypothesis has received considerable support from exclu- 

sive decay information and the recent measurement of the F* lifetime. Both 

ARGUS[39] and CLEO[40] have reported measuring large branching fractions 

(0.99&0.32*0.17 % and 1.5f0.6f0.6 respectively ) for the decay Do -+ qbK”. 

This decay can only go through the W exchange diagram since there are no u 

quarks in the flnal state. 

The Rxed target experiments, NAll(41) and E531,[36] have measured a 

lifetime for the F* close to that of the Do. The average of their measurements 

is 

rF = 2.9+::: x lo-” bet. 

This indicates that the annihilation diagram is important in determining the 

total width of the F*. It would be expected that any mechanism removing the 

helicity suppression of the F* annihilation decays would also be applicable to 

the Do meson. 

In conclusion, it appears that W exchange is an important process in charm 

decays, implying a substantial gluon content to these mesons. It will require 

further study, both experimental and theoretical, to determine how the color 

cluster model is effected by this extra constituent 

THE LIFETIME OF BOTTOM HADRONS 

The measurement of the average lifetime of hadrons containing b quarks 

presents a set of dif2culties different from those encountered in r and D life 

time studies. Only about 9 % of all hadronic events produced at PETRA and 

PEP have a primary b6 quark pair. The methods used to select these events 

for lifetime measurements have relied on the high transverse momentum, with 

respect to the thrust or sphericity axis, of secondary particles associated with 

the decay of the massive b quark hadrous. The radiation of a hard gluou, how- 

ever, also produces hadronic events with large transverse momentum. To reduce 

this background, MAC, MARK II, DELCO, and JADE have used identified 

leptons with large PL to tag the a6 candidate events. The TASSO event selection 

scheme just imposed event shape requirements. The individual detectors’ selec- 

tion procedures differ considerably, even among those experiments using the 

lepton tagging method. Since these procedures are tailored to take advantage 

of the different experiments’ strengths, they will be discussed individually. 

MARK 11[42] The MARK II Collaboration tags ti events by requiring 

either an electron or a muon with total momentum greater then 2 GeV/c and a 

component, PA, transverse to the jet axis greater then 1 GeV/c. The resulting 

sample of 270 leptons has an estimated b6 purity of 64 %. The rest of the sample 

consists of leptons from charm decays ( 16 % ) and hadrons ( 20 % ) from light 

quark production misidentified as leptons. They have measured the lifetime of 

this sample by two di5erent methods. Their original method[lS) of measuring 

the lepton’s impact parameter has been updated to include the full statistics 
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available and yields a value of 

~(impocf) = 8.5 f 1.7 f 21. X 10-l’ 8~. 

The second method involves forming a vertex for esch jet of all “good qual- 

ity” tracks with P > 600 MeV/c, once knuwn A’s and K”‘s have been removed. 

If a vertex consists of three or more such tracks it is used in determining the 

Lifetime. The improved resolution of forming a vertex, as diicussed above, is 

achieved but at a potential cost in systematic errors. For instance, the mo- 

mentum of the hadron containing the b quark is not reconstructed and must 

inetead be folded in via the Monte Carlo simulation. The preliminary value for 

the bottom lifetime derived from this method is 

a( verfez) = 12.5+::: f 5.0 x lo-‘s oec. 

This second measurement, while based on the same ti sample as the impact 

parameter measurement, is nearly statistically independent because of the large 

numbers of additional tracks used.n It has been treated as such in the calculation 

of the world average presented below. 

DEL@441 The gas Cherenkov counters used by the DELCXI Collaboration 

to identify electrons have provided them with a very pure sample of a6 candidate 

events ( 77 % W and only 6 % from primary iight quark production ). As a 

consequence they have been able to use much lower transverse momentum cuts 

for their electrons, the S6 sample required” PA > 1.0 GeV/c and 1.0 < P 

“It wu not required that the lepton be used in. r&x. 
“Th uppo limit for the oloctrcms’ momentum corraponcb to the pion threrhold in their 
Cbemtkw counta. Moot of tholr data vu t&m with imbutane which hu . pion threshold 
of 2.5 GeV/c while a lmalkr urnpIe UIC nitrogen and ha, . pion tluwhold of 6.5 OeV/c. 

c 2.6 (6.5) GeV/c. This low P cut increased the opening angled of accepted 

electrons, thereby producing a very substantial increase in the expected average 

impact parameter from b decays. They obtain an average lifetime for bottom 

hadrons of 

fi = 11.63:: f 2.3 x lo-l8 ret 

by using the lepton impact parameter method. 

MAC[S] The MAC detector has a large solid angle coverage for both 

electrons and muons. After a lepton is identified in either their calorimeter ( for 

electrons ) or their muon chambers, they require P > 2. GeV/c and PA > 

1.5 GeV/c. This results in a sample of SOS events, estimated to have a a6 purity 

of 63 % and a background from light quark production of 29 %. Their impact 

parameter distribution for these leptona gives 

n = 8.1 f 2.8 f 1.7 x lo-‘s rec. 

This analysis is done without information from their new “straw” vertex cham- 

ber. It is expected that data will be analyzed in the near future. 

JADE” The JADE Collaboration uses a combination of tagged leptons and 

event shape criteria to produced a sample of 99 events, 75 with muon tagn and 

24 with electrons, with a6 purities of 71 % and 88 % respectively. By looking at 

the lepton impact parameter they calculate a lifetime from the combined sample 

of 

n = 18.3: f 4. x IO-Is rec. 

‘7Prescpted by P. StetTen at the 22”’ Iatematiorul Conference on High En- Physica, L+ig 
(1984). see the review talk by 0. woyuq. 
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T~sso[lB] The TASS0 Collaboration obtains a sample of hadronic 

events that have had their 56 content enriched by an event shape selection. The 

procedure has been motivated by Monte Carlo studies of hadronic events to 

optimiie both the 56 purity as well as efeciencies of the selection. Each hadronic 

event fs divided into two hemispheres separated by the plane normal to the 

sphericity axis. Those tracks in a hemisphere within a Cone of opening angle of 

41“ with respect to the sphericity axis are boosted a predetermined amount,‘* 

in the direction of flight of the bottom hadron. In these two new frames the 

sphericity of each jet is calculated individually and then multiplled together. If 

this sphericity product, 8, x 81, is greater then 0.1 then the event ia use for 

determining the lifetime of bottom hadrons. A control sample of 56 depleted 

events is also obtained by requiring 01 x as < 0.04. The resulting 56 purity 

for the enriched ( depleted ) sample is 32 % ( 6 % ) with CE: 35 % ( 37 % ) 

and light quark production of 33 % ( 57 % ). The impact parameter from each 

good quality track with a momentum greater then 1.0 GeV is used to determine 

the average bottom lifetime. This method has several advantages. By using 

all tracks the statistical power of this method is signi3cantly increased over a 

method based on a single lepton per event. Also, the weighting of lifetimes for 

different bottom hadron species is, a priori, dflerent for this method of event 

selection compared to the lepton tagging method. The current TASS0 lifetime 

measurement is 

particular, the uncertainty in the 56 purity contributes most of the systematic 

error. 
CONCLUSIONS FOR THE AVERAGE BOTTOM 

HADRON LIFETIME 

The lifetime of bottom hadrons has been measured by Eve out of the nine 

detectors at PETRA and PEP . Most of these measurements have used the 

impact parameter method of measuring the lifetime though there is an fntenst- 

ing use of reconstructed vertices by MARK II. Both of these methods have been 

Been to give reliable results for the lifetimes of the other weakly decaying heavy 

particles, the r lepton and the D mesons, as reviewed above. 

The distribution of the world’s bottom hadron lifetime measurements is 

shown in Figure 10. Just considering statistical errors alone, this distribution 

is only marginally consistent with statistical ffuctuations.‘P Therefore the world 

average presented here is based on weights determined by adding the statistical 

and systematic errors in quadrature. The value thus obtained is 

(Q) = 11.0 f 1.5 x lo-Is see. 

This average has a reduced xs of 0.96 for in degrees of freedom. It should be 

noted that the averages from these two weighting schemes are essentially the 

Using the value for the average bottom hadron lifetime presented above and 

fi = 15.7 f 3.2 2::: x lo-‘s #cc. Eqs. 3 and 4, the b quark mixing elements are caleulated’Oto be 

The price of this method is an increased dependency on the Monte Carlo. In 
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“The world bottom hadron lifetime, averaged wdghthg only by &&htical arore ir 11.4 f 
1.0 x 10”” WC. Tbis baa a reduced x’ of 2.2 for five degreea of hedom. 

“‘It is beyond the scope of this review to attempt a rew constrained fit to 5d tbc bet eetlmatcr 
of the entire lnixhg m&ix. 
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Figure 10. The world’s measurements of the lifetime of bottom hadrons. The 
world average, 11.0 f 1.5 x lo-Is set, is indicated by the dashed vertical line. 
Both statistical and statistical plus systematic(added iu quadrature) are shown. 
The MARK II b lifetime found using the impact method is indicated by (A), 
while that found by reconstructing the vertex is marked (B). 

and 

IV,l so.006 ( 90% CL.). 

The spectator model for bottom hadrons has been tacitly assumed hers in 

cdculating these mixing elements because of the necessity to equate the lifetime 

of hadrons containing b quarks with the lifetime for b quarks themselves. Thb 

has certainly proved itself not to be the case with charm mesons, where the 

other hadronic constituents present have actively participated in determining 

the whole hadrons lifetime. While it is generally assumed that the large mass of 

the b quark favors spectator decays, the contribution from non-spectator modes 

can be non-negligible.[47) 

It is still too early for lifetime meluurements to make a statistically sign& 

cant statement about possible di5erences in total decay widths of charged and 

neutral B mesons. There is potentially a way to observe this difference by com- 

paring lifetime measurements based on b6 samples found by diflerent selection 

criteria. A selection technique based on lepton tagging measures an average 

of the different species lifetimes weighted according to their leptonic branching 

fractions ( and, of course, their relative production rates ). An event shape se- 

lection requirement could, in principle, determine a lifetime based on different 

ratios of bottom species. It would, however, be expected that the lepton branch- 

ing fraction weighted lifetime would be greater than that determined by a more 

democratic event shape selection. This appears not to be the case, where the 

event shape selected TASS0 result is longer then most lepton tagged meesure- 

ments. However, it is amusing to note that the MARK II vertex reconstruction 

estimate, which includes information from the %andomly” selected jet opposite 

the lepton decay, is about half WV between the average lepton tagged lifetime 
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1. Introduction 

The DO II IS II machine has been operating for physics since the end of 1982, 

with an average luminosity of over 500 nb-‘/day delivered on a routine basis for 

the last two years (single days as high as 1600 nb-’ have been achieved). The 

data sample discussed below consists of about 30 pb-’ on the lS, 65 pb-’ on 

the 2S, and 20 pb-’ on the 4s and continuum. Figure 1 shows the T system 

radiative transitions to be discussed in this report. The 17 physics discussion 

will concentrate on two photon final states. 

2. Radiative Transitions, T -+ yX 

In the summer of 1984 the Crystal Ball Collaboration first reported evidence 

for a narrow state at about 1 GeV photon energy, in radiative T(lS) decays 

corresponding to a msss of 8.3 GeV’: 

B  [T(lS) + 7c(8.3)] B  [s + hadrons ] = (0.47 -f 0.11 f 0.26)% , (1) 

where the first error is statistical and the second is systematic, depending heavily 

on the model of the decay for the proported <. Thii result was obtained from 

1OOk T decays. 

In the fall of 1984 more data was taken both at DORIS and CESR, and the 

1 GeV photon signal did not reproduce in the new Crystal Ball data* with 200k 

T decays collected, nor was the state seen by any of the other detectors: ARGUS, 

CLEO, and CUSB. The values obtained by CUSB3 and CLEO’ are respectively, 
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Figure 1: The radiative transitions discussed in this report are shown as dashed 
lines from the T(lS), T(2S) and the x: states. 
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There is bathing new to report from the Crystal Ball at thii time; however, 

there are new preliminary results to report from the ARGUS detector. 

The basic technique used by all experiments was a search for narrow peaks in 

the inclusive photon spectrum from the T(lS). The detector’s photon energy res- 

olution and photon efficiency limits searches of this type along with the statistics 

of the experiment: 

90% C.L. Limits cz 1.36N/ [c x #T(lS) decays ] , (3) 

where 6N is obtained by fitting the inclusive photon spectrum (after cuts have 

been made) to a “signal” plus polynomial background. A useful approximate 

relation yielding 6N is given by, 

6Nzfi(l+ (G aussian Resolution)/(Bin Width)) , (4) 

where N is the number of counts per bin averaged over the region being fit. The 

e in Eq. (3) is the efficiency for detecting the photons after all cuts. Jn comparing 

the Crystal Ball detector (CB) vs, ARGUS: For the CB, ok - 27 MeV at 1 GeV, 

using the NaI(T1); while for ARGUS, OJJ - 1OMeV at lGeV, using converted 

photons. However, CCB - 0.2 (cut and model dependent), while for ARGUS, 

CARGUS - 0.02 (7 conversion to e+e- in thin radiator). Using Eq. (3), we 

see that the CB and ARGUS should be roughly comparable in sensitivity for 

observing a narrow state at about 1 GeV photon energy give the same number 

of upsilon decays. 

3. ARGUS Preliminary Results on the Search 

for Narrow Resonances in T(lS) + 7 X 

Using about 200k f(lS) decays, the ARGUS Collaboration has studied the 

inclusive photon spectrum to obtain limits on the branching ratio to narrow 

states5 in two separate measurements. 

The first measurement used converted photons produced in the beam pipe, 

a thin converter (a few percent of an r.l.), or the inner wall of the drift chamber. 

The cuts applied were as follows: 

l Two tracks of opposite sign produced at a common vertex in the beam 

pipe, converter, or the inner wall of the drift chamber are required. 

l A low x* for the fit is required. 

l The angle between the pair of tracks must be less than 18”. and pl of the 

charged tracks with respect to the reconstructed direction of the converted 

photon is less than 0.02 GeV/c. 

l The pair mass, me+,- 5 0.05 GeV/cr is required. 

. The e+e- are identified using DE/DX and/or TOF. 

l A so subtraction is made using E eoneeraios - E.~o.wr, where E,j,ou.r is ob- 

tained from the ARGUS Pb-scintillato shower counters. 

The resulting efficiency is shown in Fig. 2( a as the dotted lines. The photon ) 

energy resolution obtained is 10 MeV at 1 GeV. 
I 

To check the quality of the reconstruction procedure, the invariant mass spec- 

trum of two converted photons was studied by the ARGUS group. Figure 2(b) 

shows the result of this study. A clear so-signal is observed with a fitted mass 

for the xe of 134.8 f 0.6 Mev/c*, in excellent agreement with the table value. 
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Figure 2: a) The efficiency for detecting conversion photons, in the ARGUS 
detector, with a so mass cut (dotted lines) and without a so mass cut ( solid 
lines). Curves are shown for the 1983 and 1984 1s data; the 1984 efficiency 
is somewhat higher since a thicker radiator was used in that run. b) The so 
msss peak obtained from using multiple converted 7’s per event in the ARGUS 
detector. 

The resulting inclusive photon spectrum from converted photons is shown in 

Fig. 3(a), and the derived upper limits in Fig. 3(b).6 The results shown in this 

report are preliminary. No significant signal, is seen, and the upper limit obtained 

at the < mass for the radiative branching ratio is 0.25% (QQ% C.L.). 

In the second measurement, the ARGUS Collaboration has also used the Pb- 

scintillator shower counters to meaSure the inchrsive photon spectrum from T(1S) 

decays. Only photons detected in the “barrel” shower counters (Ices BI 5 0.7) 

were used because the background from radiative Bhabha scattering is negligible 

in this region. This requirement has the further advantage of improving the 

energy resolution, which is better for the barrel region than for the endcap shower 

counters (0.7 5 1 cos 61 5 0.94). The resolution for the barrel counters is, 

T = dm-il%atlGeV . (5) 

Energy clusters resulting from the overlap of charged and neutral particles in 

neighboring shower counters are identified by the analysis program and removed 

from further consideration. The main background to the prompt inclusive pho- 

ton spectrum results from photons from so decay. in the ARGUS analysis thii 

backgound is suppressed by two cuts, which tur; out to be most effective in dif- 

ferent energy regions. To reject energy clusters formed by overlapping photons 

from so decay, transverse cluster shape cuts aretused. This cut is most effective 

in the high energy part of the photon spectrum (E, > 0.9 GeV). To suppress 

the contribution from low energy so decays, all photons pairs which form a 77 

msss near the so mass are removed. Thii cut reduces the background mainly in 

the low energy part of the photon spectrum (E, 5 1GeV). Figure 4(a) shows 
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Figure 3: Inclusive photon spectrum from the T(lS) for the ARGUS experi- 
ment. Part (a) shows the spectrum observed with the converted photons for the 
1984 data and with a rr” mass cut. Part (b) shows the upper limits obtained 
from the converted photon data, but by using both 1983 and 1984 data. 

the measured photon spectrum after application of the cuts. No significant nar- 

row peak is observed. Figure 4(b) shows the preliminary upper limits obtained 

by the ARGUS Collaboration from the spectrum of Fig. 4(a). At the c mass 

a preliminary limit of 0.17% (99% C.L.) : is obtained on the radiative branching 

ratio. 

J.n summary, all experiments with results on the inclusive photon spectrum 

of the T(lS) (ARGUS, CLEO, Crystal Ball, CUSB) have now presented at least 

preliminary upper limits, and none reproduce the 1984 Crystal Ball evidence for 

a narrow line at about 1 GeV. 

4. Radiative Decays from the T(2S) 

The resulta discussed in thii report were obtained by the ARGUS: CLEO,’ 

Crystal BalL8 and CUSBQ experiments. These detectors can be classified as 

magnetic (ARGUS, CLEO), and NaI(T1) (Crystal Ball, CUSB). Both magnetic 

detectors are of the general purpose type employing a magnetic field of about 

lTesla, good charged particle tracking and momentum resolution using drift 

chambers, and fair resolution for electromagnetically showering particles using 

shower calorimeters (see Table 1). A dramatic improvement of the photon en- 

ergy resolution, at a severe cost in efficiency, can be made by using e+c- pairs 

from converted photons. The conversion may take place either in the beam pipe 

plus the inner wall of the drift chamber, or $I a separate converter placed close 

to the beam pipe. 
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Figure 4: Inclusive photon spectrum from the T(lS) for the ARGUS exper- 
iment. Part (a) shows the spectrum observed with the barrel shower counters 
after a shower shape and a so mass cut. Part (b) shows the upper limits obtained 
from the barrel shower counter data in part (a). 

TABLE 1. Detector parameters relevant to inclusive and exclusive photon 
measurements for ,vb-state radiation transitions. The or refers to the momentum 
resolution for charged tracks obtained using drift chambers only. The cr. is the 
energy resolution for electromagnetically showering particles in the shower coun- 
ters. For the detector-specific approaches to inclusive analyses (see text), typical 
resolution (o-,1) and efficiency (L,) values at ‘100 MeV are shown. 

Magnetic Field 

ARGUS CLEO CRYSTAL BALL CUSB 

0.8T l.OT 

dp(GeVlc)(%) 1 -1.2xp I-1.2xpl - I - 
uE/E(GeV)(%) 1 (7* + 82/E)‘/z 1 17/E1j2 1 2.7/E’/’ 1 4/E’/’ 

u,q at 100 MeV 1.1 MeV 

6, at 100 MeV 0.2% 

2.5 MeV 4.8 MeV 7.1 MeV 

2% 15% 13% 

The NaI(TI) detectors are optimized for the detection of low energy photons. 

However, with presently operating detectors, the best photon resolution is ob- 

tained by the magnetic detectors, via photon conversion, in the low energy range 

of the x*-state transitions. 

Figure 5 shows the energy dependence of the photon energy resolution (part (a)), 

and efficiency (part (b)) in a muitihadronic fina 
\ 

state environment. The supe- 

rior energy resolution of the magnetic detectors over this energy range is ap- 

parent. This is to be contrasted with the very low and rapidly varying photon 

detection efficiency for the magnetic detectors. \The NaI(T1) detectors have a 

relatively large efficiency which only has a weak-dependence on the photon en- 

ergy. Therefore, one might expect complementary results from these two classes 

of detectors: more accurate branching ratios, and cascade measurements from 

the NaI(T1) detectors, and better measurement of the x&-state masses from the 
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Figure 5: Approximate photon energy resolution functions, part (a), and ef- 
ficiencies, part (b), for photon energies in the range of the x*-state transition 
energies for the four detectors discussed in the text. The non-magnetic CUSB 
and Crystal Ball detectors use NaI(TI) t o measure the photons, while the mag- 
netic detectors measure the e+e- pairs from converted photons. 

magnetic detectors. How well each pole is real&d will depend on the separation 

of the x*-states achieved, the statistical significance of the observed lines, as well 

as other details. ! 

All four experiments have obtained results on the radiative transitions 

T(2S) + 7~:. The transitions can be studied in two ways, either by observing 

the inclusive photon spectrum, or by analyzing the fully exclusive cascade decay. 

In the latter case, the x[ state is required to decay radiatively to the T(lS), which 

in turn is required to decay into two muons or two electrons. As mentioned above, 

only the NaI(T1) detectors are able to study the exclusive cascade reaction. 

The first results on the x: states were reported by the CUSB detector,P and 

later by CLEO.’ (Note that CLEO haa reanalyzed their data and their latest 

results are presented ln thll report.) Figures 6(a) and 6(c) shows the results on 

the inclusive photon spectrum from these two detectors. Both experiments agree 

well on the position of the two lowest energies at about 108 and 128 MeV; how- 

ever, the third line is only poorly measured at best. CUSB unfolded the energy 

of the line from their spectrum at an energy of about 149 MeV. CLEO had an 

indication for a line at about 165 MeV, but with less than two standard deviation 

significance. If the “bump” in the CLEO s&&rum at about 149 MeV is forced to 

coincide in energy and branching ratio wiQh the CUSB values, consistency with 

the data is obtained within error. Thus more measurements were needed to settle 

the question of the third line. 0 

The Crystal Ball had the necessary energy resolution and by the summer of 

1984 had accumulated enough statistics to make a significant measurement of 

the third line.a Impressive results from ARGUS’ soon followed which confirmed 

the Crystal Ball results, and provide the best measurement of the energy of the 

‘ 
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Figure 6: The T(2S) inclusive photon spectra from the experiments discussed 
in the text and in the order of improving photon resolution. a) Results from 
the CUSB experiment; the background subtracted spectrum is shown below the 
full spectrum. b) Results from the Crystal Ball experiment; the background 
subtracted spectrum is shown below the full spectrum. c) Results from the 
CLEO experiment using converted photons. The bump at 149 MeV in the fit is 
forced to coincide in energy and branching ratio with the corresponding CUSB 
measurement. The fit prefers a photon energy of about 165 MeV. d) Results from 
the ARGUS experiment using converted photons. Note the very good energy 
resolution in thii energy range of about us - 1.1 MeV. 

lines. Figures 6(b) and 6(d) show these s&ctra. The two measurements from 

DORIS II confirm the original CESR measurements on the two lowest energy 

lines. The highest energy third line is tirmly established at about 162 MeV. 

Table 2 collects the results on the photon energies and branching ratios, while 

a plot of these measurements is given in Fig. 7. The energies obtained in inclusive 

and exclusive (see the next section) reactions by the NaI(T1) detectors have been 

averaged using weighted means. Statistical and systematic errors have also bean 

combined in quadrature to allow an easier comparison. The last row of Table 2 

shows the average of all measurements. The CLEO value on the thud line are 

omitted from the averages as this line was claimed ss not significant in their data. 

Although the CUSB highest energy line disagrees with the other experiments, the 

average energy and branchmg ratio change very little (within the errors) when 

the CUSB values are excluded. This is due to the relatively precise measurements 

of ARGUS, and the similarity in all branching ratios for the third line. 

Although all experiments agree on the energies of the two lowest transitions, 

the branching ratio results from the magnetic detectors appear systematically 

higher than those from the NaI(T1) detectors, though the errors are large. This 

may be due to a systematic difference in the results from the two types of detec- 

tors, for as described above, a small and rapidly varying photon efficiency is a 
1 

characteristic of the magnetic detectors ln this photon energy range relative to 

the NaI(T1) detectors. I 
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TABL 2. Photon energies and branching ratios measured by the 
four ex I eriments discussed in the text. Note that the results on the 
photon energies from the NaI(T1) detectors are an average of their 
inclusive and exclusive results. Weighted means are used to calculate 
the overall world averages. The measurements by CLEO on the high- 
est energy line are not included in the average, as their data do not 
unambiguously imply this state. 

Experiment 1 Photon Energy (MeV) Branching Ratio (%) 

110.6 f 0.9 9.8 f 3.2 

ARGUS 131.7 f 1.1 9.1 f 2.8 

162.1 f 1.5 6.4 f 2.1 

109.0 f 0.7 11.4 f 2.1 

CLEO 128.6 f 1.0 7.8 f 1.9 

(165.1 f 2.8) (3.0 f 1.8) 

108.2 f 1.6 5.8 f 1.2 

:RYSTAL BALL 131.4 f 1.5 6.5 f 1.4 

163.8 f 3.1 3.6 f 1.2 

107.7 f 1.5 6.1 f 1.4 

CUSB 128.0 f 1.3 5.9 f 1.4 

149.4 f 5.0 3.5 f 1.4 

7.0 f 0.8 

6.8 f 0.8 

4.0 f 0.8 
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Figure 7: The measurements of T(2S) + 7 x{ : E, and branching ratios 
from the four experiments are shown and diskrssed in the text. Plotted is the 
branching ratio versus the photon energy. For the NaI(T1) experiments, inclusive 
and exclusive measurements from the same experiment have been averaged using 
weighted means. Systematic errors are added in quadrature. 
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5. The ascade Reaction and the Spin of the x*-states 

Results on the cascade reaction, T(2S) + qx{ + yrT(lS) + 77 e+e- 

ad Pee-, were first obtained by the CUSB’O experiment. These results have 

been confirmed by the Crystal Ball. tr Figure 8 shows the results from both ex- 

periments. Only the two lowest lying photon transitions are seen in this reaction. 

Only upper limits are available for the third line. The value obtained from the 

Crystal Ball experiment for the cascade branching ratios are, 

BR[T(2S) --) 7 x;] x BR[x; + 7 T] = (1.6 f 0.3 f 0.3)% , 

BR[VW + +-Y xf] x BR[xf + +y T] = (2.1 f 0.3 f 0.4)% , 
(6) 

and 

BR[T(2S) --* r xl] x BR[x: + -Y T] < 0.2% (90% C.L. ) , 

where, (I, p and 7 indicate the lowest to highest energy first photon transitions. 

Combining the above numbers with the Crystal Ball inclusive photon branching 

ratios yield, 

BR(x; + qT(lS)) = (27 f 6 f 6)% , 

BR(xf + qT(lS)) = (32 f 6 f 7)% , 
(7) 

and 

BR(x: + qT(lS)) 5 6% (90% C.L. ) . 

The angular correlations of the photons emitted in the cascade decay depend 

on the spins of the xi states. Though the statistics are limited, the good separa- 

tion of the two states and the low background in the Crystal Ball results allows a 

convincing, though model dependent, determination of the spin of the x, states 

to be carried out.r2 
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Figure 8: The T(2S) exclusive cascade spectra from the a) CUSB experiment, 
and b) Crystal Ball experiment. The lower of the two photon energies b plotted 
W, number of events per 5 MeV. 
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Given t 
1 

e liited statistics, an attempt is made to extract the maximum 

information about the x) spins by analysing the full angular correlation in the 

cascade reaction. The full angular distribution is described by six independent 

angles (the directions of the two photons and the directions of the two leptons - 

back to back in the T(lS) rest frame). The angular distributions also depend on 

the xb spin (5). the relative strength of the transition multipoles, and the c+c- 

beam polarization (measured at the T(2S), by the Crystal Ball experiment using 

the angular distribution in c+c- 4 r~+p-, to be P = 75 f 5%). 

The analysis was model dependent in a few ways. First, in accordance with 

the quarkonium model, only J = 0, 1.2 for the x{ states were considered. Second, 

relying on non-relativistic approximations, the transition matrix elements were 

assumed to be electric dipole for both cascade transitions. Crystal Ball results on 

the charmonium system,ts indicate dipole dominance within large errors. The 

bottomonium system, being less relativistic than charmonium, is expected to 

have the higher multipoles suppressed by an order of magnitude” as compared 

to charmonium. 

After the transition multipoles and the beam polarization value are fixed, the 

angular distribution in the cascade transitions depends only on the x: spin. The 

theoretical formula for these distributions can be found in Ref. 14. 

In the standard bottomonium model, Jp = 2 and .Tp = 1 (for xr, $). One 

expects that the relatively rapid varying angular distribution for J = 0 as com- 

pared to J = 1, 2 will allow exclusion of J = 0 for these states. The first step of 

the Crystal Ball analysis is thus to use the logarithmic likelihood for J = 0, 

ss a test function for testing the different spin hypotheses. In Eq. (8) the fli 

denotes the measured values of all six independent angles in the ith event, N is 

the number of events in the data sample, and WJ(Gi) is the theoretical formula 

for the angular correlation function for spin J. 

To obtain the theoretical distributions, Monte Carlo (M.C.) events were gen- 

erated according to each spin hypothesis. The generated events were passed 

through a simulation of the detector, and the same cuts were then applied as to 

real events. Typically 70k M.C. events were processed for each case of a given 

test function and spin assumption, and a mean and u for the assumed Gaussian 

likelihood function were estimated. In one case ld events were generated and 

the surviving M.C. events were grouped into a large number of experiments with 

the same statistics as found in the true data sample. The likelihood functions 

obtained in these csses were Gaussian to the few o level (limited by statistics). 

Due to the limits of computer time the full detector simulation WM not used for 

the lo6 event test case. 

The experimental data sample was obtained by essentially splitting the two 

observed peaks down the middle. There is a small background of about 12% for 

the x: and 6% for the xf states coming mainly from the finite energy resolution 

of the NaI(T1). The data are evaluated for’the same test function as the M.C. 

events yielding one value per test function. Rigures Q(a) and 9(b) show the result 

for the test function for spin 0 on the xt and xf data samples respectively. The 

curves are the (assumed Gaussian) distributibns for the various labeled M.C. The 

J values evaluated are under the J = 0 test function. Spin 0 is excluded for the 

two states with C.L.> 99.5%. 
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Figure 9: Likelihood tests for the spin of the xi states using the 7-y l+l- 
cascade T(2S) events from the Crystal Ball. The single experimental value is 
compared through the indicated test functions (see text). The xr state results 
from the lower energy first photon, the xf state the higher energy photon. a) 
Tests for spin 0 of the xf sample; predicted spin is J=2. b) Tests for spin 0 of 
the xf sample; predicted spin is J=l. c) Likelihood ratio tests for the x: sample; 
predicted spin is J=2. d) Liieliiood ratio tests for the xf sample; predicted spin 
is J=l. e) Liieliiood ratio tests for the combined data of the xt and xf samples; 
predicted spins are Jp = 2, .7~ = 1. 

One may apply other test functions to d&inguish between J = 1 and 2. A 

standard test functionrs is given by, 

$ $ln[W,=2(ni)/Wr=l(ni)] . (9) 

Figures Q(b) and 9(c) show the result for this test function on the xt and ,$ 

data samples. The data favor the spins expected in the quark model; however, 

this test does not strictly rule out the reverse spin assignments. 

A decisive test can be made under the assumption that only J=l and 2 are 

the remaining possibilities to be assigned to xt and ,$. In thii case the test 

function used is, 

1 N. 

E No +Na i=l 
In WJ=2(%) lWJ=l(Q)l 

+zln Iwdni) /w,=2(&)]) . 
i=l 

(10) 

Figure 9(e) shows the results of the comparison of the data with thii com- 

pound test function. The wrong spin combination is ruled out at C.L. > 98%. 

Thus the values expected in the quark model of Jd = 2 and Jp = 1 are obtained. 

Additional information concerning the spins of the xi states comes from the 
I 

inclusive radiative transition rates. Under the assumptions of the applicability 

of the non-relativistic quark model and dipole dominance for the transitions 

from the T(2S) to the xi states, the relative “strengths” of these transitions are 

proportional to E: (2.J + 1). If relativistic and mixing effects are neglected, the 
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6. Meson Formation by Photon-Photon Collisions 
matrix elem $I ts for the transitions should be the same for all three x{ states, 

and Ed/ = -dr r3 [tii (r) tif (r)] * 
/ 
0 

(11) 

Using the rates measured by the Crystal Ball the results of Table 3 are 

obtained. Not all csses are shown in the table and those shown are representative. 

This test, which has somewhat different operative assumptions than the cascade 

angular distribution test, also strongly favors the quarkonium model predictions 

for the x: state spins, i.e., Jo, = 2, Jp = 1 and 3, = 0. 

TABLE 3. The ratio of inclusive photon branching ratios of the Crystal Ball 
to (2.f, + 1) x E;, relative to the 13Pr, ratio. This ratio of ratios is examined 
us, the assumed J order for the ,$, xt, and xz states, where x,” is associated 
with the lowest energy first photon transition, xl the highest. The expected 
quarkonium J order of 2,l.O yields ratios consistent with 1 within error; 1 is the 
value expected in the non-relativistic quarkonium model. Other J orders yield 
ratios not consistent with 1. The values shown in the table are representative of 
all J orders, with only J order 2, 1, 0 yielding ratios consistent with 1. 

J Order 
x;,xp.x; 

2. 1.0 

{ 
“Rj;~l+;‘“‘> divided by {ER(ljSx,-$*P,~~ 

( , ) 4 

0.89 f 0.27 : 1 : 0.84 f 0.33 

I l .%O I 2.46 f 0.74 : 1 : 1.40 f 0.55 I 

I 0, 1, 2 4.92 f 1.21 : 1 : 0.15 f 0.06 
I 

The Crystal Ball has looked for meson formation in photon-photon colliiions’s 

where the meson decays into two or four 7’s. The events are not tagged; the cuts f 
used to establish the 77 origin of the events are as follows: 

l all neutral final state 

l approximate pl- balance in the event. 

The possible 6nal states for four photons are soso, son, nq,... . Examination 

of 110 pb-’ of data has resulted in measurements of the properties of As and 

6(980) formation,” which have recently been published. 

The Crystal Ball has also investigated the twephoton final state to determine 

the 77 coupling of pseudoscalar mesons. In a ,run with special trigger conditions, 

6.8 pb-’ were taken to investigate the reaction 77 -+ so -+ 77. As the en- 

ergy seen in the detector is very low, background from beam-gas reactions is 

important and has been measured in runs with separated beams. The 77 mass 

spectrum is shown in Fig. 10(a) before beam-gas subtraction. Signals at the 

uo , n, and I)’ masses are seen (the q and 1)’ are marginal in thii data using the 

special trigger, but have been clearly seen khen adding in all available data). 

Figure 10(b) shows the region of the so peak after beam-gas subtraction. A  fit 

yields 124 f 22 so events; the resulting mass and sigma of the so peak are 

134.6 f 1.0 MeV, and 5.1 f 0.9 MeV resbectively. Thii yields a total width 

I-9 = (7.9 f 1.4 f 1.6) ev (preliminary).r6 At the time of thii conference, 

more data with the so trigger are being taken. There is however no hope to sur- 

pass the accuracy of the result of Ref. 18. The purpose of thii investigation is to 

I  
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cross-check the method of 77 scattering for e+e- storage rings iu general and the 
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Figure 10: Twephoton final state from photon-photon collisions using the 
Crystal Ball detector. a) The 7-y mass spectrum from the x0 to the 9’. b) The 
region of the x0 after background subtraction using separated beam data and 
showing the fit to the data used to extract the number of r”‘s. 

analysis of all-photon final states in the Crystal Ball experiment in particular. 

7. Conclusions 

. The existence of the ~(8.3) in very unhkely given the recent preliminary 

results of the ARGUS. Crystal Ball, and CUSB experiments (CLEO results 

are less restrictive). 

l The energies and transition rates for the xi statea have been well measured. 

There are three states. 

l The spins of the xi states are as expected in quarkonium models. 

l Two-photon interactions continue to be a productive source of information 

for meeons with mass less than 2 GeV. 
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Introduction 

The CLEO experiment at the Cornell Electron Storage Ring is now 

in its sixth year of studying e+e- interactions In the upsllon 

energy region. The past year or so has seen several major detector 

improvements, notably the installation and commlssionlng of a thin 

beryllium beam pipe and vertex detector, the instrumenting of the 

central drift chamber for dE/dx measurements, and new drift chamber 

calibration and tracking techniques which have resulted in an 

improved momentum resolution of Ap/p - 0.008 p. 

The primary focus for CLEO has been and continues to be the 

study of B mesons produced in T(4.S) decays. In this talk I discuss 

the latest CLEO results on B decay, from a sample which now consists 

of 73 pb-’ at the T(‘IS), and consider how these fit in to the 

overall picture of B decay. Additionally. several recent results 

from continuum studies in the upsilon region will be discussed. 

QRonald A. Poling 1985 
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B Decay and the Standard Model 

The Standard Model’ with three doublets of quarks and leptons 

(Fig. 1) has so far been very successful in describing the features 

of b decay. Studies of b decay can be thought of as having two 

goals: testing whether b fits well into the Standard Model 

framework. and determination of the parameters of the theory. 

In exploring the agreement of the observed properties of b 

decay with the Standard Model, we have considered and excluded a 

variety of alternative models. The observations that b decays, that 

these decays give reasonable lepton yields, baryon yields, and 

charged-energy fractions, and that flavor-changing-neutral-current 

decays do not seem to occur (branching fraction < 0.3% at 90% 

confidence level) have previously been used to rule out most 

suggested exotic and topless models.‘ One model which had not been 

excluded previously is that suggested by Peskin and Tye? In which b 

shares a right-handed lsospin doublet with c. This model predicts a 

semileptonic decay momentum spectrum which is V+A rather than the 

standard V-A, and is consequently considerably softer. The observed 

CLEO lepton momentum spectra agree very well with the V-A spectrum. 

The possibility that b decays 100% by V+A, as would be expected for 

the (bK,cK) model, can be ruled out (with our old T(4S) data sample, 

see Fig. 21 at greater than 99.9% confidence level. 

Within the Standard Model there are two primary experimental 

handles on the Kobayashi-Maskaua matrix elements Ubu and Ubc which 

describe b-quark decay. The b lifetime is not measurable at T(Q) 

energies, so this is left to experiments at higher energies where 

“R dR CR SR 

U 0 d’L 

ei3 

ue 

( -1 e L 

uP ( -) p L 

v ud v us 

v cd v CS 

%d v Is’ 

bR 

v ub 

v cb 

%b 

Fig. 1 Components of the Standard Model with six quarks. 

-536- 



I 1 (01 Electrons ’ ,L Toto; b-c I 
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. . . . . . . b-u 
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(b) Muons 

P lepton (GeV’c) 

Fig. 2 Electron and muon momentum spectra for 40.6 pb-’ 

“old” CLEO T(4.S) data set. The solid curve Is the 

expectation for sen!lleptonlc B decay by a V-A 

current. The dotted curve is that for V+A. 

the B mesons are moving faster. The decay preference of the b, bw 

or bw. has been the subject of extensive studies by CLEO. Four 

techniques have been used to determine IYb+u)/f(b*c). 

The most direct technique is to measure the yield of D mesons 

in B decay. This measurement is hampered by poor detection 

efficiencies for the D’s. The observed yields are 0.56 f 0.14 Do/ii0 

and 0.23 f 0.05 D *t per B decay. This leads to 0.8 f 0.3 D and D* 

per B and r(b+u)/r(b+c) - 0.25 f 0.38. not a significant result. 

The related technique of looking at the yield of kaons in B 

decays as an indication of c production also falls short. From a 

measurement of 1.45 + 0.095 f 0.14 K’s per event, and estimates of 

1.4 and 0.7 K’s per event expected from b+c and bw, respectively, 

it is inferred that f(b+u)/l’(b+c) - 0.05 f 0.20. Here there are 

significant theoretical uncertainties In the estimate of the 

production of si pairs fran the ocean. 

While these techniques show the dominance of b+c, the 

demonstration and measurement of a very small b+u component cannot 

easily be achieved by showing b-rc Is large. A more successful 

technique, used by all experiments which have published limits, is 

to study the semlleptonic B decay momentum spectrum. In the process 

B+Xiv, a smaller value of MX would be expected to produce a stiffer 

momentum spectrum than would MX large. Since we expect HX(u) < 

MX(c), comparison of the observed spectrum with theoretical 

expectations for bw and b+c allows the setting of an upper llmlt on 

b+u decays. 

Previous studies by CLEO’ of semileptonic B decay In 40.55 pb-’ 

of T(4S) data produced the following results: 
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B( B+Xev) - (12.0 f 0.7 f 0.511, 

B( B+Xuv) - (10.6 * 0.6 f 1.01%. and 

r(b+u)/r(b+c) < 0.04 (901 confidence level). 

The last was based on a simultaneous fit of the muon and electron 

spectra to spectator-model calculations for B+Xc9. Y and B*Xutu of 

Altarelli et al.5 It was recognized that the model dependence of 

this result was considerable. 

A new preliminary analysis of semileptonlc B decay has recently 

produced results. The measurements are improved by the addition of 

more data (73 pb-’ vs. 40.55 pb-‘1, and by better resolution in the 

charged particle tracking system. The event selection and lepton 

identification procedures did not differ appreciably from those used 

previously. The electron and muon momentum spectra from this 

analysis are shown in Figs. 3 and 4, respectively. The preliminary 

semlleptonic branching fractions are 

B(B+Xev) = (11.2 * 0.4 f 0.5)%, and 

B(B+Xuv) - (10.8 f 0.4 f 1.01%. 

We have again fitted the lepton spectra to the model of 

Altarelll et al. Whereas previously it was found that the Altarelli 

model for b+c with a fixed Fermi momentum of 150 MeV/c fitted the 

data well, we now find that improved strength of the data ccmpela us 

to treat the Fermi momentum as a free parameter. We find that the 

Altarelli model with pF = 150 MeV/c predicts a spectrum which is 

softer than we observe, and consequently leads to unphysical 

measurements of the b+u fraction. Figure 5 shows the value of 

I’(b+ul/T(b+c:, X2 for the fit, and the upper llmlt on T(b+u)/T(b+c) 

‘Y 
/ 

60 

Z 0 
-. 
b 

20 

C 

1.0 2.0 

P, (GeV/c) 

3.0 

Fig. 3 The efficiency-corrected electron momentum spectrum 

from B meson decay. The solid curve is a spectator 

model calculation following Altarelli et al., with 

PF=l 50 MeV. The dash-dot curves show the primary 

(B+X!Zvl and secondary tB+i.-*Xtv) contributions aepa- 

rately. The dashed curve corresponds to a con- 

tribution from b*u for the case of b+u/b+c - 20%. 
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Fig. 8 The efficiency-corrected muon momentum SpeCtrUDI 

from B meson decay. The curves correspond directly 

to those in Fig. 3. 
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Fig. 5 The fitted value of r(b+u)/P(b+c) (data points, left- 

hand scale). x2 for the flt (curve. right-hand 

scale), aed limit on r(b+u)/f(b+c) as a fuI’EtiOn 

of Fermi momentum pF. 
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as a function of p F’ We find that the best fit is given for pF - 

240 f 35 MeV/c. As pF increases, l’(b+u)/f(b+c) increases. Treating 

pF as a free parameter, we find a 9011 confidence level upper limit 

on f(b+u)/I’(b*c) of 0.03. 

We conclude on the basis of this analysis that all previous 

analyses 4,6 were flawed in considering the Altarelll spectator model 

only with pF - 150 MeV, and that the determination of r(b+u)/r(b+c) 

is sensitive to the theoretical description for b-rc as well as that 

for b*u. Clearly this picture remains somewhat unclear and is 

urgently in need of further theoretical study. Until this is done 

it is unlikely that experimental improvements can result in 

meaningful reductions of the b-ru upper limit. 

Recently we have added to our list of techniques for 

determining bw searches for exclusive final states. This approach 

has the advantage that it can provide concrete evidence for bw if 

exclusive decays are seen, but the disadvantage that upper limits on 

exclusive modes are difficult to relate to U 

unknown partial decay rates. 
bu and Ubc because of 

The modes which have been sought are B+n+n-, pot*, n*Af, n*A* 
2’ 

POAf, and p”A:. The data sample used for this search is a total of 

64 pb-’ at T(4S) and 26.5 pb-’ in the continuum. Within a hadronic 

event we define a p” as a x+x- pair with invariant mass between 600 

and 900 MeV, an A 
1 as a pn combination with mass between 1115 and 

1435 MeV, and an A2 as a pn combination with mass between 1265 and 

1375 MeV. We then consider two-body systems with observed energy 

within 150 MeV of the beam energy for p+%+x- and 100 MeV for all 

'Y 
otlher modes. In these cases we calculate the invariant mass H and 

the difference M-EBeam. For real B decays this should produce a 

distribution centered on -15 MeV, with a FWBM of 10 HeV. 

The dominant background in the resulting Signal iS from two-jet 

continuum events. This was reduced by a cut on the angle B between 

the final-state particles and the jet axis as approximated by the 

spherlcity axis. To eliminate bias, the candidate particles were 

excluded from the determination of the sphericity axis. As is 

revealed in Fig. 6, the background peaks at large Ices Bl, while the 

signal is expected to be flat. Ccmblnations are rejected if (cos Bl 

exceeds 0.8 for at least one particle. The distributions of H-EBeam 

after the cut is applied are shown in Fig. 7. Fits to these 

distributions result in the limits given in Table I. The upper 

limits on the branching fractions have been calculated under the 

assumption that T(4S) decays 60% to B+B- and 401 to SO%?. 

In order to infer limits on r(b+u)/I’(b*c) from these results, 

it is necessary to have a model which can predict the partial decay 

rates for the various bw modes. Such a model is not presently 

available. 

While the picture is not yet complete, b decay appears to fit 

well within the Standard Model, with no major SurpriSeS. 

Furthermore, evidence from inclusive D and D* momentum spectra7 and 

charged multiplicity measurements8 suggest that the dominant piece 

of B decay is by a simple spectator process. The measurement of the 

mean semileptonic branching fraction of (11.0 f 0.5)%, however, is 

considerably lower than would be expected’ if spectator diagrams 
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Table I. 
Detection Efficiencies for Various Two-body B Decays, 

and 90% Confidence Level Upper Limits on the Number of Events 
and Branching Ratios 

Decay modes Upper limits Detection Upper limits 
for number efficiencies* for branching 
of events ratios (X) 

------------------------------------------------------------------------- 

EO. l r+r- 6.9 0.51 0.02 
B- * par- 6.2 0.40 0.02 
Ei= l ,*A’ 

Ilo l **A 
5 

15.6 0.23 0.24 
9.6 0.23 0.20 

8” l 
0 

r’x lo++ 0.23 0.07.' 
B- l p”A; 6.6 0.18 0.00 
B- + p”A; 2.3 0.18 0.04 
B- + pox- 3 l * 0.16 0.02*+ 
l The detection efficiencies for decays with the AI and A, do not 

take into account either the branching ratio of 70% for Ai + pr or the 

unseen channel p-r”. 

l * These limits are applicable for any X with a mass between 1000 and 

1600 HeV and a width of 100 MeV. 

‘Y 
/ 

were the only contributors to B” decays, as they must be for B* 

decays. A measurement of the ratio of charged B to neutral B 

semileptonic branching fractions would address the question of non- 

spectator processes in B” decay directly, but at present the 

sensitivity of the analysis is inadequate to make a meaningful 

statement. 

Inclusive I) Production in B Decays 

While the features of b decay which have been discussed so far 

are of interest because of their implications for electroueak 

theory, the decay of b-flavored mesons into r(, is of interest because 

it affords insight into underlying quark dynamics and QCD. 

Inclusive decay of a B meson into r(, proceeds by the “color-mixed” 

spectator diagram in Fig. 8. When the virtual W- decays into Es, a 

(color singlet) II, can be formed only if the 5 has the same color as 

the original b quark, unless gluons are radiated. Additional 

interest in B decay to I# arises from the possibility of 
I  

reconstructable final states like B+lyK and B+gK-. Recent 

theoretical predictions lo of B(B+$X) are in the range of 0.6% to 

2.41. CLEO has previously searched ” for evidence of B+$X. While 

there was some indication of a signal, the results were not 

compelling. A new analysis has just been completed, and the 

combination of additional data and better tracking has led to the 

observation of strong signals in both the g+e+e- and $+p+y- 

channels. 
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Fig. 8 Color-mixed diagram for inclusive $I production in 

B decay. 

'Y 
1 The data sample consisted of 73 pb -’ at T(U), 31 pb-’ in the 

continuum below T(4S), and 69 pb -1 
above T(4S). from 10.6 to 11.2 

GeV. These events were searched for lepton pairs. Muons were 

identified by our standard procedures, except that only one of the 

two muona was required to pass through the entire hadron absorber 

(0.5 to 0.9 ml. The second was required only to penetrate 0.3 m  of 

iron to muon drift chambers installed within gaps in the absorber. 

The mass distribution for u+u- palrs at the T(4S) 1.3 shown in 

Fig. 9. The J, signal is apparent in the 3.0 to 3.2 GeV bin. 

Backgrounds to u+u- pairs from inclusive 9,‘s include parallel 

semileptonic decays of both B and 1 (45% of the total background in 

the $ bin); semileptonic decays of B to D followed by subsequent 

semileptonic decay of the D (16%); semileptonic decay of D and 5 

from continuum cc events (6%); events with one real muon and a 

hadron misidentified as a muon (26%): and events with two hadrons 

misidentified as muons (7%). These backgrounds have been calculated 

from Monte Carlo using known B and D branching fractions and 

measured misidentification probabilities, with no free parameters. 

The results of this calculation are shown as the dotted histogram In 

Fig. 9. The agreement of the background calculation with the 

observed mass distribution is excellent everywhere except in the 1, 

mass bin. 

Figure 10 shows the same distribution vith finer binning and a 

curve composed of a Gaussian of the expected width (45 HeV) plus the 

background calculated as described above. The signal is 54 events, 

with a calculated background of 17 events. 
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Fig. 10 The )J+u- mass distribution with bin size equal to the 

expected resolution in the neighborhood of the $. 

The dashed curve is a Gaussian signal of the 

expected width plus the calculated background. 
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The branching fraction from the combined electron and muon 

analyses is 

B(B+$X) - (1.07 *  0.18 f 0.2211. 

Because of theoretical uncertainties in the branching fraction 

calculations (what fraction of cc pairs produce $‘s), this is not 

inconsistent with either fully color-suppressed models or models 

without color suppression. 

The momentum distribution (background-subtracted, efficiency- 

corrected) for the $1’3 frcm the muon sample is shown in Fig. 12. 

The concentration of $‘s at high momentum suggests an appreciable 

fraction of two-body decays. The solid curve in Fig. 12 is a 

spectator-model calculation of the expected r(, momentum distribution 

for B++X.  This calculation does not predict the significant yield 

of low momentum 0’s. Possible explanations for this are gluon 

emission (not included in the spectator calculation), and the 

possibility that the $1’3 we observe are in fact secondary decay 

product3 from, for example, B+$‘X, $‘+$nn. The expected momentum 

spectrum from this source is shown as the dashed curve in Fig. 12. 

We have also searched for exclusive decays involving $1’3. In 

this case we considered lepton pair candidates in which only one of 

the two leptons was positively identified. The mass requirement3 

were m  within 150 MeV of m  
9’ 

and q 
P!J 

ee between 2.845 and 3.245, 

respectively. Six hypotheses were considered for each 11, candidate: 

B-+$K-, iro+#K 0 -0 , B  +vK-n+, o- -0 B-++K II , B  +$Kgo(890), and B-•yK 
*- 

. No 

identification requirements were imposed for the x or K. In the 

fit, the lepton pair mass was constrained to be m  
0’ 

and the B  energy 

was constrained to the beam energy. 

600 

0 
5 
: 
in 600 
d - 
3 
;5 

400 L 2 E  iz 
200 

plL (GeV/c) 

Fig. 12 The $ momentum distribution with predictions of 

spectator model calculations for B*JlX (solid curve) 

and for B-$*X, $~‘*$rn. 
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The results of the fits were that no candidates were observed 

for the B+yK modes. The observed mass distribution for acceptable 

fits to B-ryKn is shown in Fig. 13. There are four candidates, all 

of which have Kn masses close to K*. The expected background to 

these events was estimated using K” sidebands for B+eK l - (0.015 

events per bin). and using $ sidebands for B+eK*’ (0.08 per bin). 

Upper limits (90% confidence level) for all six reactions are given 

in Table II. 

Inclusive e Production In B Decays 

Production of 4’3 in g-meson decays is expected when the 

virtual W- decays into Es which can form an F-, or in other cases 

when the B decays to D and the D decays to e. The rate for 

inclusive 6 production is difficult to predict because the inclusive 

rates for the decay of charmed mesons to e are not well measured. 

CLEO has searched for inclusive 6’s in the new T(4S) data set. A 

total of 20.6 pb -1 at the resonance and 8.1 pb -1 in the continuum 

has been analyzed. 

The 4’3 were selected by calculating the invariant mass of K*K- 

pairs. At least one of the kaons was required to be positively 

identified by dE/dx in the central drift chamber, or by time-of- 

flight or dE/dx measurements from the octant detectors outside the 

CLEO solenoid. Figure 14 show the observed K+K- spectrum for both 

the T(4S) and continuum data. Fits of these distributions to 

Gaussian signals plus polynomial backgrounds yielded a mean mass of 

1019.7 f 0.5 HeV. and a FWHH of 7.0 f 1.0 HeV. The latter is 

I I I I I 

(a) B”- tjtK+r- 

(b) B-- ~K’T- 

m s--L \cI K*- (8901 

5.20 5.22 5.24 5.26 5.28 

8 Mass (GeV) 

Fig. 13 The reconstructed mass for B*#Kr candidates. Shaded 

events are consistent with B+$K*(g90). 
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Table I 

Branching Ratios For Exclusive B to # Decays 

Reaction Branching Ratio (!J) 

1 B- l 3K- < 0.07 

2 8’ + #K” < 0.9 

3 B” + #K-r+ < 0.4 

4 B- l fK”r- < 1.2 

5 Iso l fK*“(890) < 0.5 

6 El- l fK*-(890) < 1.9 

Upper limits are at the 90X confidence level. 

c; 
2 b) 

$ 160- 

120 - 

1.000 1.020 1040 1.060 1090 

M  K.K- (Cd’/& 

Fig. 14 The K+K- mass for (a) T(4S) data and 

(b) continuum data sample. 
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consistent with a Monte Carlo calculation of the expected 

resolution. The $I detection efficiency was determined by Monte 

Carlo simulation and by comparison of the observed yields of e’s 

with just one and with both kaons identified to be about 33% from 

p+ 
- 0.5 to 1.5 CeV/c, and about 15% from 1.5 to 2.0 CeV/c. The 

inclusive branching fraction for B into e is found to be 

(2.3 f 0.7 f 0.4)1. 

The continuum-subtracted momentum distribution for e’s from BE 

is shown in Fig. 15. The observed spectrum is similar in shape to 

the expectations for the cascade processes B+F*en or ennn, and 

B+D+eK or en. 

Continuum Production of F and A 

CLEO has previously reported results on continuum F production 

based on studies of the sample of 57.1 pb -1 of data at and below the 

T(4.5) resonance. There remains some confusion in the picture, 

however. because of significant differences in cross sections and 

fragmentation functions among different experiments. A new search 

for F’s has recently been completed, using 42.6 pb-’ of new data at 

and below T(4.51, and 67.1 pb-’ of data above the T(4.S). fran 10.6 to 

11.2 GeV. 

Oppositely charged tracks were identified as I$ candidates if 

neither particle had positive identification information (time-of- 

flight or dE/dx) indicating it was not a kaon, if both manenta 

exceeded 300 MeV/c. and if the calculated mass was within 5 NeV of 

1020 HeV. The F candidates were formed by pairing other charged tracks 

.032( 

.024f 

-S 
d 
al 
B 

.016f 
I ,SUM OF THREE 

.60 I.00 I .40 1.80 

P+ (GeV/c) 

Fig. 15 Momentum distribution for 0’s from B decay. The 

curves give the expectations for cascade production 

0’s from B decays to charmed mesons. 
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in the event with the + candidate. Candidates from B decays were 

excluded by requiring x-pF/pmax > 0.51. Figure 16 shows the observed 

.$a mass spectra for the three data sets. These spectra were fitted 

with Gaussians (widths from separate Monte Carlo studies for the three 

samples) with polynomial backgrounds. The results of the fits are 

shown in Table III, along with the inferred results for the product 

of F production cross section and B(F*#n). The extrapolation from 

the measured x range, 0.51<x<l.O, down to x-0 has been made assuming 

the Peterson form of the fragmentation function. While checks have 

shown consistency among the data sets in 0 mass, width and cross 

section, in x* inclusive spectra. and in D* production rate, width 

and mass, there is a significant disparity in F yields. At present 

we attribute this to statistical fluctuations. 

Averaging the cross sections from the three data sets gives 

c(e+e-+FX)~B(F*gn) - 6.8 f 1.9 f 0.3 pb and RxB - 

(0.91 f 0.25 +. O.O’i)S. This is compared with other published 

results” in Fig. 17. There is good agreement among the ARGUS. HRS 

and CLEO results. The TASS0 result is considerable higher, but the 

errors are large. 15 

CLEO has also recently published a result on AC production in 

continuum events. 16 The AC ‘a are selected through the decay to An+ x+n- 

with A’s identified as pn- pairs within 5 MeV of the correct A mass 

and with a momentum above 300 MeV/c. Figure 18 shows the resulting 

mass distribution. A fit to the distribution yields a signal of 

108 f 28 events and a AC mass of 2.288 * 0.011 f 0.005 GeV. The AC 

efficiency-corrected momentum distribution is also given in Fig. 18. 

1.70 1.90 2.10 2.30 

Fig. 16 The en invariant mass distributions for the three 

data sets, (a) T(3.5) < W  < T(IIS), (b) Ii > T(kS), 

and (cl recent data near T(4.S). 
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1 

Table III 
a) F Prcperties 

Data IL bb-’ I %(CeV) Events 

f(3S) < w ( T(4S) 58.5 10.55 1973 l 5 48 90 L 20 
10.64 < W  < 11.24 CeV 67.1 10.91 1977 l 11 32 23 h 14 
T(4S) = w 48.6 10.56 1971 l 4 30 45 l 11 
Tota I 168.2 10.77 

b) F Cross Sections 

Data j$ Lr rB(x>.51) R*B(x>O.Sl) R'B(x>O) 
pb pb 

58.5 25% 12.5 . 2.7 (1.60 A .34) x10-* (2.29 l .49) x10+ 
67.1 26X 2.7 l 1.6 (0.36 l .21) X10-* (0.51 l .30) X10-' 
42.6 31% 6.6 l 1.8 (0.84 + .23) X10-* (1.20 l .33) X10-* 

Total 168.2 6.8 l 1.9 (0.91 + .25) x10-' (1.30 l .36) X10-' 

0 

7 

6 

5 

z4 

3 

2 

1 

C  

Ft.8 = ~(e’e-+F*X).L?r(F-+qn) (X>D) 
B(e-e- + p-p-) 

It 

10 

w  @ev/cl) 

Fig. 17 Comparison of world data on F production. 
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The solid curve is the Peterson form for the fragmentation of heavy 
‘u 

quarks into mesons (with c-0.14, frcm our D* 17 studies), while the 

dashed curve is a formula derived by DeCrand 18 for the case of 

charmed baryons. The Peterson function is clearly a better fit. 

The branching fraction determined from our PC yield is 

(2.8 f 0.7 tl.l)Z, under the assumptions that 405 of continuum 

events are cc and that there are 0.2 AC’s per c quark (MARK Id9 
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x * tF& ‘Pa.1 

Fig. 18 Mass distribution for bc signal (a) and (wrong-charge) 

background (b). Also shown (cl is the Ac x distribution. 
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RECENT RESULTS FROM ARGUS 

Jim Prentice 

University of Toronto, Toronto, Canada 

representing 

The ARGUS Collaboration [l] 

1 INTRODUCTION 

ARGUS has been operating at the Doris II, c+e- storage ring in 

DESY since the end of 1982. Some of the results from the data collected in 

1983 and 1984, at the T(M), T(2S), T(4S) resonances and in the nearby 

continuum, are reported here. The integrated luminosities and numbers of 

multihadron events collected at each energy are shown in Table I. 

2 DETECTOR 

The ARGUS detector measures charged particle momenta and spe- 

cific ionization (g) with a cylindrical drift chamber in a 0.8T, axial mag- 

netic field. The 5940 sense wires are arranged in 36 layers. The chamber 

is surrounded by time of flight counters and !ead-scintillator, electromag- 

netic shower counters in both the barrel and end-cap regions. Hadrons are 

absorbed in the solenoidal coils and iron yoke of the magnet and the per& 

trating muons are measured in two or three layers of proportional tubes. 

@J. Prentice 1985 
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Table I. Summary of Integrated Luminosity 

I 

ENERGY / Ldt pb-’ Multi-hadron events 

WS) 23.6 320,558 

-I- (25) 38.6 308,796 

T(4S) 14.7 70,593 

Continuum 7.6 28,576 

Sum 84.5 734,641 

The detector has been described in more detail in earlier papers [2] 

and its particle identification, made possible by the $$ and Time of Flight 

measurements, is discussed in Ref. 3 . 

S EXPERIMENTAL RESULTS 

Some of our measurements of T(lS) and T(2S) decays and new parti- 

cle searches have already been published.[4] A new limit on the msss of the 

tau neutrino from a study of rf -+ &s+u-u, of m,, < 70MeVJc’ (90% 

C.L.) is reported elsewhere in these proceedings [5] as are our measure- 

ments of the energies and branching ratios of the T(2S) + Xb(I 3Po,1,2) 

transitions.[6] 

The main new results reported here concern production and decay of 

charmed hadrons. We hope, by a detailed study of charmed quark frag- 

mentation, to throw new light on this only partially understood aspect of 

quark confinement. Observation of a new charmed meson, the D’(2420) 

produced predominantly with large 4 and relatively large yield, suggests 

that orbitally excited mesons contribute substantially to the initial frag- 

mentation of charm quarks. If this is also true for strange and light quarks 

then the observed ratios of vector to pseudo-scalar mesons depend on feed- 

down from decays of higher states at least as significantly as upon cross 

sections for direct production. 

We report the observation of A, produced primarily from the con- 

tinuum, with a stiff fragmentation function and unexpectedly large cross 

section. 

We also observe production of both octet and decuplet strange bary- 

ons Our preliminary analysis reported here cannot, however, determine 

whether these signals originate from the T resonances or continuum. 

Finally we report two interesting weak decay channels. The decay 

Do -+ K~I$ provides direct evidence for the’contribution of the W exchange 

process to Do decay and thus explains, at least in part, the difference 

between the Do and D+ lifetimes. [7] $bservation of the decays B -+ 

J/tl, X, which we report here, are of interest because they probably proceed 

mainly through colour suppressed W emission amplitudes. (Re/erenccs in 

this paper to a particular charge state should be read OS also including the 
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charge eonjlgate state.) 

4 OBSERVATION OF THE D’(2420) 

AND CHARMED QUARK FRAGMENTATION 

Many orbitally excited mesons composed of u, d and s quarks have al- 

ready been identified and it is therefore natural to search for their charmed 

counterparts. The lowest mass states, above the scalar D(1865) and 

vector D*(2010), are expected to be the t = 1 states comprising the 

3P~(O+, 1+,2+) and the ‘Pr(l+) mesons. The ‘PI and 3P1 states of the 

strange mesons have been shown to mix strongly and similar mixing is pre- 

dieted for the l+ charmed mesons.[8] Since the 2+ and l+ states can decay 

to D’(2010)r, and since very clean samples of D’+(2010) can be obtained 

by utilizing the low Q value for the D'+(2010) + Don+, a search ws.s made 

for excited charmed mesons decaying to 0’+(2010)7r-. 

The Do decay channels 

Do --+ K-r+, (1) 

Do + K-n+r+r- , and (2) 

Do + K-x+(*‘) (3) 

were used in this analysis. The use of the last of these channels, (3), with- 

out observing the rr”, is made possible by the kinematics of Do + K-p+ 

and Do + K.-r+. In each case the decay of the pseudoscalar Do to a 

pseudoscalar and a vector meson produces the latter (p+ or K’+) in the 

zero helicity state. The resulting cos*B distribution of the vector meson 

decay products produces a well defined peak in the K-n+ msss spectrum 

at 1620 MeV/c’. 

We have observed the inclusive production of Do with decay to chan- 

nels (1) and (2) (above) and D+ in the ‘decay channel 

D+ + K-n+s+, (4) 

The results are shown in Fig. 1. The fitted curves are the sum of polynomial 

background and a Gaussian of fixed width determined by a Monte Carlo 

study of the detector. The numbers of events found by the fits are shown 

in the figure. By making similar fits to subsets selected in z,, intervals 

the numbers of events for the fragmentation function distributions were 

obtained. 

The better signal to background obtained for the D’+(2010) by plot- 

ting the mass differences M(DOr+) - M(D”) is shown in Fig. 2(a) for 

channels (1) and (2) combined, and in Fig. 2(b) for channel (3) for combi- 

nations with zp > 0.45. 

A search for D’ (3Pz or PI) + D*+(2OlO)s- was made by selecting 

D’+r- combination with z,,(D’+r-) > 0.6, where zp = p(D*+x-)~pmar 

(Pm, = E&,, - M(D*+r)2), and whh cos8 < 0.0 where 0 is the 

angle between the D’+(2010) and the D’+r- line of flight, in the D*+r- 

rest frame. 

The D’+ combinations were selected by requiring, for reactions (l), 
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I 

l.e 1s 20 

M(K-r+) C&/c= 

mr Nev = 1752 f 122 : 
, ! 

0+-----L 1. 1.0 
M(K-.+r+) C&V/C' 

Fig. 1. Inclusive production of D mesons 
(a) Do + K-n+ (b) Do + K-x+n+r- (c) Do -+ K-a+(~~). 

1 
(a) 

400 

200 

(2)D’- K-n+rt’rt’ 

I..... 

D*+@OlO)--D”n+ - 

Ot,.....l 
0.13 0.14 0.15 036 0.17 

m[D’n~ - m [D) [hWc2] 

Fig. 2. Mass difference spectrum of ti+ -B Dar+ 
(a) Do -+ K-x+ and Do -+ K-x+*+x- 
(b) Do --t K-x+(x’) t 
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(2) and (3) tespectively 

1820 < M(K-n+) < 1910 MeV/c’ and 

144 < [M(K-r+r+) - M(K-x+)] < 147 MeV/c’, 

1840 < M(K-x+r+r-) < 1899 MeVJc’ and 

144 < [M(K-T+T+T-r+) - M(K-r+r+r-)] < 147 MeV/c’, 

1540 < M(K-r+) < 1700 McVJeZ and 

[M(K-r+x+) - M(K-T+)] < 152 M~v/c~. 

The same mass difference method was then extended to analysis of D’+n- 

combination described above; the spectrum of [M(D’+w-) - M(D’+)] for 

channel (1) and (2) combined is shown in Fig. 3(a), for channel (3) in Fig. 

3(b) and for all the data combined in Fig. 4. The curves on the histograms 

were obtained by fitting a BreitWigner and a polynomial background times 

a threshold factor to the experimental data. The results of the fits are shown 

in Table II. We interpret the signals in each of the independent data sets and 

the 4.9 o significance of the signal in the combined data as evidence for a 

new charmed meson, the D’(2420). Monte Carlo studies show the detector 

resolution to be 15 MeV/c2 and therefore the width of the mass difference 

peak indicates that the D’(2420) decays strongly to D’+(2010)r-. 

To confirm that the peaks in the mass difference plots did not result 

from the kinematic selection criteria used, we examined the mass differ- 

bl 
25 

I 

D*+(ZOlO) -. 0” n+ 
(3)09-K-n+ (no) 

0 0.2 0.4 0.6 0.8 1.0 

Fig. 3. Mass difference spectrum of D”(2420) -+ D’+(201O)x- 
(a) channels (1) and (2), (b) channel (3). 
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I 

m[D*~(2olo) Tc 1 [Gevd 
2.3 2A 2.5 2.6 2.7 

Fig. 4. Mass difference spectrum of O”(2420) -+ D’+(2010)n- 
for all channels combined. 

Table II. Properties of D”(2420) Determined from Fits to the 
Distribution ofMassDifference, M(D’+x-) - ,M(D’+). 

Channel Do - K-r+ Do - K-xf(ao) Combined 

Do --t K-n+n+x- Result 

Mass difference [iMeV/c’] 411 f 7 410 * 11 410 f 6 

M(D*‘(2420)) [MeV/cZ] 2421 f 7 2420 f 11 2420 f 6 

Full width r [MeV/c’] 64 rt 26 75i31 70f21 

Number of events a4+2a -21 1 52::; 135+34 -29 
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ence plots fo II a sideband of the D’+(2010) and for wrong charge combina- 

tions, D’+s+. Neither of these distributions showed any significant mass 

enhancements and each gives a good simulation of the backgrounds in 

Fig. 3. 

To measure the fragmentation function the D’+r- combinations from 

reactions (1) and (2) were selected as above but without the zp restriction. 

The spectrum in each z,, bin was fitted with the same function as used in 

Fig. 4 but with the mass and width fixed. The numbers of events found 

by the fits, corrected for the acceptance of the detector determined by a 

Monte Carlo study of these channels, are plotted in Fig. 5. To compare 

the production of D’(2420) to that of the D’(2010) and D(1865) we have 

fitted the data of Fig. 5 with the forms suggested by Peterson et al., [9] 

1 dN 1 
--m 
N dz,, zp 1 - A - c 

=P 1 - zp > 

2 * 

and that of Kartveiishvili et al.,[lO] 

+ g 0: $(l-zp). 
P 

No attempt has been made to correct these expressions for the effects of 

photon or gluon initial state radiation. The fitted values for the parameters 

of the models were z = 0.12 f 0.05 with x2 probability of 0.7 (1 degree 

of freedom) and Q = 1.4 f 0.8 with x2 probability of 0.12. Either form 

describes the distribution adequately. 

1 dn- I 1 I I 

-- N d$ - D”“(2420) -D*+@OlO) f 

0 0.2 0.4 0.6 0.8 1.0 
XP 

Fig. 5. Fragmentation function of D*@420) production. 

! 

It is interesting to compare these results with the fragmentation func- 
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tion for other armed hadrons. The fragmentation function for the D*+, 

extracted by making fits of the form shown in Fig. 2(a) to the data sim- 

ilarly selected in each zp bin, is shown in Fig. 6. The fits shown are (a), 

the Peterson et al. form (see above) and (b) the expression suggested by 

the Lund group,[ 111 

1 dN (1 - ZPY --a------- 
N dz, =P 

ezp[-bn?/z,]. 

Fragmentation functions for the D+ and Do inclusive samples shown 

in Fig. 1 were similarly obtained and are shown in Fig. 7 and Fig. 8, 

respectively. The fits are the same as for the D’+ case. 

Similar studies for the F’ and F have already been published.[l2] We 

have also observed the production of the A, and its decay A, + pK-r+. 

The mass spectrum, shown in Fig. 9, was fitted with a polynomial back- 

ground and a Gaussian giving 365 f 58 events with a mass of MA. = 

2282.8 f 3.4 f 2.1MeV/c2. After a small correction for the reflection of the 

D+ ---t m+K-s+, with the x+ misidentified as a proton, we obtained the 

fragmentation function shown in Fig. 10. The fit shown is obtained using 

the Peterson form. 

We can now compare the production characteristics of all these 

charmed hadrons. Comparison of the yields of D”(2420) and D’+(2010) 

shows that 0.24z:g f .08 of the D’“(2010) production results from feed- 

down from the D*+(2420). If we assume equal production of D*+(2420) 

and D”(2420) and that 

0 02 04 0.6 06 t .o 

xp(D’+(2010)) 

Fig. 6. Fragmentation function of D’(2010) production. 

-562- 



N
 

0 0 

c 
- 

‘. 

0 m
 

0 @
! 

0 0 



. 

+’ k 

AW
 O

I/N 



I Br(D’+(2420) + D’+(2010)x”) = 1 
Br(D’+(2420) + Do0(2010)r+) 2 

as expected from isospin conservation, then about 36% of the D’(2010) 

results from feed-down from the D*(2420). 

Using these data and branching ratios for the D’+ -+ Don+ from 

Ref. 171 and for the Do + K-r+ and K-n+n+m- from Ref. [13] we can 

obtain the following charmed hadron production cross sections from c+c- 

annihilation at a mean centre of mass energy of 4 = 9.82 GeV, 

o(D’+ (2010)) = 0.82 f 0.04 f 0.23 nb 

o(A,(2283)) = 0.81 f 0.13 f 0.37 nb. 

The large systematic errors are primarily due to uncertainties in the 

branahing ratios. 

If we assume that the D’(2420) is a Pr state that can therefore not 

decay to Dn it is reasonable to assume that its branching ratio to D’(2OlO)rr 

is close to 100%. With the further assumption of isospin conservation we 

estimate 

~(D’~(2420)) = 0.30 f 0.12 nb. 

Of the four C = 1, cii mesons, two (“PO and “Pe) can decay to DT and 

three (rPs, 3Pr and 3Ps) can decay to D’(2OlO)x. The unknown values 

of the cross sections and branching ratios of these states make the ratios of 

DoID’+ and D+/D’+ of questionable significance. Since, however, other 

measurements of these ratios have been reported we quote the following 

values extracted by assuming (erroneously) that the D’+(2010) are all di- 

rectly produced and correcting the Do, and D+ yields only for feed-down 

from the D’(2010): 

U(DO)direct =‘0.25 f 0.09 f 0.07, and 
O’+) z,>o.ss 

~(@)direct 

u(D’+) 
= 0.19 f 0.09 f 0.25. 

r,~O.SS 

The results of the fragmentation function fits are summarized in 

Table III. All the fits have acceptable probabilities except perhaps the 

Peterson form for the D’+ and the Kartvelishvili fit for the Do. With 

rather large errors, there is some indication that the heavier mass of the 

g quark picked up by the c quark to form and F’ or F slightly softens 

(larger value of c) the fragmentation function. All the other values of c 

are sufficiently close to each other to suggest a strong similarity in the 

fragmentations of c quarks to the various charmed hadron states observed. 

5 STRANGE BARYON PRODUCTION 

We have also observed the production,of both octet (A and a-) and 

decuplet (C-(1385), RO(1530) and I’l-) strange baryons. The mass plots 
1 

are shown in Fig. 11. At the present level of statistics and acceptance 

calculations we are unable to determine the relative yields of the strange 
! 

baryons from the T resonances and the continuum. We can, however, 

quote preliminary values for the ratio of decuplet to octet production 

(Table IV) and ratios for yields of baryons within a single multiplet as a 

function of increasing strangeness (Table V). 
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Table III. 
I 

Charmed Hadron Fragmentation Fuqction Fits. 

Function: Peterson et al. Kartvelishvili et al. Anderson et al. 

Parameter: c i&Q &F “‘b&F 

Charmed 
hadrons 

D*(2420) 0.12 f 0.05 0.7 1.4 f 0.8 1.7 

D’(2010) 0.15 f 0.01 4.1 1.8 f 0.1 0.7 

D+ 

Do 

F’+ 

F 

AC 

0.14 f 0.04 1.7 1.14 f 0.5 0.3 

0.25 f 0.02 1.9 0.92 f 0.14 7.0 

0.45f 0.25 - - - 

0.50f0.18 1.0 0.64 f0.21 - 

0.17f0.10 1.2 - - 

- - 

0.71 f 0.11 1.7 

0.31 f 0.04 

0.67 f 0.21 0.6 

0.26 f 0.02 

1.55 f 0.16 1.6 

0.44 f 0.06 

- - 

- - 

0.76 f 0.14 1.4 

0.25 f 0.02 

spin l/2 octet. 

3% 

ea 

.D 

30 

0 

M(Ar-)(Gev/c’) 

n- - K-A Nnr = Sl f 14 

.O . 

Spd 3/2 Dauplet. 

Fig. 11. Strange Baryon Production. 
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I plus polynomial background to the entire Af(KtK+K-) spectrum yields 

69 f 18 events at a mass of 1866.0 f 2.0 MeV/c3, while choosing only com- 

binations with a I$, 1.01 < M(K+K-) < 1.03 GcV/cZ yields a Do signal in 

the M(KtK’K-) spectrum of 37.7 f 8.0 events with little background, as 

seen in Fig. 16. With M(M+K-) < 1.01 GeV/c*, below the 4 mass the 

fit yields 14.2 f 6 events,whereas above the 4, M(K+K-) > 1.03 GeV/c’ 

and little evidence is found(Fig. 17) f or a De signal. Using the fitted vahre 

of 10 f 16 events we estimate that the non - 4 K+K- background con- 

tributes 1 f 2 events to the Do signal thus yielding a corrected yield of 

36.7 f 8.0 events for the Do + Ktgt decay. We now compare this yield 

to the clear Do -B Ktr+r- signal in Fig. 18, the fit to which yields 

345f54 events. The acceptance for KzK+K- is 20% smaller than that for 

Ktr+s- owing primiarily to the decay of K+ and K- tracks in the detec- 

tor. Correcting for this relative acceptance and using the t + K+K- 

and ? + x+x- branching ratios from Ref. 7 and the new MARK 

III value of Br(D” -P ?n+r-) = 7.7 f 1.6 f 1.2% (Ref. 13 ), we find 

Br(D” -+ ?d) = 1.43 f 0.54%. This substantial rate is about lo3 times 

that predicted by a spectator model, OZI violating proceas.[lS] Unless the 

mechanism proposed by Donoghue (Ref. 14) proves to be correct then this 

result gives direct evidence for the significance of W-exchange in De decay. 

Another aspect of weak decays of heavy quarks that has received much 

theoretical attention is the strength of colour suppressed processes such as 

that shown in Fig. 19. Predictions for this decay channel, B + J/l/l X 

have been made by a number of authors.[16] Roth the strength of the 

amplitude and the momentum spectrum of the .I/$ are of importance in 

N 
5 NeV/c 

15 

10 

5 

0 

i. 

, 

L  

I ‘. .’ I.. -7,. I.. I-‘. . 

e+e- --, KO,++X 

I II ARGUS 

1.8 1.9 2.0 

Mass K$D [GeV/c2] 

Fig. 16. The KfK+K- mass spectrum with zp > 0.3 and l.dl < M(K+K-) < l.O3GeV/c*. 
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b C J/V, U-J 

B  
W ’\, 

s’ X 

Fig. 19. Quark diagram for the weak decay B  -+ J/w X. 

undertstanding the QCD corrections to the simplest model. 

Using data from 12 pb-’ integrated luminosity on the T(4S) reso- 

nance, we have identified muons by requiring at least one hit per layer in 

the outer layers of the muon chambers [ 171 and an energy deposited in the 

electromagnetic calorimeter less than 0.6 GeV. This is 2.5 times the average 

energy deposited by a minimum ionizing particle. Requiring polar angles 

such that )eos@[ < 0.9 and pr > 0.85GcV/c, the efficiency for detecting 

both muons from decay of a J/J, with momentum less than 2.0 GeVfc is 

about 50%. 

Electrons were identified by a combined likelihood technique using the 

g, Time of Flight and the shower energy and shape in the electromagnetic 

calorimeter. With angle and momentum cuts similar to those for the muon 

tracks,the likelihood ratio for electrons and hadrons yields an efficiency of 

close to 85% for each electron with a hadron rejection factor of greater than 

100. The overall efficiency for detecting J/3, + e+e- is about 30%. 

The combined lepton pair mass spectrum for pairs, with total momen- 

tum less than 1.9 GeV/c, which is the maximum attainable in B  + J/$X, 

is shown in Fig. 20. The p+p- events, cross-hatched in the figure, have a 

peak of 12 events within f 110 McV/c’ of th$ J/to mass with a background 

in this 4 o wide region calculated to be 2.3 f 0.7 events. The background 

in the e+e-channel is somewhat worse, but by rejecting low multiplicity 

events and electron tracks from converted gammas we find 7 e+e-events in 

the peak with a predicted background of 2.2 f 0.3 events. 
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Fig. 20. Invariant mass distribution for lepton pairs from e+e- 4 
p+p- X  and e+e- -+ e+e- X. The dashed distribution is 
the p+p- channel only. 

The combined signal, shown by the upper histogram in Fig. 29, has a 

peak with a significance of more than 415 standard deviations. The branch- 

ing ratio found from the p-pairs and e-pairs separately are consistent with 

each other and the combined result is , 

Br(B -+ J/$X) i= 1.37-o.5 +O.S%, 

The data are consistent with a substantial $’ contribution as there are two 

events with a lepton pair mass close to M($‘) and three J/$ candidates can be 

combined with a n+n-pair to form a r&‘. 

The momentum spectrum of the lepton pairs with masses in the J/ll, 

region is shown in Fig. 21. Only two candidates are observed with mo 

mentum greater than 1.4 GeV/c, the values associated with B  + J/(l, K  

events and 99% of the B  -+ J/$ K’ (892) events. The spectrum can be ex- 

plained by quasi two-body decays of &excited K* mesons with masses up to 

about 2 GeV/e2 contributing substantially. Thii is interesting considering 

the significant contribution of the D*(2420) to charm quark fragmentation 

reported here. 

In view of the initially unexpected contribution of the W  exchange 

diagrams to Do decay, it is perhaps interesting to note that a W  exchange 

decay of a B” meson would probably produce a cii intermediate state. It is 

known experimentally that the production g cE pairs in fragmentation of qq 

pairs produced by e+c-annihilation is suppressed and a similar suppression 

is possible in B  decays. Nevertheless, if a sighificant fraction of the J/$ from 

B decay were produced in association with D or D* mesons, the spectrum 

of Fig. 21 could result. This is, of course, not the first time that the 

possibility of such CF pair production in B  decays has been considered./l8] 

-573- 



7 CONCLUSIONS 1 
I 

N 
250MeV/( 

8 

1 

B- J/$*X 

,- 

I_ rJ- ), I 1 I 

0 1 
P,D I G eV/c I 

ARGUS 

2 

The discovery that one of the higher mass D masons, the D*(2420) 

probably an L = 1 state, contributes significantly to charm quark fragmen- 

tation suggests that the ratio of vector to pseudoscalar mesons observed 

in e+c-annihilation may be influenced as much by branching ratios of the 

higher excited states as by the primary fragmentation process. 

The uncertainty of the branching ratio for A, + pK-r+ limits the 

accuracy of our present knowledge of u(c+c- -+ A, X), but the indication 

is that it may be produced almost as copiously as D*(2010). Confirmation 

of this large cross section for charmed baryons might suggest that the pri- 

mary fragmentation produces a larger fraction of baryons than is normally 

assumed and that the large ratio of mesons to ground state baryons is in 

part a result of the decays of heavy resonances: 

Finally our results on the weak decays of heavy quarks suggest that 

both W exchange processes are important in D decays and colour un- 

favoured channels contribute significantly in B decays. 

It is a pleasure to thank; the organizers of the SLAC Summer Institute 

for a stimulating and enjoyable meeting; my ARGUS colleagues for their 

help and advice; and Amy Chan and Peter Kim for invaluable assistance in 

the preparation of this manuscript. I 

Fig. 21. Momentum distribution for J/J, candidates from e+e- and 
p+p- data combined. The dashed line shows the momentum 
range for B -+ J/+ If. 
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ABSTRACT 

Partial lifetime limits for 34 modgs of nucleon decay are 

presented for 417 live days of observation. In all cases the 

properties of the contained event sanple are consistent with those 

expected of atmospheric neutrino intera tions. 
'a 

Other physics 

results, includiny limits on the flux of GUT monopoles, the free 

proton lifetime, the n-ii oscillation period, neutrino oscillation 

limits, and the upward muon flux, are also reported. 
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INTRODUCTION 

The Irvi 
F 

e-Michigan-Brookhaven (IMB) nucleon decay detector 
1 

is a large unberground water Cherenkov calorimeter whose first data 

set recently finished analysis after 417 live days of operation. It 

is capable of detecting any relativistic charged particle having 

velocity greater than 0.75~. Because it is the most massive 

existing nucleon decay detector, it is equipped to set extremely 

sensitive limits on bound nucleon lifetimes, the neutron-antineutron 

oscillation period, and the flux of GUT monopoles. It also contains 

more free protons than any other detector, and so produces very 

sensitive limits on the free proton lifetime. In addition, when the 

earth is used as a baseline, the detector can be used to search for 

evidence of neutrino oscillations at small &n2. Finally, 

reconstruction of the paths of through-going cosmic rays allows 

study of extra-terrestrial neutrino sources. 

THE DETECTOR 

Different Grand Unified Theories predict different decay modes 

of the nucleon to be dominant.' Minimal SU(5). for instance, 

favors N+en. while models in which the exchange boson is a scalar 

favor kaon-producing modes. To distinguish which if any theory is 

correct, the detector is designed to be sensitive at the single 

photoelectron level to electrons, muons, pions, and kaons. In order 

to sensitively test the prediction by minimal SU(5) that 

; ii 4.5x102g*1.7 years, and to constrain as well as ppssible the 

other theories, eight metric kilotons of water are used. This 

provides a sensitive mass of 2~10~~ nucleons. The apparatus is 

located at depth 1570 m.w.e. in the Morton-Thiokol mine in Fairport, 

Ohio, in order to reduce the cosmic ray flux from 105sec-l to 

3sec-1. The rectangular cube of water is viewed on all sides by 

2048 5" EM1 photomultiplier tubes inset 0.5m from the walls and 

spaced on a lm lattice. The fiducial mass begins 2m inward of the 

phototube planes. 

Water was selected because it is economical as well as 

homogeneous and isotropic in calorimetric response. Furthermore, 

since Cherenkov radiation is directional, no track directional 

ambiguities can occur. For particles with 8>0.75, the Cherenkov angle, 

eC’ 
iS (42'. In order to minimize light loss, detector water is 

purified by a variety of means including reverse osmosis filtration. 

One absorption length at wavelengths of interest is about 40 meters, 

a distance longer than the cube diagonal. The hemispherical 

phototubes were designed to withstand several atmospheres of water 

pressure and to provide an equal time of flight for photoelectrons 

arriving at the first dynode from all points on the photocathode. 

When in their housings, the phototubes are neutrally buoyant and 

neutrally torqued, thereby eliminating nee?i for massive structural 

support. Side tubes are suspended by nylon line; top and bottom 

tubes are mounted on PVC beams. 

For every event, the electronics recobds for each phototube two 

times at which light can trigger the tube and a pulse height 

proportional to the light intensity. The fine time scale, which has 

a least count of Ins and a length of 0.5~~. can record light from 
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nucleon decays, neutrino interactions, and through-going cosmic 

rays. The 1.511s second time scale records electron showers from 

muon decays. The detector is calibrated weekly by means of a UV N2 

laser. Laser light pulses are emitted in the volume via either an 

isotropic source or a device intended to mimic back-to-back 

two-track events. Intensity is varied over five orders of magnitude 

and timing is ramped over the complete 8us window. 

EVENT RECONSTRUCTION AND DATA FILTERING 

The most comnon events detected are through-going cosmic rays 

which traverse the detector at a rate of 2.8 set-I. These are not a 

background to contained nucleon decay for several reasons. First, 

they trigger on averaye 600 phototubes, compared to the 180 expected 

for the nest luminous nucleon decay. Secondly, the timing and pulse 

height pattern of their triggered tubes clearly signals the muon 

entry spot with a small patch of early firings. The muon exit spot 

is the reyion with maximum energy deposition. The first pass to 

eliminate each day's 230,000 muons from the data sample consists in 

a set of loose energy and topological cuts, optionally applied 

on-line or off-line. All data which is not eliminated by such cuts 

is simultaneously and independently analyzed at The University of 

Michigan and at The University of California, Irvine. The Michigan 

analysis chain will be described as an example of one method used. 

Events which pass on-line cuts are required to have triggered 40-300 

phototubes. This corresponds to a visible energy, 'after correction 

for light attenuation and geometrical effects. of 0.2-1.7 GeV. 

After this cut 30.000 events/day remain. These are next fit for 

vertex location by selecting the point on a one meter lattice which 

minimizes the sum of tube timing residuals under the assumption that 

the observed light is a spherical wave. About 500 events/day remain 

within the fiducial volume. The next pass requires that detected 

light fit the Cherenkov cone geometry'and a line, not a point, 

source. Events with good fits to vertices on the tube planes are 

rejected as entering particles. An exhaustive search about the 

lattice vertex is made for the best vertex position. Depending upon 

the number of phototubes trigyered. the resolution for vertex 

location by this method is SO-100 cm. The angle between 

non-overlapping tracks can be determined to within 215'. A few 

contained events per day remain after the fiducial cut is again 

imposed. These are scanned by physicists at a color yraphics 

display terminal for final adjustment of vertices. The official IMB 

data sample of 4U1 contained events in 417 live days results from 

combining the Irvine and Michigan samples at this point. Simulation 

studies indicate that the efficiencies for retaining by this 

procedure single track neutrino interactions and multi-track 

contained events are 75% and 90% respectively. 

The official contained event samplelis entirely consistent with 

that expected from interactions of atmosp,heric neutrinos. The 

observed rate of O.g6+0.05 per day is in good agreement with the 

expected value of 0.g7t0.02, where the qqoted errors are statistical 

only. The systematic error in the background rate includes a 20% 

uncertainty in the Y flux calculation used and a 15% uncertainty in 

the charged- and neutral-current cross sections at low energy. The 
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visible energy spectrum. shown in Figure 1, closely follows the 

expected cur 
7 

The low energy cutoff is an artifact of the imposed 

energy cut. As shown in Figure 2, the distribution of contained 

vertices and track directions is isotropic within the statistics 

of 401 events. The absence of any downward-going excess near the 

top and of any incoming excess near the fiducial edges indicates 

that contamination by cosmic rays and incoming neutral hadrons has 

been reduced below the 5% level. 

ISOLATION OF SIGNAL AND SIMULATION OF BACKGROUND 

Nucleon decay candidates are at present characterized by two 

variables, visible or so-called Cherenkov equivalent energy (EC) and 

anisotropy (A). Anisotropy is a measure of the energy balance in an 

event. It is defined as the magnitude of the vector sum over all 

triggered phototubes of the unit vector from vertex to phototube, 

divided by the number of triggered phototubes. Only tubes firing 

within 15ns of the global detector trigger are considered, in order 

to remove scattered light from consideration. For short single tracks A is 

approximately equal to 0.7 (= cos e,), and it approaches 0 for isotropic 

multitrack events. As such it is a powerful tool for distinguishing 

nucleon decay candidates from single track neutrino interactions. 

In the case of certain decay modes, two additional parameters 

are used, the muon decay electron signature and the back-to-back 

signature. The Cherenkov ring of a muon decay electron is not 

always recognized as a separate track by the present.algorithms. It 

is therefore observed as a coincidence of five or more phototubes 

0 0. 

Figure 

I I I I I I I 

2 0.4 0.6 0.q 1 1.2 1.4 

Energy (COV) 

1 The visible energy distribution for the ( 
' contained data events. 

! 
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Figure 2. -Projected vertex and 
direction cosines of the 401 
contained events. The tail of 
each arrow represents the event 
vertex and the direction of the 
arrow indicates the strongest 
track. The dashed line is the 
fiducial volume edge. Projections 
are (a) south, (b) top, and (c) 
east. 

firing within any 60 ns windori on the second time scale. There is a 

60% efficiency for detecting muon decays in'this manner and less 

than a 1% chance of observing an accidental coincidence. The 

back-to-back requirement is a Pemand that the included angle between 

tracks in a two-track event be ,150'. It is imposed upon tracks 

during the scanning aspect of reconstruction. 

Isolation of the nucleon decay signal is a three stage process. 

In the first stage. 500-1000 events of each decay mode are simulated 

by a program which incorporates the effects of Fermi motion in the 

oxygen and nuclear interactions of product mesons. The simulated 

events undergo the same analysis chain as do data events, and a 

scatterplot is made of their reconstructed EC and A. An example of 

such a plot for the mode p+u+no is shown in Figure 3. The solid 

lines enclose the area in which most p+u+no events are expected to 

lie if the wo does not interact strongly in the parent oxygen 

nucleus. The low energy events clustered near A=D.7 are ones in 

which the pion has been absorbed. Events with low A and low EC are 

ones in which the pion has either charged,exchanyed,or suffered a 

wide angle scatter. 

In the second stage, an EC vebsus A scatterplot is made for a 

large number of simulated neutrino'interactions. The neutrino 

simulation program begins with the theoretical flux, eneryy 

! spectrum, and angular distribution calculated for the detector's 

depth.3 Specific events are created using event topologies 

measured in freon by the Gargamelle bubble chamber group. 
4 

Electron neutrino events are simulated by substituting electrons for 
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A  scatterplot of E, vs. A  
simulation of the nucleon 
mode p+u++'. 

1 

for a 
decay 

muons of the same momentum. The resultant events are then analyzed. 

As expected (see Figure 4), they cluster about A=0.7. since they are 

predominantly single tracks. By combining the uncertainties 

incurred at each stage of the simulation, an error of a factor of 

two is assigned to the number of background events expected for any 

particular decay mode. 

At the third step, cuts are placed upon EC and A  to maximize 

efficiency and minimize background. The data EC versus A  

distribution is then plotted as in Figure 5. Seven events are 

included within the p+R+so cuts. The rrmon decay and back-to-back 

requirenents are then imPosed upon certain decay modes, p+u+ra being 

one of them. For the example decay mode, two candidates (designated 

by x's on the plot) remain. No background subtraction is made, and 

a 90% confidence level lower limit on the partial lifetime is set by 

considering all candidates to be real nucleon decays. Table 1 

summarizes partial lifetime limits, anticipated background, and 

detection efficiencies obtained in this manner for 34 nucleon decay 

modes. Twenty-one candidate events are consistent with being either 

nucleon decay via non-neutrino modes or atmospheric neutrino-induced 

phenomena. Table 2 summarizes their detail:. Requirements for 

different modes overlap so that a single e&t may be a candidate 

for more than one decay mode. The partial limits range between 

0.2x103* and 5oX1031 years. Many modes are! presently background 

limited. 

OTHER PHYSICS AT IMR 

It has been suggested 5 that GUT monopoles may catalyze 
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nucleon decay, albeit with uncertain cross sections. 
I 

If the 

monopole interaction length is less than or of the same order of 

magnitude as the detector size, the monopole's traversal of the 

detector may be signaled by two or axore sequential nucleon decays 

within the Bus window. No evidence for such interaction has been 

found in 300 live days of data.6 Consequent 90% confidence level 

limits have been set on the monopole flux as a function of monopole 

velocity and interaction lenyth. These are represented in Figure 6. 

Flux limits have also been set by looking for single monopole 

interactions in the detector. This method has the advantage of 

being independent of monopole velocity. However, because of 

kinematics, the monopole-nucleon interaction can be mimicked by most 

neutrino interactions in the relevant energy range. For that reason 

all of the contained events are candidates for catalysis. The 

consequent flux limits are presented in Figure 7. 

Some authors 7 have suggested that nucleon decay is forbidden 

by nature but that AB=Z processes are not. Evidence for such 

neutron-antineutron oscillation has been sought 8 
with the result 

that 15 candidates consistent with the expected neutrino background 

were observed in 417 live days. The 90% confidence level lower 

limit on the bound neutron oscillation period is thus measured to be 

3.0~10~~ years. This translates 9 to a free space oscillation time 

of 1.1~10~ seconds. 

By considering as sensitive mass only the free'protons in the 

fiducial volume, one can set proton partial lifetime limits which 

are independent of any meson nuclear propagation model. 10 Because 

MULTIPLE INTERACTIONS MULTIPLE INTERACTIONS 
90% C.L. UPPER LIMITS 90% C.L. UPPER LIMITS 

10-J 10-Z 10-l 1 
MONOPOLE VELS)CITY, /3, 

Figure 6. Ninety percent C.L. upper limits on the monopole flux versus 
monopole velocity for multiple interactions in the detector and 
several values of the catalytis interaction length. 
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Figure 7. Ninety percent C.L. upper limit for single 
monopole catalysis of nucleon decay. 

there is no Fermi motion smearing and meson, strong interactions are 

greatly reduced, the anticipated signal should be cleaner. This 

permits tighter cuts and lessening of background. The limits on the 

free proton lifetime which have been set for 17 decay modes at 90% 

confidence level are summarized in Table 3.' 

A search for yalactic neutrino sources is also being 

conducted. l1 By considering only upward-going muons and using the 

fact that muons with energy above 2 GeV preserve the direction of 

their parent neutrino track to within a few degrees, one can point 

back alony the muon track to the neutrino source. Observation for 

396 live days has produced a 98% confidence level upper limit of 

3.6x10-14/str cm2 set on the total upward muon flux from 

extraterrestrial sources. 

The single-prong event sample with a 4m fiducial cut imposed 

has been used to search for evidence of neutrino oscillations. 12 

One can use the fact that neutrinos pointed in the upward 20% of the solid 

angle travel on average L=107 meters through the earth, while those 

directed within the downward 20% travel about L=104 

meters. Comparison of the energy spectra of thy upward- and 

downward-going samples and use of the expressio: 

P(vl+v2) = l-sin22nsin2(1.27 k Am2) 

indicates no evidence for oscillations. The c$sequent excluded 

region in Am2-sin22n space is shown in Figure 8. 
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Table 31- Free proton decay lifetime limits for 417 day sample 
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ABSTRACT 

The FrCjus nucleon decay experiment is briefly described. A 

search for nucleon decay-modes with no q eutrino in the final state 
is presented. 

OB. Degrange 1985 
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1. InTnoDucTI0~ 

The recent results of the largest nucleon-decay detectors 
r1, 21 based on the water-Cherenkov technique have set severe lower 
limits on the partial lifetime for the mode p + e+ rP (e.g. T/B 

St.5 103* years at W% CL “I ) and have ruled out the “minimal” SUS 
theory of Grand Unification. Other modes which are more difficult 
to detect in Cherenkov detectors must then be looked for. Actually, 
candidates for such modes have been found r1, 21 but they can also 
be interpreted as interactions of atmospheric neutrinos. 

It is thus interesting to use a complementary technique. In 
tracking calorimeters, vhich are sensitive to various decay-modes, 
neutrino events are rejected by criteria (e.g. number of tracks, 
angles between tracks) which are quite different from those used in 
Cherenkov detectors. Up to now, however, such calorimeters vere 
rather small (e.g. 150 tons for the Mont-Blanc detector [3’). The 

FrCjus detector was designed to conciliate a mass in the kiloton 
range (0.912 kt), a high spatial resolution (%a) and a very fine 
sampling for calorimetry (3mm of iron) yielding an accuracy of 11% 
on the deposited energy at 1 CeV. Figure 1 shovs a p * u’ Ko decay 
simulated in the FrCjus detector. 

2. DESCKIPTIOB OF TTIK m 
2.A TBE SITE 

The eFr4juse proton-decay detector is located in the “Hodane 
underground laboratory” in the middle of the FrCjus tunnel linking 
France and Italy in the western Alps, about 80 km south of the 
Mont-Blanc. Figure 2 shows a sketch of the underground laboratory, 
whose main characteristics are summarized in Table 1. 

TVT ,, CID> Y 

Figure 1 : A decay p + u+K’ 
We * 2 n’)simulated in the Frejus 
detector. 

-590- 



-591- 

2.B. THE DETECTOR 

The “FrCjus” proton-decay detector (12.38 x 6m x 6m) 
consists of a fine grain flash-tube calorimeter (0.93 lo6 flash- 

tubes) triggered by a set of 113 vertical Geiger planes. The 
trigger planes (each including 3.52 vires) are interspersed between 

flash-tube sections every 10.&m. Flash-chamber planes as veil as 
Geiger planes are alternatively made of horizontal tubes (providing 
the side view of an event) and of vertical tubes (providing the top 
view), as is sketched in Figure 3. The flash-tube section (.$a~ x 
fimm) and the close spacing between flash-chamber planes (3m of 
iron) lead to a high spatial resolution (*aa on a muon track). The 
total weight is 912 metric tons. The main characteristics of the 
detector are summarized in Table 2. 



Table 2 

Flash chambers Gaigcr planes 

I I 

I Number of planes 

Mechanical unit 

I Material 

Number of tubes 
per plane 

Tube cross section 

Gas 

912 
(2 views) 

;:450: z’z . 
flash chamber 
bigap ) 

Polypropylene 
flash-tubes 

1024 352 

5x5mm2 

Ne (70%) 

Be (iOX) 
Recycled 
(150 m3/hr) and 
purified (in 
order to remove 
air, water and 
degasing products 

113 
(2 views) 

Octotube 
(44 octotubes 
per plane) 

Aluminum tube 
Wire : Cu - B 

0. IOOjJls 

15 x 15 ml* 

Argon (98%) 
+ 

Ethanol (2% 

I  
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2.C DETeCTOR OPERATION 
The trigger logic was designed to satisfy the following 

requirements: 

a) Provide a good trigger efficiency for nucleon-decay events, 
occurring in a rather small volume (0.5 m3 compared to the 

total volume of 432 m3)r 

b) Keep the trigger rate due to radioactivity at a rather low 
level3 the counting rate per plane (352 tubes) is 2400 Hz and 
the time resolution of the Geiger tubes, resulting from the 
variable drift time, amounts to less than 300 ns on the 
working plateau (1470 volts). 

The trigger logic proceeds as follows : 

a) All sets of five consecutive Geiger planes are considered 
in turn. 

b) In each plane the number of hit tubes is counted, up to a 
maximum contribution of three. 

c) The contributions of the five consecutive planes are sunsaed 

up. The flash-tubes are triggered if the result is greater 
than or equal to five. 

With such criteria, only 15 triggers per hour are due to 
radioactivity, whereas 20 triggers per hour are due to cosmic-ray 
muons. 

A high-voltage pulse is then sent to aluminum electrodes 
glued on the polypropylene flash-chambers, providing an electric 
field of 8 kV/u in each gap. This is done by unloading a 
delay-line acting as a pulse-forming network (there is one delay 
line per bigap element). The minimum delay between the time at 
which the particle crosses the Geiger tubes and the time at which 
the high voltage reaches the nominal value is 1.3 us. This 

includes the delay due to the trigger logic as well as delays due 
to signal propagation and amplification. The pulse has to last 0.8 

uv in order to allow the plasma to propagate along the full length 
of the tube (6m). The dead time of the detector is 4s~ it is due to 
plasma recombination and to the re-loading of the high-voltage 
delay line. On the basis of 35 triggers per hour, it amounts to 
about 4% of the total running time. 

The plasma signal is picked up through capacitive coupling 
at one extremity of the tubes. Removable read-out boards bearing 

metallic strips superimposed to each flash-tube are screwed at one 
end of the flash-chamber elements. Pulses collected on the strips 
are used to load shift-registers if their height is greater thsn a 
threshold value adjustable by the computer. The read-out of the 
shift-registers is then controlled by a fast micro-processor acting 
as a crate controller. A typical time for reading out a cosmic-ray 
event is 20 ms per view. 

The flash-chamber and trigger efficiencies ue -rimed in 
Table 3. The energy resolution was measured by exposing a two ton 
test-module with an identical structure to electron beams in DESY 
and to pion and muon beams in Bonn. For electromagnetic showers 
perpendicular to the detection planes, one finds: 

Qs!z +5.1 iO.9) x. 

-593- 

. 



‘Y 
RUH 759 EVENT 111 CREATED DV tR1COf.R OH i!i?-SEC-84 13: 3130 

Table 3 

Flash chamber 
efficiencies and background rates 

Trigger efficiencies 

Detection efficiency : 
(per tube) 

80% 

Rate of background hits: 0.8 IO -4 
(per tube) 

Number of background hits 
in a volume tppical of 
N-decay Z’ 

Rucleon decsy : 05% 
(no final state V) 

vu~+N+u+N 00% 
(500 MeV) 

we(<) + N + e + N’ 

(600 MeV) 
80% 

2.D PRESENT STATUS OF TRE RXPERIRRNT 

The data taking started in March, 1984 with only a part of 
the detector (240 tons). It proved quite feasible to run the 
detector while mounting new modulesr actually a running time 
efficiency of 70% was achieved. The set-up was completed to the 
final mass of 912 tons in June, 1985. The data presented here have 
thus been collected from a detector with an increasing mass. 

The present integral exposure is 289 ton-years (fiducial 
mass), the fiducial volume being obtained by removing 50 cm from 

the limiting planes of the detector (i.e. e one interaction length 
and seven radiation lengths). For the final set-up, the fiducial 
mass amounts to 585 tons. 

Events are scanned on-line by physicists at run-time. The 
present data mainly consist of 106,000 single muons, 3100 muon 
bundles (Figure 4) and 22 vertex-contained events, i.e. events with 
a vertex located inside the fiducial volume. 

-594- Figure 4 : A muon bundle 
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3. ANALXSIS OF vPaTm-coIcTAnaD EVUTS 

The 22 vertex-contained events have been classified into tuo 
categories: 

a) Those with all tracks and shovers located inside the detector 
(referred to as “fully contained” events, Figure 5). 

b) Those vith at least one track (or lover) leaving the 
detector (referred to aa “partially contained” events, Figure 
6). Single muons uhich could be confused vith ingoing 
cosmic-ray uuons stopping in the detector wert removed from 
this last aamplt. 

All those events can be interpreted as ntutrino-induced, as 
indicated in Table 4. 

Table 4 

Fully contained Partially contained 
events events 

V” cp cc 5 7 (9 

ve te cc 7 0 

NC I 0 

Ambiguous 1 &NC) I f$NC) 

TOTAL 14 8 

CC - charged current 
NC - neutral current 

(*) - Single mom which could be confused with 
ingoing comic-ray muons stopping in the detector 
have been removed. 

. . 
l 4. 

* .  

‘i3Jiq. 

.  - 

.  * . 

. 

. 

Figure 5 : A fully contained event (vefie candidate) 
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The distribution of the Wrible" energy is abovn in Figure 

7. From the 19 charged-current candidates (set Table 41, a very 
crude estimate of the rate of charged-current induced moutrino 
interactions is found to ba 97 f 25 tvtnta per kiloton and per 
year, taking into account trigger and scanning efficiencies. This 
is in good agreement with the upsctad rate. 141 

In order to starch for nucleon decay8 into final rtates with 
no ntutrino, we start from the sample of 14 fully contained events 
and apply the following criteria: 

a) Selected events must include a possible charged lepton (e* or 
p'). 

b) Events compatible with a single track or shower are rejected. 

For the remaining events, we plot the ratio : lp 
ir 

of the total momentum to the total energy Evir of detected particles. 
versus E 

ViS’ 
This plot is shown in Figure S for the four events with 

E 
ViS 

c 2 GeV. Even when errors are taken into account. none of the 
four events in this plot are found compatible with nucleon decay. 

Correcting for the overall detection efficiency estimated to 
be about 51% (this includes the 85% trigger efficiency for tit 
relevant decay-modes as well as the probability to satisfy the 
selection criteria and the acanning efficiency), the following 
lover limit for the partial life-time is obtained: 

ez 
r/B (N + + + hadrons) > 289 ton-years x 6.102gnucl/ton x f , 

v- . 
90% CL 

yielding : 

t 
'I/B(N + e+ + hadrona) > 4. 103' years. 

v- 
90% CL 
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4. CONCIRSIONS 

The Ftijus detector has been operating since March. 1984 with 

a Part of the modules, starting with 240 tons, reaching the final 
mass of 912 tons in Junt,1985. The present exposure corresponds to 
289 ton-years (fiducial mass). The vertex-contained events art well 
interpreted by ntutrino interactions and a lower limit (90% C.L.) 
on the partial nucleon lift-time concerning those modes with no 
final state neutrino is 4. 103l years. An exposure of 1000 
ton-years (fiducial) should be reached at the end of 1986. 

Some results in the field of cosmic-ray physics have also 
been obtained with the present data. In particular, no significant 
muon signal coming from the source Cygnus X-3 has been found. 151 

Such a signal observed in the Soudan I [6 1 and in the RUSEI r71 

underground experiments, is very difficult to explain in the 
present framework of Particle Physics. 

[ll H.S. Park et al., Phys. Rev. I.&t. 54 (1985) 22. 

121 H. Koshiba, in Proceedings of the 2Znd International Conference 
on High Enerev Physics, Leipzig (DDR) July 1984, vol. 1 p. 250. 

[31 G. Battistoni et al., Phys. L&t. 118B (1982) 461. 

[4] T.K. Gaisstr and T. Stantv, in Proceedings of the International 
Colloquium on Baryon Non-conservation, Salt Lake City, January 
1984, edited by D. Cline (Univ. of Wisconsin Press, Madison, 
1984) p. 61. 

[5] B. Dtgrange, "Highlight" talk, Proceedings of the 19th ICRC 
Conference, La Jolla (USA), August,1985 (to be published). 

I61 H.L.Harsh& et al., Phys. Rev. Lett. 54 (1985) 2079. - 

171 G. Battistoni et al., Phys. L&t. 155B (1985) 465. 
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Abstract 

We present preliminary results fran Fermilab 

Experiment 605. Using our open-aperture data we 

pr b sent single hadron ratios from deuterium in the 

range 5<pT<'8 G&/c as well as a dielectron mass 

spectrum with resolution sufficient to separate the 

three T peaks. We also present ten percent of our 

closed-aperture dimuon data which shows a good 

sensitivity to possible new narrow resonances. 

The relative production ratios of the lcwest three 

T states are determined. 

Fermilab Experiment 605 was proposed in 1978 as primarily a 

dilepton resonance search. The intent was to make a significant 

improvement in sensitivity over an earlier experiment' which 

discowred the T family. The mass resolution in the earlier 

experiment (0,/m = 0.02) was daninated by multiple scattering in 

the beryllium absorber which was used to attenuate hadrons in the 

accepted aperture and thus to allow high luminosity dimuon 

measurements. 

Figure 1 illustrates our initial approach. We attempted to 

remove the absorber canpletely, allowing our detectcrs to hide 

behind the primary beam dump from our luminous target. High 

transverse momentum (p,) particles of interest were bent around 

the dump toward our detectors. Unwanted low pT charged particles 

were swept away by the SMl2 magnet (Fig. 2). Neutral particles 

originating in the target ca0d not exit this magnet directly. 

Figure 1. Schematic diagram of our open-aperture 
configuration (not to s&e). 
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----- CO”WTER BANK 

Figure 2. Layout of the apparatus 

However, as Fig. 1  indicates, indirect neutrals were a  problem. 

Our dcnninant background was due to lbw energy photons, presumably 

the products of TI 0  showers. Low energy neutrons produced in the 

dump were not a  serious background. , 

It was recognized that open-ape+ure running, in addit ion 

to providing excellent mass resolution would allow simultaneous 

dielectron and hadron measurements in addit ion to d imuon 

measurements. Consequently we built a  spectrometer (Fig. 2) 

equipped with complete particle identification. Hadron 

identification was carried out by a  r ing-imaging Cherenkcw 

counter. L  
CMr photon backqround (Fig. Wlimited our open-aperture 

luminosity to about 10  35  -2 -1 cm s (with an  aperture St high 

pT of 0.5 center-of-momentum steradians).' This luminosity was 

about a factor of 30  less than the closed-aperture luminosity 

discussed below. 

In Table 1  we surmnarize our data recorded during the period 

1982-1985. One paper3 has recently been publ ished showing that our 

1982 data give support to the idea that constituent multiple 

scattering causes the A dependence of hadron prcductim observed 
?  

at high PT. Our intent here is to display the scope of the 
I 

remaining data and to present some preliminary results. 

Forthcoming theses4 and future publicatio 
P 

s Will present relevant 

experimental details. 
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Table 1. Data Recorded 

integrated luminosity/nucleon (10 39 Clll-2) 

target: Be c" w LH 2 

1982 0.2 0.3 0.3 

1984 1.5 2.2 3.5 0.7 

12.9 2.2 0.8 

1985 2800. 

LD2 i-S aperture 
(GeV) 

2.6 

27.4 open 

27.4 open 

38.8 open 

38.8 closed 

In Figs. 3-6 we plot particle ratios from deuterium at 

rs = 27.4 GeV in comparison to earlier results5 from a 
/ 

Chicago-Princeton (CP) collaboratiop. (Our measurements cover 

the range 70° L B" 5 95' in center-of-momentum production angle. 

The CP measurements are at 8' = 96'). Efforts are currently 

underway to obtain predictions for these ratios using the LUND 

fragmentation modpl. 6 Here we simply note that the K+/n+ ratio is 

a fairly direct measure of the relative probability P(s)/PP(u) of 

picking up a strange quark (compared to a u quark) during the 

fragmentation process. The value observed' for this relative 

probability in e+e- annihilation is 0.3, lower than the values 

we observe. Similar problems have been noted by two ISR 

experiments 8.9 (at lower values of XT = ZpT/rs). 

The p/n+ and p/n- ratios provide information on the 

probability of picking up a diquark during the fragmentation 

Again, disagreements 10 + - 
process. with e e measurements have been 

found in hadronic production and our data should help il luminate 

the issues. We note that our data shar good agreement with the CP 

data in the region of overlap except for the p/n- ratio which 

appears to flatten out above pT = 5 GeVi(c in ax data. 

I" Fig. 7 we show the e+e- mass spfctrum observed in 

proton-beryllium collisions at Ts = 38.8 GeV. Efforts are : 

underway to improve the mass resolutionl but its present value 

(0 = 50 MeV) is sufficient to resolve the three T peaks. These 
m  

measurements are used to check u-e universality belcw. 

I" 1985 we have added a 48 inch thick lead absorber (Fig. 8) 
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et the downstream end of the SMl2 magnet in order to eliminate our 

photon background. This absorber allowed us to increase our 

luminosity I, y a factor 30. Improvements in the reliability of 

our beam also helped to achieve the improvement in integrated 

luminosity for 1985 noted in Table 1. We retain good mass 

resolution in the presence of this relatively thin absorber by 

using our SM3 magnet to measure momenta. Production angles 

must still be measured by tracking particles through SM12. In 

Table 2 we show expected contributions to our mass resolution 

in our closed-aperture configuration. 

In Fig. 9 we show 10% of our closed-aperture dimuon data. 

Our presently observed mass resolution om = 34 HeV is about a 

factor of two worse than expected (Table 2). Present attempts 

to improve our resolution are focusing cn a better understanding 

of o& magnetic fields. However, good sensitivity to possible 

new narrow resonances is already evident in Fig. 9. 

In Table 3 we shcw our preliminary values for the relative 

production ratios among the T states. We observe qocd agreement 

among our dielectron and dimuon ratios as well as the dimuon 

ratios from Reference 1. 

We gratefully acknowledge the dedicated assistance of many 

support staff from Fermilab and our hone institutions. We thank 

the organizers of the SLAC Summer Institute for the opportunity 

to participate in this friendly, productive ConferenCe. 

Table 2. Expected Contributions to Closed-Aperture Mass 
Resolution I 

Contribution o(MeV) 

target size 

dE/dx fluctuations 

multiple scattering 

in target 

in lead absorber 

6.3 

3.0 

9.4 

7.8 

in detectors 6.5 

in helium 3.7 

chamber resolution 7.0 

other 4.6 

TOTAL 
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Table 3. Relative Production Ratios Among T States 
/ 

Channel T./T T",'T 

dielectrons at TS = 38.8 GeV I 0.33+0.10 0.13+0.05 

dimuons at v'-s = 38.8 GeV : 0.35f0.02 0.14?0.01 

dimuons at d-s = 21.4 GeV 0.3EO.03 0.15f0.02 
(Reference 1) 
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Abstract 

Results from the CERN 1SR experiment R70L l re presented. The l xperl- 

81enL utilized l Dew technique for chrrmooiua specLroscopy, lcttlog l 

cooled circulating i beam collide with the prorons of a dense. moltcu- 

lrr H2 jet target. 
Results on tote1 widths end coupliqr to pp l re Biven for the 

3 
P2(x2) and 

3 PI(x,) states as weI1 as IICY precise results for their 

masses. The decay of ‘So to yj bar been looked for. An upper ImlL 

of ryy is given. 

Finally,results of l reerch for the 1 P, 8t8Le of cbrrmoaium J*e 

discuseed. 

*Died in an accident July 21. 1984. 

QJ. Guillaud 1985 
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I. Ia{roductioo 

The bulk of experimental information OD the cbarmonium system,vhich 

bar been published since the discovery of J/JI ia 1974, [l] comes from 

l +e- colliders. 

The fact that only states allowed through one photon intermediate 

state (Fig. lA), i.e. ctates vith Jpc = I--, have reasonable production 

rates, is clearly reflected in the quality of the available data from 

such machines. Compare for example the mar.* determination of J/+(1--) 

H(J/JI) = (3096.93 2 0.09) w/c2 [2] 

with the x2(2++) mass determination 

m2) = (3510.3 2 .4 t 4.0) nev/c2.r31 

The reason is, of course,that while J/S can be formed directly, x2 

(or any state vith JPCt I--) has to be produced by the decay of a 

heavier I-- state. So, vhereas the I-- masses are directly measured by 

the e+e- center of mass energy (i.e. by the beam energies), the non-l-- 

states~ mass determination depends on the detector cbarscteristics 

(energy resolution, efficiency for low energy photons). 

At e+e- machines one could in principle produce non-I--, C = + 

states in two-photon annihilation (Fig. 1B). Hovevcr, the cross scctioo 

for reronaoce production decreases rapidly with resooance mass, [4] and 

so far q o results on charmonium production in yy collisions have to 

our koovledge been published. 

In pp annihilation through gluonr (Fig. IC) ~11 J PC combinations 

allowed for l fermion-antifermion system are allowed in the final state. 

This is therefore ao appealiog approach for the study of chrrmonium 

states with Jpc t 1--. 

IO thir paper,ve report oo ao experiment (R70G at CERN’r ISR) which 

has been utilizing this technique. Preliminary results from various -610- 

A) The reaction e+ e- + cc via one-photon intermediate state. 

e+ y e+ 

3E 
5 

cm+ 

e’ Y e’ 

B) The reaction e+e- e e+ e- cc by two-photon collision. 

C) The reaction pp + cc via gluonic intermediate state. 

Fig. 1 



SLages of Lbe experiment have been publlshed as reports [S] and confer- 

ence contributions. [6] 

In Section 2, we indicate briefly the main features of the set-up, 

which bar been described in detail clsewherc.[5,9] 

Results on the triplet P  states Xl and x2 are given 10 Sec- 

tion 3. In Section 4.thc results obtained for the channel PP + ‘I, * YY 

are presented. 

IO Section 5, we discuss the outcome of a search for the so-far- 

unobserved singlet P  state, ‘P,. 

Finally. 10 Section 6,ue give our conclusions. 

2. The Experiment: tlethod and Set-Up 

To study narrow (- a few t!eV) resonances with low formarlon cross 

sections (- 100 pb). the malo regulrements are high luminosity, reason- 

able geometrical acceptance. well-deflaed and reproducible beam momentum 

wltb small q omeotum bite,aod possibllitles of varylog the beam momeotum 

in small steps during scans. IO addition one would like an efflclent use 

cf antiprotons, and a high signal to background ratlo. 

All these criteria have been met in R704 by: 

- having a reasonably intense (- 10 ” i corresponding to - 5 ISA) 

antiproton beam circulating in Ring 2 of the CERN ISR, 

- using the transversal and longltudlnal (momentum-) stochastic 

cooling systems to obtain Aplp 5 10 
-3 and lifetimes of several 

dvs, 

letting the antiprotons collide with the protons of a high density 

(- 10’4 atoms/cm3) molecular ii2 jet (crass~og the 1% vacuum at 

supersonic speed). 

having the possxhilities to change the beam momentum in small steps 

(- 1 tIeV/c correpoodlng Lo - 300 keV/c’ IO mass) by the q omcatum 

cooling system, and in larger steps by the ISR RF system by the 

phase displacement aethod,[5,7] and 

minimizing problems from tbe huge (aToT f 70 mb) non-resonant 

hadronic background by focusslng on purely eleCtromagnetlC ftnal 

states. 

Details on the construction and operation of this complicated system can 

be found in Refs. 5 and 8. 

The detector (Fig. 2) was a two-arm, non-magnetic device, each arm 

covering the polar angle (vlth respect to the i beam) range 

17’<6<66’and AQ=45’ in azimuth. These main detector arms were 

supplemented with a system of addltional (“guard”) counters (not shobn 

1” Fig. 2). and detectors for lumlnoslty monitoring. 

The main detector arms 

Each arm consisted of a charged particle detector I” front of an 

electromagnetic calorimeter. 

The charged particle detectors were assemblxes of sclntillator 

bodoscopes, an atmospheric Freon zerenkov counter. and two multlulre 

proportional chambers (MWPC’s), eachviththreeplanes of differentlyorient- 

ed wires, 2 m m  pitch, operatlog in the digital mode. The entrance face 

was a single, trapezoidal scintlllstor, referred to as S-counter in tbe 

folloving sections. 

The MwPC’s gave an angular resolutloo of - 3 mrad with an event 

reconstruction efficiency of - 93%. For a threshold of 1 p.e. (e, n 

thresholds of 15 tleV/c, 3.68 GeVlc. respectively) the ierenkov exhIbited 

a reJection power of -3x10 -3 against pious, with - 97% electron detectloo 

efficiency. 
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The calorimeter was optimtzed with respect to high detectloo proba- 

blllty of lov energetic photons (asmetric no decays) and good single y 

versus multiple y resolution power, at the cost of a moderate energy 

resolution (AEE(FWIW/E 2 30%/& (GeV)). 
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It consisted of four parts. First, a 4.7 X0 (radlatioo lengths) lead 

sc~ntillator sandwich, the precalorlneter PC, (10 samplings (but car- 

responding counters added intheread-out), five scintillatorplanes subdi- 

vlded in the x-projectlon (vertical slabs with 3.5 cm granularity. 

alternating with five planes subdlvtded in the azImutha projcctlon with a 

granularity of 3.2’). 

Ihen, a set of four proportional chambers, each with two planes of 

cathodic strips (x and y projection, 10 m m  pitch) were read out 

analog,cally. Between each chamber was a 1 w  lead sheet for shover core 

repenerat~on and large angle. low energy particle absorption. The stack 

of fourchamberscanstituted - 1 X0. and was followed by a sc,ntlllator 

hodoscope (fourteen 8.6 cm wide vertical slabs) for trigger purposes. 

A  lead glass wall (66 15~15X30.5 cln3 blocks) of 10 X for full 
0 

conta,nment of (5 5 GeL) electron and photon showers terminated the max” 

detector arms. 

Energy was determ,ned from the sum of PC and lead glass s~Rnals, 

whereas the proportIona chambers (“analog chambers” III Pig. 2) were the 

essential tools in photon position determiostlon (shover localization - 

22.5 mm) and. together vith PC, in single y versus multiple y separa- 

tion 

Fig. 2 T’he R704 experimental set-up: the structure aad orientation of the 

main detector arms. 

The guard counter system 

The maln detector arms were surrounded by a system of guard counters 

coverlog nearly the total remainlug forward hemxsphere. 

They served partly as veto-counters (two-body final states) and 

partly as photon detectors (e+e-y final states). For the latter purpose 

they were segmented to give rough directional iaformatioo. 

In total the guard system comprised 24 simple scintillators to 

re,ect charged particles outside the main arms, and 50 - 4.5 X0 lead/ 

sclntillstor sandvlches (“neutral Xuard counters”) to detect (or reject) 
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neutrals outside the main arms. The neutral guard counters were read out 

through ADC’s. Further details can he found in Ref. 5. 

Lumlaosity monitor 

The luminosity was monItored by measuring pp elastic scatterlog 

in the squared four-momentum transfer range .001(GcV/c)2< t to.05 (GeV/c)’ 

corresponding to kinetic energies of the recoil proton of 0.5 UeV<T<25 fie\ 

The recoil protons were detected by a set of eight solid state silicon 

detectors. Again we refer to Ref. 5 for a comprehensive description. 

Beam quality monltorlng the channels 

At regular t ime u,tervals, information on the beam was transferred 

from the ISR control room to the experlneot and wrItten to tape as 

separate blocks. The blocks contained date. time, beam current, and a 

description of the beam momentum profile and lateral position in the ISR 

rl”g. 

of these 90 nb -’ spent at the x2 energy in a test run in bay 1983 

resulted in 4 x2 events giving confidence in the method. 

In April 1984 a x2 scan of 763 nb -1 and a x1 scan of 494 nb -1 

were conducted. IO a preliminary analysis, 56 and 32 events were found 

Performance, J/y detection 

Details on the constructxon, calibration. gain monitorlug, and 

performance of the whole system can be found in Ref. 5. 

Here, we only mention that the detection of .I/@ was always 

considered a key item, both for establishing the success of the 

method itself, and for giving a means of checking the essential parame- 

ters of beam momentum calibration and reproducibility. 

From the detection of - 190 pp + J/$I * e’e‘ events during short 

runs spread all over the data-takxng periods, W C  conclude to have an 

absolute momentum calibration of 2 1 t!eV/c, corresponding at J/v 

energy to a mass resolution of 2 300 keV. A  maximum likelihood fit to 

our J/O sample yields: 

I?704 = (3096.92 ? 0.1 + 0.27) tfeV/c2, 
J/S 

‘Y , 
vhere the first (second) error is statistical (systematic). Thus IS to 

he compared to the high resolution, dedicated Novosibirsk OLYA expert- 

ment at VEPP-4 121: 

nOLYA 
J/O 

= (3096.93 f 0.09) t!eV/c2. 

Details of the J/Jl + l ‘e- aoalysls are given in Ref. 9. 

3. The Triplet 3P , 2 (x,.x2) States: Masses. Widths and Couplings 

A total Integrated luminosity of 1347 ob -1 was spent in a study of 

respect1ve1y 

The trigger essentially demanded one electron track in each arm, 

and sultable multiplicity requirements on the hodoscopcs resulted in 

reasonable trigger rates of a few triggers per second at an 

instantaneous luminosity of 10 30 
cm -2 =-l . 

The off-line analysis demanded primarily a good electron signature in 

the charged particle detectors and in the calorimeters. 

In the charged part,rather loose cuts were imposed on the combined 

S and ” C  (Cerenkav) response, rejecting events with both S and C  

above cut values set so as to accept - 98% of tbe J/e + e+e- event 

sample. The MC’s were required to give one good line in each arm and 

gave the electron directions to within ?3 mrad. Events lost in the 

charged part due to the - 71, HWPC inefficiency. could he recuperated in 

the calorimeter analysis. -61?- 



In the calorimeters, the topology of one clean shower 10 line vtth 

the charged track was required. IO additlon,at q ost,one extra shower was 

accepted (provided oothtng tn the guard counters) to allow for the 

photon. 

Coven the electron dIrectIons, the photon dlrectton and the photon 

and electron energies were computed. 

The final step of the analysts was to assure conststency between 

the photon predlction and observatton (- 16% in me of the mabn arms. 

- 70% in the guard system) or non-observation (- 14% tn the backward 

hemlsphcre). 

The reconstructed ~nvarxant mass of the e+c- pair candtdates 1s a 

kc) parameter to understand and get confidence in the data. 

1” Mg. 3, we show the mass distribution for the x2 data. The 

solid line results from the data sample passing only loose cuts on 

shower topology and total seen energy. The shadoved part shows the mass 

distribution of the preltminary x2 event sample from April 1984. 

For compsr~son, the dotted line shows the reconstructed invariant 

mass from the J/Q + c*e- event sample. Figure 4shows the analogous 

distrihutlons for the x1 case. 

Trtggers with invartant mass less than 2.6 GeV/c2 were rejected at 

an early stage III the aoalysls. 

Results 

The event samples were dlstrihuted in bins with fired beam profiles. 

The beam profile was asymmetric and characterized by three numbers, 

Solid line: Reconstructed invariant mass of e+e- pair candi- 

dates having passed only loose cuts on shower topology and 

total seen energy. 

+ - 
‘peak’ Op* “p with obvious meanings. The resulting exitation curves 

(number of events normallred by lumloosity for each beam proflle bin) 

Shadwed part: Reconstructed invariant mass of l *e- pairs for 

accepted ~2 events. 

are shown in Fig. 5 A  and 8. -6147 Dotted line: Reconstructed invariant “ss from pp+J/W+e*e- 

Fig.3 The x2 data: 

. 
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Fig.4 The x1 data: As Fig. 3. 
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Fig.5 A) Exitxtioo curve, xl. 
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x2 + J/q + Y 
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Fig.5 8) Exitxtion ~urvt, X2. 

The resonance parameters, miss. tl, total width, r, and branching 

ratio, Br(x -t pi, were then determloed as the ones q axlmlzing the 

likel&ood function 

(1) 

Here N is the number of bins, oi the observed number of events in 

bin i, and A 1 the expected number of events in bin i: 

*I = t Lo :dE B(E;E~,a~,a;)W(E;n,r,Br(Xtpp),Br(X~ If>)) (2) 
-a 

Br(x - if>) = Br(X + J/Jly)xBr(J/$ + e+e-) , 

where E is the product of geometrical acceptance (s 9%) and detector/ 

trigger/analysis efficiency (% 90%) and Li is the integrated luminosity 

for bin i. 

The integrand is the convolution of the i’th bin beam profile 

transformed to the center of mass system B and the Breit-Wigaer reso- 

nance cros* section W: 

W(E) 
(2J+l)n x--- r2Br(X+)Br(X+ If>) (3) 

(E-tlj2 + r2/4 
* 

where J 1s the spin of the resonance. The beam proflle B is adequate- 

ly described as the sum of two half Gaussiaos, with standard devzations 

a+ and a-. 

The results arc summarized in Table 1. 
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Table 1. Preliminary R704 Results for x1, x2 Parameters 

Parameter Experunent 
x1 

n RJ04 3511.4_+0.3f0.4 

(tfeV/c2) 
Crystal Ball (31 3510.3+0.4c4. 

r R704 Cl.25 (95% C.L.) 
(tlcV) 

Crystal Ball [ll] <3.B (90% C.L.) 

Br(x’p;) , RiOL (0.5-L.) 

(X10-4) I 

DASP[ lo] <13. (90% C.L.) 

Value used for 
Br(x* f>) [II] 0.021 

x2 

3556.8fO.L?O.B 

3555.0f0.5?4. 

2.9+1.g -1.1 

(0.85-4.9) (90% c 

0.7,;:; 

0.009 

The oeb results slgoiflcantly improve the accuracy in the deter- 

mlnation of the yl =nd x2 resonance parameters. 

Of particular interest is the establishment of a lower bound o” Fx2 

of - 2 MeV, confirming indications from Crystal Ball [11.12] that X2 

1s rather wide. This has theoretical consequeoces since current pate”- 

t1a1 model calculations give rx2 + badrcns a” order of magnitude too 

sma 11. [13] 

4. A  Search for tbe Reactlo” pp l q, + yy 

Considerable interest is related to tbe possible observatlo” of the 

decry of the singlet ‘So state Q  c to two-photons. Theorrtically, 1141 

the partial wldtb r 
YY 

is expected io the range (4.5-6.2) keV. 
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A” Integrated luminosity of 657 nb 
-1 

was spent in a scan for the 

rCICtl0” 

PP l 17, + YY . 

The tr~ggtr demanded a neutral particle io each am and a” upper limit 

on the “umber of bit guard courters. A  CAB micro-processor 1151 required 

a q  tn~mwn energy deposit in the calorimeters. This cut was adjusted so 

as to gxve a trigger rate of a few triggers per second. 

The off-line analysis is dlfflcult. due to the high level of multi- 

ple no productlo”. We present here the results of a prclzmlnary analy- 

s1s Th? bas,c requ,rements are those of DO charged track and one clean 

shober I” each arm, romblned b>th strltt cuts on the act~vlty I” the 

guard system 

The events are further requested to have a total eoergy deposit 1” 

the calorimeters bigger than 80% of the laboratory energy and a recon- 

structed znvar~aot mass greater than BOX of the center of mass energy. 

Floally, the two shower dlrectloos have to satisfy the co”stral”ts of 

two-body kinematics within limits suggested by tbe J/+ * e+e- WDple. 

The main source of background is l’n” production where two of the four 

flual state photons 80 ““detected. 

Due to the forward-peaking characteristic of this process, signlfl- 

cant enhancement of the signal to background ratio 1s obtained by re- 

str,ctlog the center of mass scatterlog angle to 

Icorey < 0.3 (“central region”) . 

To get a handle on the background. the full analysis was also performed 

in the range 

0.3 < case* 
I I 

c 0.5 (“control region”) 

Data were collected in three energy domains: 



1 

1 Below the qc mass,(E 
CM 

c 2975 MeV); 

II AL the ‘I, mass, (2978 tleV ( ECn ( 2987 tieV); 

Ill Above the Q  c mdss. (ECM %  3023 NeV). 

The prelxanary results (number of eve”ts in the different energy and 

angular rcglons) Ire shown 1” Table 2, along with the correspo”d,“g 

integrated lumlnositles 

Table 2. Preliminary Kesults of the pp + nc + YI Analysis 

Energy Begion 

I II III 
“OFF” “ON” “OFF” 

The events can be distributed 1” beam profile bins as explained I” 

Section 3. A  maximum likelihood fit can be performed t” determine values 

“f r 
YY 

and the background cross section. Energy dependence from mea- 

sured non0 cr”ss sections (not discussed in this contribution) can be 

taken ~“t” acc”u”t when fitting the background cross section. Far the q, 

eass, total uldth and coupling t” ;p we take 

n’lc = 2984 tfeV/c2 * PI 
rq, =  11.5 kv , [ll] and 

Br(q E * pp, = 1.1x10-3. [16] 

r yy ‘ 7 keV (95% C.L.) a,,,, 

Br$*yy) < 7x10 -Ia (95% C.L.) 

wltb a background under the ‘I, of the order of - 5 pb, correspondx,g 

to a” expected - two background events (out of a” observed slgnal + back- 

ground of eight events). 

The background can also be estamated using the control angular 

region 0.3 < IcosEq < 0 5, and a flonte Carlo s~mu1at~c.n of nono produc- 

t,“” lncludlng a reallstlc angular dlstrlbutio” and estimated detectlo” 

probabllltles of (law energy) photons 1” the mel” arms and guard c”unters 

A  prel,ml”ary ,“vest,gat,o” lndlcates that the “umbers of nono C”C”tS 

slmulatlng yy (two photons unseen, two photons passxng the analysis) 1” 

the control a”d central angular regions, make a rat10 of - 3. Wxth the 

(pesslmlsr,c) assumpt,“” that all events see” I” the control angular 

rrg1oo are nono events, this agal” leads t” a” estuoate of - 2 back- 

ground events I” the central angular reglo” under the qc. 

5. A  Scan for the S1nglet P-state 

In the limit of vanishing P-state spin-spin interaction. the 

state of charmonlum is expected at the (spin-veighted) center of gravity (c.0.g.) 

of the three trlplet P-state masses.[l7] 

nc3p c o.g.) = 3525 W/c2 

Searches at c+e- colliders have been unsuccessful.[ll] The continued 

non-observation of the lP1 
state in the expected mass domain could 

lmply problems for a variety of potential models.[18] 

A” integrated luminosity of 1019 nb 
-1 

was spent in l *cm for 

inclusive J/J, production: 

The preliminary results of the fit indicate: 
Al& 



1 

;P * J/JI + X 

I” the center Of mass energy range 

nc3p E.O.& - 5 net’ < ECM < tlt3P 
c.0.g.’ + 5 nev 

This would allow detection of channels like 

PP + ‘P , + J/@n”. J/$x0??, J/W+“- 

(with J/U’ being suppressed by isospin-nonconservatian). 

It is difficult t” estxnate the cross sections due to lack of 

knobledge of the 
*5 P~TrlSlCLC~S, in particular its width and couplings 

=o PP and tbr flnal states. 0” the basis of hellclty ~cmser~at.~” I” 

massless QCD. ,t has been argued 1191 that the coupling to PP 1s 

small. 

The expenditure of lumlooslty in tbe scan as a function of center 

of mass energy is shown in Fig. 6. 

The analysis differed from the x + J/W aoalysls 10 that the 

constraints from the three-body kinematics on the Y four-momentum could no 

longer serve as a final check on the event topology. 

Instead stricter cuts were imposed no the S and C  signals. 

requiring each of them separately to be smaller than limits correnpdn- 

ding to a -70% JII reconstruction efflcleocy as determined from the 

pp + J/U -t e+e- sample. Allowing no additional charged tracks Inside 

the detector arms. these cuts vould reduce the ;p + J/Jm+n- 2.CC.2pta”Ce 

(from - 12% to - 8X), but would nnt influence the pp + J/Jm’(n’) 

events. 

Five events passed this analysis. Their occurrence during the scan 

is indicated in Fig. 6. 

The events are Seen to form a cluster close to NC3P 
C.&g.). 

30’ 

2ot 

lot 

LUMINOSITY 
--no fw’* 

3520 3525 
ECM - 
MeV 

Fig.6 The expenditure of luminosity in the 1 Pl scan as a function 

of center of mass energy. The “umber of event candidates is 

indicated. The parenthesis shows the event found with less 

strict requirements on the S cnunters . 
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The reconstructed J/Q masses are shown IO Fig. 7. For comparison, 

the J/a mass distribution from the x1+x2 sample is also indicated. 

This figure should be compared t” the background J/u mass plots of 

Figs. 3 and 4. shoving an exponential-like decrease in the number of 

events as a function of J/Y mass. 

The full analysis was applied for reconstructed J/u candidates 

with masses down t” 2.3 CeV. It is t” be remarked that zero J/9 + X 

candidates survived tbe analysis wth reconstructed J/u mass between 

2.3 and 2.6 CeV/c2, two between 2.6 and 3.0 GeVlc2, and three above 3.0 GeV/c2. 

A” attempt was made to lift the S-cuts in order to allov for char- 

ged p,ons IO the arms 1” addltlo” to the electrons. One addltlonal 

l/w + X candidate appeared, IO parenthesis 10 Fig. 6, hatched in Fig. 7. 

The high S-slgnal 1” one of the arms was. however, not due to an extra 

charged track IO the arm. but had t” be ascribed to contaminat~oo from 

actlvlty seen 10 a nearby guard counter. 

Background 

Two kinds of background must be constdered: 

- fake J/$‘s and 

- real J/w’s from non-resonant channels (e.g. pp * J/W’). 

The shape of the background c+e- znvarlant mass dlstrtbutloo 

(similar for Xl’ X2’ IPI 
data; see Figs. 3, 4) and (for the restrlcted 

S.C aoalysls) the absence of candidates LO the 2.3 GeV/c* < H,+e-<2.6 

GeV/c2 reg.00, lodlcate that the background from fake J/u’s IS lov. A  

detalled study 1s belog conducted (also for the “open S” analysts), and 

at the txme of wrItlog we only state that we believe the non-resonant 

~“clus~ve productloo of J/o t” be the mnst ser,“us background. 

2! 

2c 

l! 

1c 

5  

: 

Events 100 MeV 
/ 

Fig. 7 Shadowed part is the reconstructed invariant mass of the e+e- pairs 

for the ‘P, event candidates. The hatched event was found with less 

strict requirements on the S-counter response. 

Dotted line is the corresponding distribution for the (x, + x2) 

SaUlpIe. 
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This real, non - resonant inclusive J I Y  background is, however, hard 

to estimate. rk x, and x2 data are a11 taken at energies close to 

the resonances. Subtractins identified JlJly events from the sampks. 

one is still faced vlth the problem of J/S’s associated with resonance 

decays, i.e. unidentified J/I& events and other allowed decays such as 

x * J/$m+n- , J/$y”’ l tc 

00 the Xl such processes have a smaller phase space than on the x2. 

rbe &9il nb‘’ at y, with identified J/by events subtracted yield 

zero accepted J/a inclusive events. Taken together with the event- 

less. non-central part of the ‘P, scan (309 nb-‘), we have zero events 

io 803 nb -1 This scales to a 90% C.L. upper limit of t2 events in the 

data from the 710 rib-l spent close to !4c3P 
c.0.g.). 

A  similar background study under the X2 is under way. 

6. Sunmary and Conclusions 

An experiment (R70k which was performed at Ring 2 of the CERN ISR) 

studying charmonium spectroscopy by the owe1 technique of formatloo in 

ip annihilation, has been described. 

The energy resolution was checked by taking pp + J/Jre+e- data in 

short runs spread over the eotire data-taking period. We could draw the 

conclusion of 5 1 HeV/c absolute momentum uncertainty (300-500 keV/c 2 10 

mass. depending on the mass of the state to be scanned). In particular 

we determined the J/y mass 

I(Jl$ 
= (3096.92 ?. 0.1 f 0.27) HeV/c2, 

where x, and x2 parameters were (preliminary) determined in the channel 

PP * X  . J/Sy + l +e-y .s follows: 

n  
Xl 

= (3511.6 * 0.3 f 0.1) t!eV/c2, 

r 
Xl 

< 1.25 nev (95% C.L.), 

Bdx, * pp, = (0.5 - 0) x 1o-‘a 

r 
x**PP 

= (62 + 15) l V, 

n  
X2 

= (3556.8+0.4+0.h)neVlc2. 

r 
x2 

= 2.9;;:; MeV. 

Br(y2+p) = (0.76;:;) x 10 
-4 

, and 

r +75 
X2GP 

= 2oS-35 ev . 

A  search was made for the reaction pp + q 
c 

+ yy. We estimate the 

background undertheeightcandidates observedtobe of the order two. With 

prcv~ously 111.161 determined values of mass, total width and coupling 

to PP. this gives the preliminary results 

r 
YY 

< 7 keV (95% C.L.), and 

Br(r+ * yy) < 7 x ,O-' (95% C.L.) 

A  scan was made in the energy range 

3520 MeV c ECn < 3530 ffeV 

-621- 

for the reaction pp + J/JI + X. motivated by the possible existence of 

the ‘Pl 
state in this mass domain. 

lhe preliminary result is five observed candidates clustering together 

close to a mass of 3525 tleV. A  less strict analysis accepts one more 

eVelIt) still at the same mass. Detailed background evaluation is under 

way 1 and at the time of writing firm conclusions on the background level 

Cannot be drawn. 

‘r 
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New Results on CharGed D Meson Decay 

R.H. Schindler 
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Abstract 

In this paper we describe new measurements of @  and D+ hadronic and 
semileptonic decays made with the MARK iI detector at SPEAR. In the 

hadronic decays of the 00 and Di , a high statistics determination of absolute 

D meson branching ratios is presented from fully reconstructed Db events. The 

same technique provides preliminary results of a search for Hobo mixing. Using 

the charm cross section established from fully reconstructed events we determine 

branching ratios for other newly observed Cabibbo allowed and suppressed 

hadronic decays. A  detailed analysis of the Dalitz plot of three-body @ ’ and 

D+ decays is presented. Measurements of hadronic decay processes leading to 

differences in Do and D+ l ifetimes are addressed. The semileptonic decays of 

charmed mesons are reviewed, and new exclusive measurements of the De3 and 

D,, decays are presented. The De3 decays arelsed to extract for the first t ime 

the t-dependence of the vector form factor f+ ., 
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I 1. Introduction 

The data reported on, (9.25 pb-‘), werecollected near the peak of the @(3770) 

resonance with the MARK III detector at SPEAR. The @(3770) provides a unique 

laboratory for studying charm meson decay. The measurements reported, rely on 

the unique kinematics of DoDo and D+D- production below 00’ threshold to 

isolate the charmed meson signal both cleanly and unambiguously. The ability 

to fully reconstruct Dd events provides a means of directly measuring D meson 

branching ratios, makes possible a search for events where DD mixing occurs, 

and allows isolation for the first time of the De3 and De, decays, wherein a 

single (unobserved) Y is present, Furthermore, the improvement obtained from 

kinematic constraints provides the background rejection necessary to measure 

rarer decays of the Do and Dt . 

The main thrust of our analysis has been in the understanding of the decay 

mechanismsof the charmed D, which lead to differences in Do and Dt lifetimes.“’ 

In the naive Spectator Model, where the heavy c quark decays weakly, and 

the light quark plays no role, (see Figure 1 (a)), the De and D+ have equal 

widths. The semielectronic decays are 20% of the total. In the presence of 

strong interactions among the quarks, the nonleptonic decays are enhanced 

further over the semileptonic ones. These hard-gluon corrections to the weak 

Hamilitonian are calculable in perturbative QCD; the leading-log calculation 

indicates unambiguously that nonleptonic enhancement should be present.“’ The 

magnitude of the effect is however less certain, for the QCD coefficients (c+ 

and c-) depend both on the effective Q* of the interaction, and the inclusion 

of higher order (next to leading -log) terms; the degree of color screening (0 

L v@ ‘ 
U 

a 

S 

(0) 

C I S 

DO w< 
U I d 

(b) 

1. Possible decay mechanisms for heavy quarks. 
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assumed (ST Stech, Ref. 1) is also critical. The higher order terms reinforce the 

direction toward nonleptonic enhancement, and are corrections of diminishing 

magnitude.‘*’ Semileptonic branching ratios obtained using nominal values for the 

QCD couplings are -IS%, reduced from 20% expected in the free quark picture; 

adjusting QCD parameters may lead to values as low as - 10%. Additional 

non-perturbative effects may be present, and play an important role further 

enhancing the nonleptonic widths,“’ and providing an alternate means of reducing 

the semileptonic branching ratios to as low as -10%. 

One sensitive test of these QCD calculations is their predictions of relative 

decay rates for hadronic channels. These calculations rely on factorization of the 

hadronic matrix element. Some decay modes such as Do -+ Pn”, and k*‘s’, 

or Dt + &r+ may be subject to strong cancellations (erect color suppression) 

if naive color factors are applied (see Ref. 2), and non-perturbative effects are 

unimportant. As nonleptonic QCD enhancement affects both Do and D+ equally, 

it cannot by itself account for differences in lifetimes. One must look for ways of 

enhancing the Do or suppressing the D+ to account for the observed differences. 

One mechanism proposed to enhance the Do is the inclusion of W-exchange 

graphs (see Figure l(b)) in the amplitude. These will be present in the Do at the 

Cabibbo allowed level, and in the Dt at the Cabibbo suppressed level. These 

graphs are generally ignored, being suppressed relative to spectator graphs by 

helicity factors at the light quark vertex ((mr/m,)*), and by the requirement of 

a non-negligible wavefunction overlap ((~~/m~)*). The combined effect would 

suppress the decays by 10e3 for values of fo of a few hundred MeV. It is 

argued though, that either gluon radiation off the light quark,“’ or simply the 

presence of color octet gluons in the D”‘wavefunction”“could remove the helicity 

suppression and allow decays via W-exchange to proceed at a relative rate of 

order 10-l. To test for the existence of the W-exchange graph requires finding 

decay channels which could proceed oniy through it and not the spectator. The 

requirement is thus a decay which has no u-quark in the final state, such as 

Do + R”t$, K”KO, or k’°Ko. These decays should be dominated by W- 

exchange”’ with OZI forbidden contributions being down at the level of lo-‘. 

An alternate solution to the lifetime puzzle is the possibility of destructive 

interference among Dt decay amplitudes,“’ as shown in Figure l(c). In the 

presence of strong color clustering during hadronization, the two amplitudes 

result in the same final state, allowing interference to occur. As in the case 

of W-exchange, the magnitude of the effect, will depend on f~, the overlap of 

quark wavefunctions at the origin. Such interference is possible in many two- 

body D+ decays such as D+ + R”r+ and s+t”, but not in decays such as 

Dt -+ K°K+ and RtOK+.“’ This implies that a comparison of these channels 

may provide direct information on D+ interference. The extent of the interference 

effect on the total width is uncertain. “” What one should conclude from this 

brief discussion is that once convinced by thi c ean semileptonic decays or direct 1 

lifetime measurements that F’(D+) # r(DO)! then understanding of the D decay 

mechanism(s) requires probing in detail the pattern of hadronic D decays. 
!. 

In the following analyses, we rely on three of the major systems of the 

MARK III detector: the time-of-flight covering 76% of 4s sr with 196 picosecond 

resolution for hadrons, the central tracking chamber covering 85% of 4x sr, and 

the shower counters, covering 95% of 4s sr, having 169% detection efficiency for 

-627- 



The first measurement discussed is that of absolute branching ratios of 

hadronic decays. The general idea follows from the kinematics; if we can 

isolate a single charmed decay in an event, then we know a priori that the 

recoil system must also be a charmed meson, since only Deb0 or DtD- are 

produced. The first step is to isolate background free samples of hadronic 

decays of Do and Dt . In Figure 2 are shown the mass plots of Do and 

Dt identified in six hadronic modes. There are 3435 Dc and 1729 D+ , where the 
K u-s- 125 

loo 

mesons be produced monoenergetically. The next step, is to isolate the subset 

of events where the second D meson is also reconstructed. Six combinations of 

excellent signal to background is achieved by imposing the constraint that the D 

DoDo and four combinations of D+D- (see Figure 3 ) are employed. These 

events are referred to as double tags, while the first set are referred to as single 

tags, when the doubly tagged subset is removed. The numbers of events in 

each of these samples is simply related to the number of produced DoDo and 

DtD- events (NDb) and the branching ratios (B;) for the ith decay mode: 

ND. = PNDDtiBi single tags 

ND,D, = 2NDp;B;c;B, double tags 

where ci are the detection efficiencies determined by Monte Carlo calculation. A 

luminosity measurement is unnecessary. The system of equations is solved for 

Do and Dt independently, with the results summarized in Table I-a and I-b. 

75 
200 50 
too 25 

I.8 1.82 1.64 I.86 I.88 1.9 1.8 1.62 I.84 I.86 I.88 1.9 

Moss (GeV/c’) Moss (GeV/c*) 

photons over 0.1 GeV and having energy and space resolutions of 17% at 1 GeV, 
I 

and 1Omr respectively. The detector is described in detail elsewhere.“” 

2. The Measurement of Absolute Branching Ratios 

400 
K-T+ 

-/A 

600 

400 

200 

60 

2. The Do and Dt sihgle tags. 

1 
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K-n+vs K+n-n-n+ 

I * I * ’ 
K-n+ n+ YS K’n- 

K-n*n+vsK’n- 

20 I, I , 8 - 
K-*+x* VI K’rr-n-n’ 

MASS (GeV/cz) 

Table I-a 

Global Fit to Do Tags 

K--r+ If-n+xO K-u+r-n 

K+f- 26.0 ;95.3 49.9 

(fit1 26.7 90.6 57.8 

K+*-*O 68.7 105.2 

(f-4 79.5 90.1 

K+*-ii+iC 21.6 

(fit) 23.5 

single tags 936 1050 1049 

(fit) 931 1076 1043 

Table I-b 

Global Fit to D+ Tags 

K-r+r+ K-*+X+@ K”r+ RO?T+*O 

K+r-u- 39.4 34.7 13.0 18.0 

(fit) 44.4 22.4 12.0 17.0 

single tags 1180 183 , 161 161 

(fit) 1172 215 163 164 

l 

3. The mass for events where both Dep or 

D+D- are reconstructed in each topology. 
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In TableJII are presented the absolute branching ratios determined by this 

technique. In Table II are also included, decays not directly used in this analysis 

but whose branching ratio can now be obtained by global normalization to the 

number of produced D mesons from the fit.‘“’ Noteworthy among them are 

evidence for the two-body decays Do + K”v , and Do -+ ii”ro, shown in 

Figure 4 . Also measured is the two-body decay Do + Row. It is extracted from 

the K”r+n-so by cuts on the *+x-so invariant mass around the w and in the 

w sidebands to estimate background. This procedure is outlined in Figure 5 . 

Table II 

Cabibbo Allowed Do and D+ Branching Ratios 

Decay Mode 0. Br (nb) B’g1ob.I (%) Brfit (%I 

K+r- .237f.OO9f.013 4.9f0.4f0.4 5.1f0.4f0.4 

P-Or0 .108+.020f.010 2.2f0.4f0.2 

RO?j .088f.039+012 1.8f0.8f0.3 

IT-OW .187+.073f.047 3.8f1.5fl.O 

K-s+r” .978f.O65+.137 20.lf1.9f3.0 18.5f1.3f1.6 

IT%+*- .372f.030f.031 7.6f0.8f0.7 

K-r+r-r+ .566+.027+.061 11.6fl.Of1.4 11.5f0.8f0.8 

ROX+KZTO .666f.113f.153 13.7f2.5f3.2 

ROT+ .126f.012f.O09 3.5+0.5*0.4 4.0f0.6f0.4 

K-?r+C?+ .399+.017f.028 11.1+1.4*1.2 11.3f1.3f0.8 

R”r+To .714zt.142f.100 19.8f4.6f3.2 14.1~t2.8f2.1 

kOTr+?r+A- .305f.031f.030 8.5f1.3fl.l 

K-r+r+r” .260f.040f.054 7.2f1.4f1.6 7.5f1.5f1.6 

4. (a) The Do + k”q, and (b f Do + R”xo. 
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and (c) with s+s-rr’ in w sideband. 

As can be seen from Table II, the branching ratios for the Do decays have 

typical errors of 10% while the D+ decays have 15% errors. These generally are 

not arising from single tag statistics, but rather from double tags, which have a , 
factor of cici severely reducing the efficiencies. These rates then largely determine 

the error on the number of produced Db events: 22700f1600+1600 Do@’ and 

16800f2000f1600 D+D- . Dividing by the integrated luminosity ( f5%), gives 

cross sections of ogO = 4.9f0.3f0.4 nb and a~+ = 3.6f0.4f0.4 nb for Do and 

D+ production at the u‘(3770). The ratio of cross sections (57:43) is consistent 

with the ratio expected (about 56:44) assuming phase space production and using 

the difference in Do and D+ masses. The absolute cross sections are however 

considerably lower than previous experiments, “” as indicated in Table III. The 

values of cross section times branching ratio (u . Br) for several prominent decay 

modes measured both by MARK III and by previous experiments are however in 

good agreement (see Table IV).“” 

Table III 

Comparison of Cross Sections (nb) at the \k(3770) 7 

Fii”“~i MA,,11 / i.r.i”AR~IIII 

11 5f2.5 8.0fl Of1.2 6 8fl 2 4 9fO 3f0.4 

, 

9.0f2.0 6.0f0.7fl.O S,O+l.l 3.6f0.4f0.4 
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I Table IV 

Comparison of o. Er(nb) Among Experiments 

Mode LGW MARK II MARK III 

K--T+ 0.25f0.05 0.24f0.02 0.24fO.Olf0.01 

K-*+z+z- 0.36f0.10 0.68f0.11 0.57*0.03*0.06 

mr+ 0.14f0.05 0.14f0.03 0.13f0.01f0.01 

K-T+r+ 0.36f0.06 0.38f0.05 0.40f0.02f0.03 

This leads to the conclusion that discrepancies in early measurements of Br’s 

lie largely with the normalization, which wss previously determined indirectly by 

a measurement of the hadronic cross section around the @(3770). That measure- 

ment technique has distinct disadvantages, having uncertainties in lineshape, 

background from the Q’ radiative tail, radiative corrections to the resonance 

itself, the division of phase space between DoDo and D+D- , and luminosity 

measurement. 

3. The Three-Body Decays of Do and Ds 

In the previous section, three- and four-body decays have been treated as they 

are observed in a particular final state. While no attempt has been made to isolate 

the substructure of four-body decays (except Do + Row via the K”r+lr-ro 

final state), an extensive Dalitz plot analysis has been performed to isolate the 

resonant substructure of the three-body decays Do + R”z+r-, K-r+*’ and 

D+ -+ B”rr+xo. The analysis of the fourth decay D+ -+ K-r+n+ is not yet 

complete. The Dalitz plots and projections of each of these decays with the 

/ 
two-dimensional likelihood fit are shown in Figure 6 , Figure 7 and Figure 8 .The 

likelihood function is constructed as a sum of interfering Breit Wigner amplitudes 

for all allowed resonances, and a constant amplitude for the non-resonant part. 

Appropriate phase spsce factors and angular distributions are included for the 

pseudoscalar-vector channels. The background shape is scaled and smoothed 

from off-mass events. Efficiency corrections determined by Monte Carlo, are 

applied at each point of the Dalitz plot. Table V summarizes the fractional 

breakdown of the decays. The branching ratios for K-r+r” and Kc’z+ro come 

directly from the double-tag fit, while the K”r+r- uses the global fit. The 

K.-T+ decay provides a good check of systematics, as it is measured in both 

the K-r+r” and the I?or+r- final states. As can be seen in Table V, both 

results are in excellent agreement after adjusting for Clebsch-Gordon coefficients. 

Table V shows that the class of quasi two-body decays constitute a significant 

fraction of all hadronic Dc and D+ decays. From Table II and V we extract the 

following ratios, removing any common systematic errors: 

r(D” ---) &‘)/I-(Do -a K-r+) = 0.45 f 0.08 f 0.05, 

1 

I’(D” -+ R*‘x’)/r(D’ --) K.-n+) = 0.39 f 0.14 f 0.08, and 

r(DO + ROpo)/r(Do -+ K-p+) = 0.19 f 0.03 f 0.02. 
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i&r’!r” Dalitz Plot ’ rr+nO Projection 
Table V ’ 

0 1 2 3 Cl 0.5 1 1.5 2 
FnO Ye...’ (CCV/C')' Was%' (GeY/c')' 

I?n” Projection Ron+ Projection 
25 

00.5 11.5 22.5 3 00.5 11.5 22.5 3 
Massa (GN/C') NaIla (C&/C') 

8. (a) The D+ 4 Kexixo Dalitz plot, (b) six0 projection, (c) K”ri projection, 

(d) K”xo projection. The solid curve is the fit. 

Pseudoscalar-Vector Decays of Dc and Di 

Decay Mode 

00 + K-mix0 

K-p+ 

K.-r+ 

pOro 

non - resonant 

Do -+ K%+r- 

K.-X+ 

ICop 

non - resonant 

D+ -) Z?‘r+r” 

SC”p+ 

&Jr+ 

non - resonant 

, 
Fraction 0-h Br 

(%) (nahobarns) (%I 

74.0f6.9 .72f.07f.l1 13.7f1.3fl.t 

12.9f3.4 .38f.OQf.08 7.1 f1.6f1.3 

7.6f3.9 .12f.OSf.03 2.1 f0.9f0.6 

5.5f5.3 .05f.O4f.03 1.0 f0.8f0.6 

63.9f8.8 .36f.05f.04 7.3f1.2f0.9 

16.8f5.9 66f.02f.01 1.3f0.4f0.3 

19.3f9.3 .07f.03~!z.02 1.5f0.7f0.3 

86.5f10.4 .62f.14f.O9 12.2f2.8f1.9 

7.Ozt5.9 .lSf.OQf.O9 3.0fl.Qf1.7 

6.5f6.8 .04f.04f.03 O.Qf0.8f0.6 

We pointed out earlier that these three decays provide a means of testing 
I 

QCD parameters. The naive parameters (Ref.2) predicted exact color suppres- 

sion, which would lead to ratios of a few percent . 
t 

each case. That they are 

not, suggests the need to fit these parameters (c+,E-,E), and account for final 

state interactions, and the possible presence of W-exchange. Fitting, to some ex- 

tent, accounts for the the presence of non-perturbative effects, altering the color 

structure of the hadronic weak decay. 

I  
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1Q. The Cabibbo Suppressed HadTonic Decays 

Thus far, the discussion has centered around the Cabibbo allowed decays of 

the D meson. The Cabibbo suppressed D decays are more difficult to measure 

as they occur at a rate approximately tan2(0,) = .055 relative to the allowed 

decays. We have previously reported an extensive set of measurements on the 

Cabibbo suppressed decays involving all charged tracks.“” For decays with a 

single A’, an alternate approach was taken to reduce combinatorial background. 

We search only in the tracks recoiling off a tagged D meson in the single tag 

event sample previously described. This approach yields clear signals for the 

rare decays Di 4 riro, Do -+ T-T+@ and Do -+ T-?T+?T-A+, as shown in 

Figure 9 . In each case we observe a clean, background free signal at the correct 

masses. The nine events in the three-body decay Do + rr-z+zO are consistent 
. . wrth arrsmg from Do -+ pox0 from an examination of both the invariant mass of 

the viz- and the decay angular distribution. The results of the measurements 

are summarized in Table VI (where limits are at 90% C.L.) along with previously 

reported results, now normalized to the global fit for absolute branching ratios. 

The Cabibbo suppressed decays shed new light on the mechanism of D decay. 

First we note that the decay D+ -+ &r + is also a decay which would naively be 

suppressed by color factors (Ref.10). It appears to occur at a substantial rate, as 

do other Cabibbo suppressed D+ decays. Thus, exact color suppression appears 

inoperative in the D+ as well as the Do system. Some of the suppression is lifted 

by adjusting QCD factors (Ref.8), but non-perturbative effects or the presence 

of W-exchange may also provide a common explanation. 

Motr(GcV/c’) 

9. Constrained mass for (a)zizo, (b)r-riao and (c)z-z+z-z+. 
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I Table VI 

Cabibbo Suppressed Do and D+ Branching Ratios 

Decay Mode Br (%) 

DO 

K-K+ 0.60*0.10f.08 

T-T+ 0.16f0.05zt.03 

IPKO 5 0.62 

(K°K-~+)nom 5 1.80 

ROK.0 5 0.83 

K.-K+ 1.02f0.47f0.21 
?f-?r+t" 1.11+o.43+o.18 

-0.35-0.18 
%-ii+C-X+ 1 . q7+0.61+0.19 

-0.49-0.19 

D+ 

?r+?T” 5 0.53 

K+KO l.llf0.34f0.21 

?T+x+7r- 0.47f0.19f0.12 

4*+ 0.93f0.26*0.17 
R'oK+ 0.53f0.24f0.14 

:K-K+n+) ,,,,n,ca 0.66f0.30f0.12 

We note from Table VI that the R+R- and K+K- decays are unequal; a result 

which violates SU(3) symmetry.“*’ The origin of the discrepancy is likely to be 

final-state interactions rather than differences in the mixing-matrix elements (in 

light of the recent measurements of the long B lifetime”” ). If we use these decays 

to set the scale of SU(3) violations then it is interesting to look at the analogous 

D+ decays. The SU(3) predicts that the decay D+ + rr+rr” should have a rate 

relative to R”r+ of l/2 x tan*(0,) or about 1028. In our sample we observe 141 

ii-Or+, and given the relative acceptance, we would expect to see 1.3 rr+rrO events. 

We observe one event, and base our limit in Table VI on fluctuating that one 

event to 4.2 at 90% C.L. (including systematic error): 

T(D+ -+ r+r’)/r(D+ --t ROT+) 5 0.15. 

The analogous decay D+ + k°K+ has no simple SU(3) prediction, as it brings 

in a third amplitude; however if it is comparable to the other amplitudes”*’ then 

the ratio: 

r(D+ --t k’K+)/r(D+ -+ ROT+) = 0.32 f 0.09 f 0.05 

should be close to tan2(Bc). As can be seen, the decay is considerably larger 

than that and considerably larger than what we would expect for SU(3) breaking 

effects, as measured in the Do system. This discrepancy may provide the first 

evidence for D+ interference. Both ?r+s’ and R’s+ are subject to such interfer- 

ence, while R°K+ is not. This leaves the first ratio normal, while increasing the 

second substantially. Other evidence that exists ’ the similar comparison with 4 
k”K+ and R*Orr+. This ratio is poorly determined because of low statistics, 

1 
but at 0.18f0.14f0.11, it is intriguingly large as well. Finally, the fact that many 

D+ Cabibbo suppressed decays appear large rela+ve to corresponding Cabibbo 

allowed decays suggest that interference may be reducing the Cabibbo allowed 

sector. Several examples exist; k°K+, R”K+, and &r+ are seen to be large 

on average compared to the allowed decays K’s+, and ktorr+.‘” 
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I 
5. The Non-Spectator Decays 

The final topic on hadronic decays that I will discuss are the final states 

Do -+ R°Ko, Do ---) I?OK” and Do -+ Rod. These are of particular theoretical 

interest because they may result only from the W-exchange graph in Do decay. 

The R°Ko decay is Cabibbo suppressed as well as SU(3) forbidden, hence 

we expect its rate to be small. We observe one event consistent with the decay, 

and set the limit (see Figure 10 ): 

r(D” --+ R°Ko)/I’(Do --* K-s+) 5 0.11 at 90% CL 

This upper limit is smaller than the analogous K-K+ decay. 

The decays Do -+ R”K’ and ITOK” are not separable and are searched for 

in the, final state Do 4 KtK*6. Th e analysis proceeds by cutting on the mass 

of the K* and the angular distribution of the K’ decay products in the Do rest 

frame. The results are shown in Figure 11 . The number of events are fitted, 

and the results unfolded using a Monte Carlo to calculate the efficiencies both 

for loss, and for feed-down across the channels. The results have already been 

summarized in Table VI, but for this discussion, we note that the ratio: 

I-(Do + P°Ko + K*‘k”)/I’(Do -* K.-T+ + K-p+) 5 0.034 at 90% CL 

is small. While this is also a Cabibbo suppressed decay, it is not forbidden in 

SU(3). 

This leads us to the last candidate, R”+, a W-exchange signature which is 

Cabibbo allowed, and might appear at a level of .2 to .5 of the K”po or .l to 

10. The k°Ko invariant mass vs. constrained mass. 
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11. (a) The K’K-r+ + k°K+*- non-resonant), 

(b)f?“Ofl+ I?OK’O, and 

(c)K.-K+ + K’+K-. 

.2 of the K.-r+ rate, i/ only phase space asd the suppression associated with 

ss production from the vacuum governs the rates. ‘W The analysis proceeds as 

follows: K,” are isolated through their rr + - rr decay,where at least one of the 

A are required to miss the beam intersection point by more than 2mm. The 

pair, at their intersection point (the decay point of the K,“) must align within 

errors with the vector pointing back from the beam intersection. The K,” are 

selected by a msss cut f0.020GeV/c2 around the expected mass. Charged kaons 

are selected by cuts on the time-of-flight, and because of the low Q-value of 

this decay, DEDX information is also used. The three-body combination is 

then formed and the invariant mass calculated. As any real Do are produced 

monoenergetically, we impose the constraint that the momentum of the three- 

body combination lie within 0.050 GeV/c of the expected momentum. Off- 

momentum combinations from 0.060 to 0.110 GeV/c away from the expected 

value, are be used to estimate the shape of the background. The resulting mass 

distribution is shown in Figure 12 There are 25.2 zh 5.4 events in the signal. The 

mass resolution is consistent with a Monte Carlo calculation. It should be noted 

that at this point in the analysis, we have made no requirements on the submasses 

K-K+ or K°K*. Figure 13 indicates that the JC(+K- msss will will not be 

distorted by detection efficiency near threshold. ,Furthermore, because of the 

kinematics, any reflections from particle misidentification in Cabibbo suppressed 

Do could only appear higher in mass by w 0.110 GkV/c2. 

To study the question of submasses, we next select events from f0.040 GeV/c2 

around the Do mass. There are 28 such events, where we estimate 4.8 to be back- 

ground. In Figure 14 (a) is plotted the mass distribution for the 28 K-K+ pairs 
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14. The K+K- msss in KiK+K-, (b) Fit including background, 

Kc’h and K”60 and (c)Fit for upper limit assuming 

ZC’4 and background. 

in the signal. If we define 1.019 f .OlIGeV/e 4 as the “6 region” (about 3.50 of 

our 4 resolution), then we find 4 events below, 11 events within, and 13 events 

above the I$ region, respectively. Of these we expect 4.8 to be background. We 

have examined the various sources of backgraund and their distribution which 

can feed into this plot: 

1. The shape of K+K- mass distribution from the 4.8 random background 

events can be examined by looking at a sample of 25 off-momentum events 

(at the Do mass). In this sample, 5 events have a K+K- pair in the 

4 region. This yields a limit of 5 1.7 events, coming from this random 

background in the 4 region. 

2. Events from the Cabibbo suppressed decay Dc -+ &r+r- will produce a 

peak at the 4. We have measured this decay directly (10.5 f 5.5 events) 

by looking at non - K” combinations of R+x-. Because of the K,” vertex 

requirements, the contamination will be 5 0.3 events in the 4 region. 

3. Events from the Cabibbo suppressed decay Do + K-K+r+r- may 

contaminate the whole plot. We measure only an upper limit of 28 events. 

In the 4 region we expect 5 0.14 events, while in the whole Dalits plot 

we expect 5 0.80 events, again because of the reduction from K,” vertex 

requirements. 

1 
4. Events from Do -+ K’K+K- phase space if normalized to the events above 

the 4 region, yield 5 0.70 events at the I$ itself. 

5. Events from Do -+ K-6+ peak at high K+K- msss and if normalized to 

the events above the 6 region, yield 5 0.20 events at the 4. 
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6. Eventspm Ds + S’OK” would produce an S’ peak (cusp) below the 4. 

The S’ decays as well to rr+rr-“” but is not seen in the K’s+*- Dalitz 

plot (see Figure 7); we thus expect no contribution from this source. 

7. This leaves us with the possible decay Do + K06’. This channel peaks at 

low K+K- mass and has a long tail.“” 

Figure 15 shows the Dalitz plots for the 28 data events and for 400 Monte 

Carlo events in each of the background channels discussed. The Monte Carlo 

events have been passed through the detector simulation and as such are directly 

comparable to the data in shape. Also included is a plot of the expected 

distribution for PA showing the strong angular distribution resulting from the 

pseudoscalar-vector decay. Neither the angular distribution nor a significant 

accumulation of events consistent with the 4 are seen. 

To be more quantitative, we haveattempted to fit the K+K- projection of the 

Dalits plot, to a sum of the I$, the 6’ and a contribution which reflects the random 

background distribution in K+K-. For the background, the fit constrains the 

number of events to that measured (4.8 f 2.4). The result is shown in Fig. 14(b). 

In the fit, 5.2 f 3.3 events are assigned to 4 hypothesis implying a branching 

ratio: 

Br(D’ + k’~$) = 0.7 f 0.5 f 0.2%. 
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Ignoring both the low mass events, and the high mass tail, we determine an upper 

limit of 2.5% at 90% C.L.,fitting only to the background and I$ components (Fig. 

14(c)). 

If we interpret this as a signal, then in fact we would have to argue that 

1 1.2 1.4 1.6 1.8 

K+K- Mass; (GeV/c’)’ 

15. Dalitz plot for data, and Monte Carlo of possible backgrounds. 
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the W-exchange graph is present, and surprisingly large. Our branching ratio of 

about 0.7% mak eLJ It comparable to other pseudoscalar-vector decays like Rope 

and K*-r+, if only phase space and the (sa) suppression factor are accounted 

for, but not including helicity or overlap suppression factors (Ref. 20). 

6. Search for D"bo Mixing 

One other analysis employing fully reconstructed events, is a search for 

Dobo events exhibiting mixing. The signature would be events with two 

Do mesons having a net strangeness of f2 instead 0 in the final state. The 

analysis proceeds by fitting events with zero net charge to the hypothesis e+e- -+ 

‘Z’(3770) -+ X(&2)X(M) and plotting the mass M. The X and X are allowed to 

decay to one of three possible modes: K*nr, K*T~T~, or K*TFF~*~~. Particle 

identification through time-of-flight and DEDX measurements has been tightened 

from the previous analysis, to reduce backgrounds from ?r and K misidentification. 

The kinematic fit also provides additional rejection, in particular from single 

misidentifications of Cabibbo forbidden decays which reconstruct off the D 

mass, but may be pulled by measurement error. In Figure 16 are shown the 

distributions of Mx for the six XX combinations. There are 162 S=O events, 

and three S=f2 events. At this time, we have only evaluated the background 

to the S = f2 events from double misidentifications of Cabibbo allowed decays. 

We expect from this source, 0.4f0.2 events, based on a Monte Carlo calculation. 

This has been checked by relaxing the identification criteria and comparing the 

predicted and observed changes in the number of S=O and S=f2 events. The 

systematic error so determined is expected to be less than 0.1 events and is 

0 
1.80 1.82 1.84 1.86 1.88 1.80 1.82 1.84 l.E6 'I.88 

MASS (GeV/c2) hASS (GeV/c2) 

16. The mass distributions (M) for V(3770) -+ X(M)X(M) -G=O 

and S=f2 events. 
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included. T 
f 

e background estimate does not include other sources still under 

consideration - such as those that lead to events observed below the D mass in 

the S=O events. In the Standard Model, we expect doubly Cabibbo suppressed 

decays to occur at a rate of tan’(b,) or about 3 x 10m3. This implies that in the 

sample of 324 Do ‘s, we would expect - 1 event from doubly suppressed decays 

of the Do . This leaves us with the intriguing result of 1.6 excess events, still far 

above the Standard Model estimate of low7 for the mixing fraction, corresponding 

to - 3 x lo- events expected in the sample.“*’ 

7. Inclusive Semileptonk Branching Ratios 

Using the set of single tags described above, the semileptonic decays are 

isolated by finding events containing an electron in the recoiling system, with 

the expected charge based on the charm of the tag. This technique allows the 

unambiguous association of the electron with either a D+ or Do decay, and 

hence the determination of separate semileptonic branching ratios. Electrons 

are identified from their time-of-flight, from their shower energy and momentum 

measurement, and from their lateral and longitudinal shower development in the 

fine-sampling electromagnetic calorimeter. The number of observed electrons is 

corrected for misidentification and efficiency, using rates measured from samples 

of independently isolated electrons and pions. The hadron misidentification rate 

is typically less than 4% while the electron efficiency is greater than 80%. The 

results for the corrected electron spectrum and the branching ratios have been 

published. “” The values determined are’ : 

Br(D’ + e+ + X) = 0.075 f 0.011 f 0.004, 

, 
Br(D+ 4 e+ + X) = 0.170 f 0.019 f 0.007, and 

Br(D+ + c+ + X)/Br(D’ --+ c+ + X) = 2.3+;::+;:;. 

From the likelihood function for the ratio, equality is ruled out at the 4.3~ level. 

The inequality of semileptonic branching ratios reflects the difference in 

Do and D+ lifetimes up to the difference in their respective Cabibbo suppressed 

semileptonic widths.““’ The value of the production weighted branching ratio 

for charm into electrons at the ‘Z’(3770) is 11.7 f 1.00 f 0.50% using the ratio 

(56:44). The inclusive average semileptonic branching ratio we obtain is close to 

that of MARK II,“*’ (lO.Of3.2%) where the same absolute tagging technique was 

employed. It is however larger than other experiments (8.0% 1.5% for DELCO’“’ 

and 7.2f2.8% for LGW’“’ ), h h I d w ic re ie on charm cross section measurements 

for normalization. This provides further evidence that discrepancies in branching 

ratios stem largely from differences in charm cross section measurements. 

8. The D,s and De4 qecays and a 

Measurement of the Vector Form Factor : 

I 
A subset of the candidate inclusive semileptonic events can be /ul/g recon- 

structed, having identified K* or K,” along with the electron, as well as possible 

additional ?r* and se. Because the four-vector of the D meson is knowna priori 

from the tag, the missing mass can be evaluated, and a set of exclusive decays 
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containing only 
1 

missing neutrino isolated. Figure 17.shows the missing mass 

of the candidate events versus the msss of the tagging decay. Backgrounds are 

estimated from Monte Carlo, typically arising only in the DC3 decays, where #‘s 

can be lost, and ?r* misidentified as c *. Events with a kaon and a pion along with 

the lepton are found to be dominently K’(892) as seen in Figure 18 ; the branch- 

ing ratios are corrected accordingly and the results summarized in Table VII. 

Table VII 

Exclusive Semileptonic Branching Ratios 

Channel Events Bkd. Events Br(%) 

K-e+V 49 2.4 3.2fO.SfO.l 

K-r”e+v 4 0.0 0.9f0.5fO.l 

Pr-e+u 5 0.0 3.0f1.4f0.2 

K’-C+U 3.9fl.Sf0.2 

P.ZOe+Y 19 0.6 9.3f2.2f0.3 

K-n+e+u 21 0.0 4.lf0.9fO.l 

K*Oe+u 6.2f1.4f0.4 

The sum of the exclusive channels can be compared with the inclusive 

measurements; any differences would arise from Cabibbo suppressed semileptonic 

decays and possible higher multiplicity semileptonic decays (the inclusive results 

are shown in parenthesis): 

Br(D’ + K-e+u + K’-e+u) = 7.1 f 1.6 f 0.2% (7.5 f 1.2%),and 

0.4 E-’ ’ ’ ’ 1 ’ ’ ’ ’ I ’ ’ ,’ ’ 1 ’ ’ ’ ’ 1 ’ ’ ’ ’ d -+ K- e+ u, 
. . . 

I,, , , 1, * , , I,, , , 1 
1 I I 

-! (K- no and ‘K” 
1 1 I , 

II-) e+ IA! 
I 1 I 1 I 1 I 1 

. 
..: ‘. 

, , , , I,, , , I,, , , I,, ( , 1 

1.8 1.82 1.84 1.66 l.St3 1.9 
Tag Mass (CeV/c2) 

17. Missing masal veraus tagged mans for eLh channel indicated. i 

I 

Br(D+ -+ K’e+u + R”e+u) = 15.5 f 2.6 f 0.4% (17.0 f 2.0%). 

The differences are 5.3% and 8.8% of the total inclusive rate however the errors 

-644- 

\ 



I 

;[,,,,,,a 
0.25 0.5 0.75 1 1.25 1.5 

INVARIANT MASS IGEVK’) 

18. The K’ from I)+ and Do semileptonic channels. 

do not allow us to be more quantitative. , 

The dynamics of the decay of the Do can be studied by measurements of the 

DC3 decays. The matrix element for Do -+ K-e+v is given by a product of the 
, 

V-A leptonic current (J’cpfon) and the hadronic current: 

A4 = G,cos(O,)f+(t)(PD + PK)-‘J:Cpton, 

where PO and PK are the four-momenta of the D meson and the K in the decay 

frame of the D meson, and t = (PO - PK)’ is the momentum transfer squared, 

only a function of EK. The form factor f+ is associated with the vector part of 

the current as the Do and K- are pseudoscalars. The analogous term in f-(t) 

vanishes relative to that of f+(t), like the square of the electron mass in the rate. 

Integrating over the lepton variables and the direction of the kaon, we obtain the 

kaon energy spectrum: 

w, 0: jf+(t)l”(E; - &)3’2. (1) 

In the rest frame of the D, WK is only a function of EK. The 49 events (with 2.4 

background events contamination) of Do -+ K-eav can be used to extract f+(t) . 

Having tagged the event, we can uniquely boost to the rest frame of the decaying 

Do and measure EK, WK and hence f+(t) The Dalitz plot (EK ws E,) is shown 

in Figure 19 . The kaon detection efficiency is d at over most of the t range as 

shown in Figure 20 (a). The fall off at high t is associated with low momentum 

K- (5 200 MeV/c) which decay in the detector. Once a parametrization for the 

form factor is chosen, we can correct for efficiency and use Eq. 1 to fit for f+(t) 
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19. Dalitz plot for 00 + K-e+u. 

I 

0.5 

0.4 

go.3 
.- v .- 
E 0.2 

0.1 

z 
60 

y 40 -w Q, + 
! 20 

u” 0 
0 0.5 1.0 ’ 1.5 2.0 

11-85 t [w,*j 5253A3 , 

20. (a) The K* detection efficiency in the Do rest frame. 

(b) Effirirncy corrected kaon energy spectrum (EK) and 

fit assullling the simple pole form for f+(t) . 
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The simple 
“1” 

form of f+(t) is that of a simple pole, corresponding in this case to 

the exchange of a vector particle (F’) with the quantum numbers of charm and 

strangeness WI : 

f+(t) = f+(O) g& 
F‘ 

The fit shown in Figure 21(b) shows excellent agreement with the form chosen 

for f+(t) , suggesting that the single vector exchange is an adequate description 

of the physical process. The value we determine for Mp is 2.1’::: GeV/c2, the 

central value being close to that measured (- 2.11 GeV/c2) for the F’.‘3”’ 

9. Conclusions 

We have presented numerous results in this paper. which I summarize here : 

l The Do and D+ lifetimes are not equal. This is evidenced by the 

semileptonic branching fractions and their ratio: 

Bt(D” + e+ + X) = 0.075 f 0.011 f 0.004, 

Br(D+ --a e+ + X) = 0.170 f 0.019 f 0.007, and 

Br(D+ --a c+ + X)/Br(D’ + e+ + X) = 2.3’;:::;:;. 

l The De3 decays, suggests that a simple pole representing a single exchanged 

vector meson (the F’) provides an adequate description of the dynamics. This 

is essential for calculations of hadronic widths which assume factorization (see 

Stech, Ref. 1). 

l Through absolute measurements of hadronic branching ratios using double 

tags, we have now established the proper (absolute) scale with which to measure 

and compare decays, and can account for -80% of all decays. 
, 

l The hadronic decays of Do and D? are largely quasi two-body. This makes 

a theoretical calculation of total widths a more plausible goal. 

. Exact color suppression originally expected (Ref.2) in Do and D+ decays 

is absent. This is evidenced by the non-negligible relative contributions: 

T(D” -+ R”ro)/r(Do --$ K-r+) = 0.45 5 0.08 f 0.05, 

T(D” + t’?“so)/I’(Do 4 K.-a+) = 0.30 f 0.14 f 0.08, 

r(D” -+ Kopo)/r(Do -+ K-p+) = 0.09 f 0.03 * O.OZ,end 

r(D+ + c$r+/I’(D+ + K-r+x+) = 0.09 f 0.02 f 0.01. 

Recent work (see Ref. 8 ) suggests that the level of color suppression should be 

treated as a parameter (0 along with the usual two QCD coefficients (c+ and 

CL), which specify hard-gluon effects. It is then possible to fit for a common 

set of parameters (notably [ = 0, and the &ass scale 1.5 GeV) and successfully 

reproduce these ratios, along with other hadronic widths. An alternate and 

successful fit leaves the screening parameter at its nominal value (E 1 l/3) and 

evaluates the QCD coefficients at a lower-mass scale - 1 GeV, emphasizing 

the presence of non-perturbative effects. To distinguish these solutions requires 

further understanding of final state interactions, and the enhancement from W- 

exchange in both Do and D+ decays.‘3” 
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l There is 
P  
vidence that interference plays a m .ajor role in D+ decays 

explaining in part the difference in Do and D+ lifetimes. Interference is indicated 

by the ratios: 

r(D+ + r+r’)/I’(D+ *  ROT+) 5 0.15, 

r(D+ + R’K+)/r(D+ -+ ROT+) =  0.32 f 0.09 f 0.05,and 

r(D+ -+ I-T’*‘K’)/r(D’ + I?*‘,+) =  0.18 f 0.14 f 0.11. 

Interference may also be contributing to the relative size of Cabibbo allowed and 

forbidden D+ absolute branching fractions. The suppressed decays R°K+, k’OK+, 

and &r+ are seen to be large on average compared to the allowed decays 

K-On+, and R*“r+. 

l There is weak evidence for the contribution of non-spectator diagrams (W- 

exchange) to the D meson widths: 

T(D” + I?*‘K’)/r(D’ ---) K-n+) 5 0.11 at 90% C.L., 

T(D” + li’*‘@  + K*‘R”)/I’(Do + K’- A+  + K-p+) <  0.034 at 90% C.L., and 

Br(D’ -+ li-‘4) =  0.7 f 0.5 f 0.2% or 5 2.5% at 90% C.L. 

The ARGUSi3” and CLEO “” groups have also presented evidence for the Rob 

decay, with branching ratios of 1.4f0.4% and 0.9f0.6 to 1.3+0.6% respectively, 

when normalized to our absolute branching ratios. Differences arise from the 

treatment of non-ii04 events in the data. 

further enhanced by non-perturbative effects4 This enhancement arises naturally 

from QCD. The magnitude can be adjusted by allowing the QCD factors to vary 

within a limited range. The semielectronic decays are suppressed as such from the , 
20% level of the free quark picture down below the purely perturbative value of 

- 16% to as low as - 10%. The Do hadronic width is enhanced by W-exchange 

shortening its lifetime further, and reducing the semielectronic width down to 

the measured 7.5%. The D+ hadronic width is suppressed by interference, 

lengthening its lifetime relative to Do , raising its semielectronic branching ratio 

up to the measured 17.0%, and in conjunction with W-annihilation, leaving 

its Cabibbo suppressed decays somewhat larger, than naively expected. To 

quantify these arguments requires an additional theoretical understanding of the 

breakdown of perturbative QCD at these low Q2;and additional measurements 

of decays which are sensitive to interference and W-exchange. 

I would like to acknowledge I.Bigi for many useful and enthusiastic discussions 

concerning the interpretation of our data. This work was supported in part 

by the U.S. National Science Foundation and the U.S. Department of Energy 

under Contracts No.DGAC03-76SFOO515, No.DE-AC02-76ER01195, No.DE- 

AC03-81ER40050, and No.DE-AM03-76SF00034. I 

One plausible picture which emerges, and ties these measurements together 

looks as follows. Both Do and D+ are subject to strong nonleptonic enhancement, 
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and reconfirmed the E(2.2) in radiative J/$ decays to @Kg and K+K-. The 
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0.026?:~~~ i ,017 GeV/c*, for the I$$ and K+K- modes, respectively. The 
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1. Review Of The Experimental Situation 

The Mark III Collaboration presented evidence for a narrow state, named the 
[, in the summer of 1983.’ The state was observed in radiative J/$ decays in the 
K+K- decay channel with a significance of 4.7 standard deviations. There was 
also slight evidence in the KgKg decay channel with a significance of 2 standard 
deviations. The mass distributions are displayed in Figures l(a) and l(b). The 
branching ratios, based on a data sample corresponding to 2.7 million produced 
J/G decays, were 

BR(J/tj + r.$,E -+ K+K-) = (3.8 & 1.3 * 0.9) x 10m5 , and 
BR(J/$ + -yc,t + K;K;) = (2.8 f 1.4 f 0.7) x  1O-5 . 

Other modes were searched and several upper limits obtained.2 They are listed in 
the following table, 

Table 1 

1 Final State BR(J/Q 4 yE).BR(E -+X 

E + PP- < 5  x 10-s 

( -+ AX < 2  x 10-S 

(+ K’K < 2.5 x lo-’ 

f -+ K’l?’ < 3  x 10-a 

E -+ rlv < 7 x 10-S 

c --* PP < 2  x 10-S 

Before publishing these results it was decided to confirm this state in a new data 
sample and to increase the statistical significance in the KgKg channel. 

About the same time, DM2, the magnetic solenoidal detector at ORSAY, pre- 
sented new results based on their J/$ decays. The final results however set upper 
limits in both the K+K- and KiKg modes. Their results, presented in the 1985 
Bari Conference, are shown in Figures 2(a) and 2(b).3 Based on 8 million J/G 
decays they set upper limits, assuming a ((2.2) of zero width, of 

BR(J/$ -+ rt,< + K+K-) < 1.2 x lo-’ at 95% C.L., and 
BR(J/rC, + -yE,E + KiKi) < 2.0 x 10m5 at 95% C.L. 

1.2 1.6 2.0 2.4 2.8 

6-S. 

I (b) 
0 

0  
1.2 1.6 2.0 2.4 2.8 

12-85 M,, (GeV) 4B19A3 

Fig. 1. The KI? invariant mass distributions of the 1982 and 1983 data for the (a) 
K+K- final state and (b) the K$Kg final state. 
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Fig. 2. The KK invariant mass distributions from DM2 for the (a) K+K- final state 
and (b) the KgKg final state. 

‘It is difficult to reconcile these differences. The Mark III and DM2 detectors 
are similiar although the resolutions and acceptances differ slightly.‘v5 The following 
table compares the detectors, 

Table 2 

)rift,Shower,TOF Counters Mark III DM2 

D.C. Resolution (1 GeV/c) 21 MeV/c 35 MeV/c 

D.C. Acceptance 84% 87% 

T.O.F. Resolution 189-230 ps 520 ps 

T.O.F. Acceptance 80% 79% 

SC. Resolution 17% I& 19% /a (to 300 M  

S.C. Acceptance 94% 70% 

The shower counter resolutions are comparable up to 300 MeV. Above that 
energy the DM2 shower counter has a resolution of 35% * E because the total 
radiation length of the counter is insufficient to contain the larger showers. Overall 
the resolutions of the detectors differ, but the mass resolution after the kinematic 
constraint fits are very close. The Mark III detector obtains 10 MeV/c’ mass 
resolution (o) in both modes and DM2 has 12 and 11 MeV/c* in the K+K- and 
Kg Kg modes, respectively. 

A large difference between the detectors is in the TOF resolution. The Orsay 
storage ring, DCI, has a long beam bunch length which causes the time of the beam 
collision time to be smeared out about -0.5 ns. Good TOF resolution is important 
in order to select K+K- candidates and reject non-K+K- background. This could 
possibly explain some differences in the K+K- results. The Ki Kz results, however, 
should be fairly background free and the mass scale can be indirectly checked with 
the Kg mass. The DM2 KgKg mass distribution does not have a signal at 2.22 
GeV/c2 and their upper limit was based on the peak bin in their mass distribution 
at 2.185 GeV/c’. 

The Mark III Collaboration ran again on the J/$ resonance from February 
through May 1985 and collected a data sample that corresponds to 3.1 million 
produced J/$‘s. This short report will discuss the analysis and results using the 
complete data sample (2.7+3.1 million produced J/~,!J events). It is organized into 
sections which discuss the analyses of the KgKg and K+K- modes, theoretical 

interpretations and conclusions. 

-653- 



1 

2. The J/~/I -+ -yKzKg Analysis 

The yK:Kg analysis is baaed on the full data sample of 5.8 million produced 
J/G events. The initial data reduction has the following requirements: 

l Select four charged prongs plus one or more neutrals. 

l Require two distinct sets of rr+rr- masses to be each within 50 MeV/c’ of the 
Kg mass. There are two possible combinations per event. 

. Kinematically constrain fit (4-C) to J/+ + yn+rr-n+rr-, using the highest 
energy gamma in the fit and require the x2 fit probability, P(x’), to be greater 
than 1%. 

The momentum used in the kinematic fit is taken at the closest distance of approach 
of the ?r+s- tracks. The rr+rr- mass distribution is shown in Figure 3. The Ki mass 
distribution has a fitted mean of 497 MeV/c2 and a resolution (o) of 4.7 MeV/c’. 
This agrees with the Monte Carlo resolution. Also the proper decay length is well 
reproduced by Monte Carlo simulation. Evidence for two Kg’s in the reaction, 
J/6 + -r?r+x-?r+x-, is shown in Figure 4. This figure is a lego plot of one x+x- 
mass versus the other rr+rr- mass. There is a clear peak at the KgKg intersection 
demonstrating that J/$J + -yKiKg, Kg + x+x-, is observed. 

To extract the KgKg signal and the background, a new variable, 

62  = (m,:,; - .497)2 + (m,:,; - .497)2 

is introduced. This represents the distance to the KiKg center in the x+rr- VS. 

rr+x- mass plane. The -yKiKi signal is selected when 62 < .0004 (GeV/c2)2 or 
(20 MeV/c2)2. The background sample of events have larger values of 62. To 
normalize the background the differential of 62 of the signal area should equal that 
of the control background. The background sample is selected from events satisfying 
.0008 < 62 < 9012 (GeV/c2)2. The Kg Kg mass distribution is shown for the signal 
events and the background events in Figure 5(b). The background events are cross 
hatched in the figure. 

The < signal appears superimposed over a broad structure. The non-KgKg 
background is very small and estimated to be 9 events in the 2.0 - 2.5 GeV/c2 KzKg 
mass region. The c signal in the mass distribution is fitted with a Breit-Wigner 
function convoluted with a Gaussian mass resolution over a smooth background. 
The Monte Carlo determined mass resolution was 10 MeV/c2. The mass and width 
are determined using an unbinned maximum likelihood fit over all the events. The 
mass and width are allowed to vary and the mass resolution is fixed in the fit. The 
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Fig. 3. The rr+rr- invariant mass distribution from the reaction J/t+h -+ -yn+rr-n+a-. 
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Fig. 4. Lego plot of the Z+K invariant mass versus the other ?r+r- invariant mass 
in the reaction J/$ -+ rr+n-r+n-. 
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Fig. 5. The KR invariant mass distributions of the combined 1982, 1983 and 1985 
data sets for the (a) K+K- final state and (b) the KiKg final state. The 
background events are cross hatched. 
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. 

results are 

m(t + KgKg) = 2.232 f .007 f X107 GeV/c’ , and 

I-(( -a K;K;) = 0.018+$;; 4~ .OlO GeV/c* . 

The statistical significance is 3.6 standard deviations. It is obtained by calculating 
the maximum likelihood with no signal and comparing the maximum likelihood 
with a signal where the width and mean are allowed to vary. 

The fit yields 23 events. The Monte Carlo efficiency is 28% (not including 
the Kg + T+A- branching ratio) and does not change with the different spin 
assumptions. The branching ratio is, 

The Dalitz plot is displayed in Figure 6(b). The diagonal lines are the f’,O and 
E. The f’ is peaked near the edge of the Dalitz plot whereas the 0 is distributed 
along the diagonal. The region between the 6 and the t appears to be peaked near 
the edge of the Dalitz plot which may indicate its preference for high spin. The [ 
appears in the middle and near the edge of the Dalitz plot. The region above the E 
appears to be uniformly distributed in the Dalitz plot. 

M;K- [(Gevk*)*] 

Fig. 6. Dalitz plots for (a) the K+K- channel and (b) the K$Ki channel. 
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3. The J/lc, -+ yK + K- Analysis 

The 7K+K- analysis is performed on the full data sample of 5.8 x lo6 produced 
J/~!J events. The initial data sample is reduced with the following criteria: 

l Select two charged prongs plus one or more neutrals. 

l Kinematically constrain fit (4-C) to J/to -+ yK+K- using the highest energy 
gamma in the fit and require the fit to have P(x2) > 1%. 

The event sample after these cuts has large backgrounds from J/G * -ye+e- and 
ylr+n-. These backgrounds are reduced by requiring TOF identification on both 
tracks. The following variable, 

A=T+ e.(v) +T- -(‘r-;tK-) 

is defined where T+ is the measured times for the + tracks and t,t and tk* are the 
predicted times for the A* and K* mass hypotheses. This variable is the difference 
between the measured times and the mean time of the rr and K mass hypotheses. 
For larger values of A, the e+e- and ?r+n- background is reduced because the K* 
tracks will have longer times. The events are required to have A > 100 ps. This 
requirement, studied by Monte Carlo, is independent of the K+K- mass. Figure 7 
shows the resulting efficiency with these cuts as a function of K+K- mass. This 
is a mass plot of reconstructed Monte Carlo events that were generated with a flat 
mass distribution. 

Backgrounds from J/ll, -+ x0x+x- and J/$ -+ r”K+K- are reduced by exam- 
ining the fits to the specific background mode. If events have two or more 7’s they 
are kinematically fit to J/$J ---t ~rr+rr- or J/q6 -+ yyK+K-. They are rejected if 
the fit has P(,$) > 2% and if the 77 mass is within 50 h4eV/c2 of the x0 mass. 
Figure 5(a) shows the K+K- mass distribution. 

These cuts are less restrictive then the cuts used in an earlier analysis. They were 
used because the new data set had several detector problems. The drift chamber 
suffered a short in the outermost 3 layers ( out of 34 layers) and was operated with 
only 31 layers for most of the run. This degraded the drift chamber momentum 
resolution (u) on dimuons from 35 to 65 MeV/c. The TOF counters resolution (o) 
also degraded from 180 picoseconds to 220 picoseconds. This was partially due to 
beam bunch lengthening which was caused by the mini-B magnet modifications 
at SPEAR in the summer of 1984. The data using the same cuts is displayed in 
figures 8(a) and (b) for the 1982-83 data set and the 1985 set. The E appears clearly 
in both sets. All results are obtained using both data sets. 

1.2 1.6 2.0 2.4 2.8 
MK+K- (GeV/c*) 5286A6 

Fig. 7. Monte Carlo etliciency to detect and reconstruct J/$ + 7K+K- events as a 
function of K+ K- mass. 
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4. Theoretical Interpretations of the ( 

There have been several theoretical interpretations since the evidence for the E 
was first presented. The E was interpreted among others as: 

1) Higgs boson 

2) High spin SB meson 

3) Glueball or hybrid (gluon-quark-quark) state. 
Before summarizing these general ideas, the possible quantum numbers of the 

[ will be briefly discussed. 

The spin-parity of the system can be understood by recalling the explanation 
for the PP annihilation experiments to two neutral kaons.6 Since the t is seen in a 
radiative J/+ decays the C-parity is +l. A KR state will be in a definite CP state of 
*l when the wavefunction is K,“~~ztK~~~, where a and b refer to thespace indices. 
This state will be observed as Ki.K’&- KhK’& for CP=+l and K’&Ki,-Kg,K,$ 
for CP=-1. Observing the [ in the KgKi mode restricts it to CP=+l. Hence 
C=+l and CP=+l and consequently P=+l. Since P=(-l)J for decays to two 
pseudoscalars, J  is even. Summarizing, the < must have Jpc = (even)++. 

Assuming that isospin is conserved in its production, the c should be an isoscalar. 
An isoscalar KI? state should decay equally into K+K- and K”Ro. Thus the 
K+K- rate should be twice the KgK: rate. The experimental ratio is 1.3~t0.8f0.4 
which is consistent with the isoscalar hypothesis. 

The single Higgs doublet interpretation follows from a paper by Wilczek.’ The 
model predicted a vector meson composed of heavy quarks could radiatively decay 
to a Higgs boson, which would decay to lepton pairs or to heavy quark pairs. Both 
the width and spin would be zero. Calculation of the Feynman diagrams predict a 
partial rate of 

g 80 
d 

\v 
iI2  
E 40 
z 
W  

1.6 2.0 2.4 2.8 
M,+ K- (GeV/c2) 5286A7 

Fig. 9. The K+K- invariant mass distribution after Dalitz plot cuts. 

r(J/ti + rHo) 
r(J/tl, - P+P-1 

This model has several difficulties. The predicted rate is BR(J/$ -+ 7H”) = 3.10-s 
and the observed rate to Ki? alone is about lo-‘. The model also predicts a rate to 
p+p- of roughly 1/3(A4,,/Afs)2 times the rate to Kk. Using a value of .5 GeV/c’ for 
the strange quark mass, the predicted rate is BR( J/ll, -+ 7H”, Ho + F+/L-) z  10m5 
which is about a factor two larger then our present limit for the t decay to mu-pairs. 

It has been suggested that the single Higgs doublet model may be modified to 
have two or more doublets. B*g The two Higgs doublets models, where each doublet 
couples to a u and d quark separately, can produce a large J/G rate and a sup- 
pression of the dimuon rate. These models can be arranged to enhance or diminish 
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the production of the Higgs boson in radiative T decays. Consequently, the current 
published limit from CLEO, B(f(ls) + c,t -+ K+K-) < 2 x lo-‘, can not rule 
out all the models.10 

The ss state interpretation has been developed in a model with 1 = 3 and s 
= 1, where the ss quarks form a triplet. I1 This otherwise prosaic interpretation 
is unusual because the width could narrow (30-50 MeV/c’) which is atypical for 
high spin mesons. The model predicts two ss states, 3Fz and ‘F4, that have few 
decay modes available and are relatively weak, causing them to be narrow. The 
prediction includes large decay rates to K’K, K’K’, nn and nn’. Additionally, the 
model predicts a w-like 3Fz partner with a mass about 200 MeV/c’ lighter. This 
should be seen in radiative .I/* decays and be observable in the ?rr mode. A large 
bump in this mode is in fact seen both by Mark III and DM2 around 2.1 GeV/c’. 
However, the spin is unknown and it could be the h(2030) which is the spin 4 meson. 

The glueball/hybrid interpretation also has been developed in several models. 
It was pointed out that in the bag model, TM gluons may couple preferentially 
to SB.~’ This explained why many new particles seen in radiative J/G decays have 
kaon and 11 secondaries and also why flavor symmetry seems to fail. This model 
identified the c as a 2++ hybrid state and predicts decays to K’K’ and @w. Other 
interpretations include identification as a bound state of 2 TM gluons and 3 TE 
gluons.‘3J4 

5. Summary 

The Mark III results on the decays J/ph + rE,E -+ Kg@ and K+K- are 
summarized in the following table. 

Table 3 

I K+K- Kg K” s I 

B.R. (4.2;;:’ 31 0.8) x lo-’ (3.2’;:; f 0.7) x lo-’ 

mass 2.230 5 .006 f .014 GeV/c’ 2.232 i ,007 f 607 GeV/c? 

r 0.026+:::: f .017 GeV/c2 O.OlE+:~f~ f .OlO GeV/c2 

These results are in disagreement with those of DM2. These differences are not 
yet understood and may eventually be resolved by confirmation in another mode or 
from another machine such as LEAR (Pa -+ C -+ KgK’$, K+K-). 

Future Mark III plans include a search for other decay modes of the c and a 
measurement of the spin and width in the present data sample of 5.8. IO6 produced 
J/T,~‘s. The main approach is to look for J/J, radiative decays into two-body states 
with ss content such as K’K, K’K’, nn, nn’,n’n’, I$$ and $w. If the t has a 
branching fraction to one of these modes at least comparable to its rate to Kl? 
there may be a chance to see it if there is little background. Finding any new mode 
could not only help to confirm it’s existence but also isolate some of the theoretical 
models. 

The spin of the E will be examined in the KgKg mode which is relatively 
background free. Also a three pseudoscalar decay mode will be searched for because 
the scalar spin-parity would be ruled out since a 0 ++ state cannot decay into three 
pseudoscalars. If a three pseudoscalar decay is found this will rule out Higgs models. 
If the state is higher spin, the width is important to measure because high spin ss 
models predict widths of 30-50 MeV/c*. A narrow state could rule out these models. 
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ABSTRACT 

The properties of intermediate vector bosons (IVBs) produced at the 

CERN Super Proton Sychrotron collider are described. Production rates, 

masses, decay widths and angular distributions are all in excellent agree- 

ment with the predictions of the standard model of electroweak interactions. 

A limit on the number of light neutrino species, NY 5 10 (90% C.L.), is 

presented. The longitudinal and transverse momentum distributions of pro- 

duced IVBs, as well as the associated production of jets, are found to be in 

good agreement with the expectations of perturbative QCD. 

Presented at the SLAC Summer Institute on Particle Physics, 
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1. Introduction 2. The UAl Detector 

In this presentation I will summarize new results from the UAl experi- 

ment on the properties of intermediate vector bosons. The results are based 

on a data sample recorded during three runs at the CERN Super Proton 

Synchroton (SPS) pp collider, corresponding to an integrated luminosity of 

136 nb-’ at fi = 546 GeV and 263 nb-’ at fi = 630 GeV. 

The existence of charged W* and neutral Z0 IVBs was firmly established 

by the UAl and UA2 experiments [1,2] during the first collider runs at fi = 

546 GeV. The most recent period of data collection, at fi = 630 GeV, has 

enabled the UAl Collaboration to triple the size of its IVB event sample. 

A total of 172 W* -+ c*v, decays, 47 W* + p*u,, decays, 18 Z0 -+ e+e- 

decays, and 10 Z0 -+ JJ+M- decays have been collected to date. These larger 

event samples permit a more detailed measurement of the properties of IVBs. 

This presentation is divided into three main sections. The first part deals 

with the UAl detector and the identification of leptons. The second part is 

concerned with both the event selection process, the estimation of back- 

grounds, and the measured electroweak production and decay properties. 

Cross sections, masses, widths, and angular distributions of the IVBs are 

compared with the predictions of the standard model of SU(P)@U(I) model 

of electroweak interactions.(3] These results are used to set an upper limit 

on the number of neutrino species. The last section is concerned with other 

production properties of the IVBs, such as their longitudinal and transverse 

momentum spectra, quark structure functions, and lastly the associated jet 

activity. A comparision is made with the predictions of QCD. 

The UAl detector is a general purpose device which detects particles 

produced in pp interactions at the CERN SPS collider, providing full solid 

angle coverage down to a polar angle of 0.2’. A schematic view of the detector 

is shown in Fig. 1. The UAl detector is particularly well-suited to the 

systematic study of high transverse momentum leptons produced in IVB 

decays (W* + l’u, Z” + [+I-). This section provides a brief review of the 

detector elements relevant to this analysis; for a more general description the 

reader is referred to Ref. 4). 

2.1 Central Detector 

The central detector (CD) is a cylindrical drift chamber immersed in 

a uniform dipole magnetic field of 0.7 Tesla, perpendicular to the beam 

direction. A total of 6110 sense wires, strung in an arrangement of six 

independent half-cylinder modules, detect charged particles between 5” and 

175’ in polar angle. Signals from both ends of each sense wire are coupled 

to amplifier circuits mounted on the chamber wall. Flash digital encoding 

of the signals record the pulse amplitude, and the pulse position along the 

wire by charge division. Analysis of the pulse profile provides a double pulse 

resolution of 3 mm. The discriminated pulse time-over-threshold is compared 

to a system clock with an accuracy of 4 nsec and later corrected off-line for 

time-slewing using the pulse amplitude information. The average spatial 

resolution is 29Opm in the drift direction, and 1.5% of the wire length along 

the charge-division coordinate. The typical momentum resolution for a one 

meter long track is Ap/p = 0.5% x p (p in GeV/c). 
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2.2 Calorimetry 

CENTRAL / 

CHAMBER THE UAI DETECTOR 

Figure 1. The UAl detector as it might appear in its interaction hall at the 
CERN collider. 

The electromagnetic calorimeter consists of 48 half-cylindrical modules 

(“gondolas”) located just outside the CD, covering the region from 25” to 

155~ in polar angle, and two end-cap modules (“bouchons”) which provide 

coverage from 5O to 25” in polar angle. Each gondola is 22.5 cm wide and 

extends to within 5.2” of the vertical in azimuth. Each bouchon is divided 

azimuthally into 32 equal sectors. 

A particle normally incident on the electromagnetic calorimeter encoun- 

ters approximately 26 radiation lengths of lead/scintillator sandwich. The 

layers of scintillator are ganged together to provide four segments in depth, 

divided as to yield the optimal measurement of the longitudinal electro- 

magnetic shower profile. Each gondola segment is in turn viewed by four 

photomultiplier tubes attached via light guides to the four corners of the 

module. Light division between the photomultiplier tubes localizes the 

shower to an accuracy of Ad(rad) = 0.3/e (E in GeV) in azimuth and 

Az(cm) = 6.3/a (E in GeV) along the beam direction. In the bouchons, a 

shower is located to an accuracy of approximately 2 mm by two orthogonal 

planes of proportional tubes positioned after the second segment. 

The response of these calorimeter modules was measured in a test 

beam before installation, and the energy resolution was determined to be 

AE = 0.15/a (E in GeV). The absolute calibration is known to f3% and 

is monitored periodically with a well collimated seven Curie mCo source. 

The short-term stability of the photomultiplier gains is monitored with a 

laser calibration system. Module to module variations and time-dependent 

changes are checked using cosmic rays, minimum bias data, and high trans- 

verse momentum so fluxes (see Fig. 2). These checks have an accuracy of 

f3’% relative to the average cell response. 

The electromagnetic calorimeter is surrounded by the iron return yoke 

of the UAl magnet. This yoke has been instrumented to provide hadronic 
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ISOLATED JI” RATE, E, ‘20 GeV J 

1 
100 200 

Delivered lummosity (6’) 

Figure 2. Rate of isolated s’s above a fixed transverse 
energy cut as a function of luminosity. For a fixed value 
of this cut, the so rate falls as a result of reduced light 
output from the scintillator based calorimeters due to 
radiation damage during normal running. The A” rate 
is a sensitive check of the calibration of the calorimeters 
(solid line). 

calorimetry: 5 cm iron laminations alternate with 1 cm layers of scintillator, 

covering the region from 5” to 175” in polar angle. The hadron calorimeter 

is segmented into 450 cells with two subdivisions in depth. The energy 

resolution for charged pions is AE = 0.8@ (E in GeV). 

Additional electromagnetic and hadronic calorimetry in the forward re- 

gions extend the coverage of the UAl detector down to 0.2’ with respect to 

the beam line. 

2.3 Muon Detector 

Outside of the hadron calorimeter and - 6m from the interaction region, 

two independent layers of large area crossed planar drift chambers provide 

muon identification over 75% of 4s. A normally incident muon with mo- 

mentum > 3 GeV/c passes through 6.1 hadronic absorption lengths in the 

calorimeters and two hadronic absorption lengths of iron shielding before 

entering the muon system, where its direction is measured with an angular 

resolution of a few milliradians. 

2.4 Trigger 

Events with high transverse momentum leptons were recorded if they 

satisfied one of the following triggers: 

i) An “electron trigger”, with at least 10 GeV of transverse energy de- 

posited in two adjacent electromagnetic calorimeter cells. 

ii) A “muon trigger”, requiring at least one penetrating track detected 

in the muon chambers with pseudorapidity InI 5 1.3 and pointing in both 

projections to the interaction region within 300 mrad. 

iii) A “jet trigger”, with at least 20 GeV of transverse energy in a localized 

calorimeter cluster. A cluster is defined as a group of eight gondolas and 

the two hadron calorimeter elements immediately behind, or as a quadrant 
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of b o u c h o n  e lemen ts  toge ther  wi th  the  co r respond ing  h a d r o n  ca lor imeters  

b e h i n d  them.  

iv) A  g l o b a l  ‘I&  t r igger” wi th  m o r e  t han  5 0  G e V  of  total  t ransverse 

ene rgy  f rom al l  ca lor imeters  wi th  1 9 1  <  1.4.  

v) A  “miss ing  t ransverse ene rgy  t r igger”, requ i r i ng  a  t ransverse ene rgy  

i m b a l a n c e  b e t w e e n  the  left a n d  r ight  ( 1 8 0 ’ in  az imuth)  ca lor imetry  of  g rea te r  

t han  1 7  G e V  in  co inc idence  wi th  a  jet  wi th  t ransverse ene rgy  g rea te r  t han  

1 5  G e V .  

E L E C T R O N  IDENTIF ICATION 

C E N T R A L  E L E C T R O M A G N E T IC H A D R O N  
D E T E C T O R  C A L O R IM E T E R  C A L O R IM E T E R  

sr”-- 
V E R T E X  

> / 2 5 x 0  , 3  1 .1  A  35x  
2.5  L e p t o n  Ident i f icat ion 

Electrons,  m u o n s  a n d  neu t r inos  a re  re l iab ly  ident i f ied  in  the  U A l  de -  

tector by  the  character ist ic s igna ture  e a c h  leaves.  Iso la ted e lect rons wi th  a  

t ransverse ene rgy  2  1 5  G e V  a re  ident i f ied  by  a  c h a r g e d  track in  the  C D  a n d  

total  absorp t ion  in  the  e lec t romagnet ic  calor imeters,  as  i l lustrated in  Fig.  

3.  T h e  d i rect ion a n d  m o m e n t u m  of  the  C D  track must  ma tch  the  pos i t ion  

a n d  ene rgy  of  the  e lec t romagnet ic  shower .  In add i t ion ,  the  e lec t romagnet ic  

shower  must  h a v e  the  expec ted  long i tud ina l  pro f i le  in  the  four  l ong i tud ina l  

segmen ts  a n d  h a v e  a  na r row  t ransverse prof i le  ( in  z a n d  4).  T h e  h a d r o n  

ca lor imeter  immed ia te ly  b e h i n d  the  e lec t ron  shower  must  h a v e  litt le or  n o  

energy  depos i t ion .  

T h e  exper imen ta l  s igna ture  for a  m u o n  is i l lustrated in  Fig.  4.  A  m u o n  

leaves  a  c h a r g e d  track in  the  C D  wh ich  matched ,  in  pos i t ion  a n d  ang le ,  

a  co r respond ing  track in  the  m u o n  detector .  B e t w e e n  these  two t racking 

systems the  m u o n  leaves  a  character ist ic m in imum- ion i z i ng  ene rgy  depos i t i on  

in  the  e lec t romagnet ic  a n d  had ron ic  ca lor imeter  cel ls t h rough  wh ich  it passes.  

T h e  m o m e n t u m o f  the  m u o n  is m e a s u r e d  in  the  C D  a n d  a lso  i ndependen t l y  by  

the  m u o n  system f rom the  def lec t ion of  the  track trajectory in  the  m a g n e t i z e d  

i ron  yoke.  

M O M E N T U M  E N E R G Y  
M E A S U R E M E N T  M E A S U R E M E N T  

F igu re  3.  T h e  character ist ic s igna ture  of  a n  e lec t ron  as  
it t ransverses the  U A l  detector  is s h o w n  in  a  schemat ic  
v iew. 
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MUON IDENTIFICATION 

CENTRAL HAORON IRON MUON 

DETECTOR EM CALORIMETER CALORIMETER ABSORBER CHAMBERS 

MOMENTUM CHARACTERISTIC IMINIMUM IONlZlNGl MATCHING TRACK 
MEASUREMENT EiERGY OEPOSITION ( ;ifENT) 

Figure 4. The characteristic signature of a muon as it transverses the UAI 
detector is shown in a schematic view. 

Neutrinos do not interact in the UAl detector and are therefore not di- 

rectly observed. Instead, they are identified by constructing an energy Row 

vector from all of the energy deposited in the calorimeter cells. Neglecting 

particle mssses and assuming an ideal calorimeter, the net energy flow vec- 

tor should equal zero from momentum conservation. A significant non-zero 

energy flow vector indicates emission of a neutrino with momentum equal 

to and opposite the vector sum. In practice, only the vector components 

transverse to the beam direction are summed since substantial energy may 

escape in the forward direction below 0.2’ with respect to the the beam. 

Care must be taken to include the transverse momentum components of 

any energetic muons in the event, since they do not deposit much energy in 

the calorimeter cells. The resolution of the calorimeters must also be taken 

into account. This has been studied in minimum bias events where ener- 

getic neutrino emission is not expected to occur. The distribution of the 

transverse energy vector sum is a Gaussian centered on zero. The standard 

deviation for each component of the transverse energy can be parameterized 

as u(AE=) = 0.43-, where C ET is a scalar sum over all transverse 

energy components and is in GeV. 

3. Event Selection, Electroweak 

Production and Decay Properties 

In this section I will describe the selection of IVB decays from UAl data 

and proceed directly to an analysis of their electroweak properties, beginning 

with the topology W* + e*v, and then briefly presenting the remaining 

three topologies, W* + @u,,, 2” + c+c-, and 2“ + P+P-. 
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3.1 Proceaa Wf + efy 

To extract an essentially background free sample of W* -+ e*v, decays, 

the following cuts have been applied to the data. Associated to an electro 

magnetic cluster of transverse energy E$ > 15 GeV we require the presence 

of a charged track (electron track) consistent with transverse momentum 

pT > 15 GeV/c. To exclude two-jet events in which one jet fakes the elec- 

tron signature, we select only those events where the electron is isolated in a 

cone of radius AR around the electron cluster, where AR = (An’ + A&2)‘/2; 

n is the pseudorapidity and 4 is in radians. In a cone AR = 0.4 we demand 

that xp~ < O.lE$! and CET < O.lE$!. and in a cone AR = 0.7 we demand 

that xp~ < 3 GeVfc and CET < 3.2 GeV, where the electron is excluded 

from the summations. We further require that the longitudinal profile of the 

shower measured in the four samplings of the electromagnetic calorimeter 

and in the hadron calorimeter cell immediately behind the electromagnetic 

cluster are consistent with an electron shower and have good spatial match- 

ing. Finally, we require that the missing transverse energy AE, > 15 GeV. 

We are left with a sample of 172 events for further analysis, of which 

59 events come from collisions at fi = 546 GeV and 113 events come from 

collisions at fi = 630 GeV. An example of a W* -a efue decay at fi = 

630 GeV is shown in Fig. 5. 

We have estimated, in detail, the possible sources of backgrounds in 

our sample of W  * -+ e*ue decays. The most significant sources are from 

two-jet processes (where we expect AE, to be small) and W* + rip, 

processes. To estimate this background we remove the requirement AE, > 

15 GeV. For those events with AE,,, < 15 GeV the AE, distribution is 

well described by the experimental resolution in the measurement of this 

quantity (Fig. 6), and furthermore almost all these events have a two-jet 

topology. Extrapolating the resolution curve to the region AE, > 15 GeV, 

we estimate a background in our W ’ + e*y, sample of 3.4 * 1.8 events at 

EVENT 13326-495 

w+-b e’v, 

~ NEUTRINO &=34GdV 

1 
.I t 7 ._._ -...- 

, 
, , 

pb' i -P 

\ ' . ,.. -- - 
_' , - I - 

I "ELECTRON : 
I ET=35 GeV 

:/ 

Figure 5. A typical W* + e*u, decay at & = 630 GeV. 
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Figure 6. Background from two-jet fluctuations. The missing transverse energy 
squared normalized to the error on this quantity is shown for events passing the 
W selection requirements without the requirement that AE, > 15 GeV. The 
contribution from the 113 W* +e+v events from the fi = 630 GeV data 
sample (hatched sub-histogram) agrees well with the ISAJET prediction. The 
contribution from the other events having AE ,,, < 15 GeV (non-hatched region) 
is well described by the experimental resolution. 

fi = 546 GeV and 1.9 zb 0.6 events at fi = 630 GeV. From Monte Carlo 

calculation we estimate a background of 11.8 f 0.6 events from the decays of 

W* + T%+. 

We have used two techniques to estimate the efficiency of our selection 

requirements: i) the ISAJET Monte Carlo [5] together with a full simulation 

of the UAl detector, and ii) a randomized W-decay technique in which the 

172 real W events are used, but the electron is replaced by a generated 

electron coming from a random (V-A) decay of the produced W. Both these 

techniques give consistent values for the efficiencies: 0.69 f 0.03 for the 4 = 

546 GeV data sample and 0.62 f 0.03 for the fi = 630 GeV sample. The 

cross section is then 

u. B(W* + e*vJ = 0.55 f 0.08 zt 0.09 nb 

at fi = 546 GeV, where the first error is statistical and the second is 

systematic and includes the ~tl5% uncertainty on the integrated luminosity 

of the experiment. The corresponding experimental result from the 1984 

data at fi = 630 GeV is 

a.B(Wf -+e* vc) = 0.63 f 0.05 f 0.09 nb. 

These results are in good agreement with the theoretical predictions [6] of 

0.38+~$ nb at fi = 546 GeV and 0.47f~:~~ at fi = 640 GeV. 

To obtain a more accurate measurement of the mass and width of the 

W*, the event sample is further restricted. The electron is required to be 

greater than 15” from the vertical plane, in order to avoid uninstrumented 

vertical gaps between calorimeter cells. A total of 148 W’ -+ c*v, events 

pass this additional requirement. In Fig. 7, the electron transverse energy 

distribution is shown, and in Fig. 8 the electron-neutrino transverse mass 

distribution is shown. The hatched regions show the expected contributions 
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Figure 7. Electron transverse energy distribution for W* -+ e*u, decays. The 
curve shows the prediction for the background-subtracted distribution (normal- 
izcd to the data). 
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Figure 8. The electron-neutrino transverse mass dis- 
tribution for W* ---t e*v, decays. The curves shows the 
prediction for the background subtracted distribution 
(normalized to the data). 
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from the various background sources. The superimposed curve represents 

the Monte Carlo predicted distributions for a W* of mass 83.5 GeV/c’. 

The transverse momentum spectra exhibit the expected Jacobian peak. 

From the electron and neutrino transverse momenta we obtain the transverse 

mass spectrum of the W* using the relation 

This distribution is insensitive to the transverse momentum of the W*. To 

reduce the background contributions, we require both the electron and the 

neutrino to have a transverse energy greater than 30 GeV. We are then left 

with a background free sample of 86 events, for which the transverse mass 

distribution is shown in Fig. 9. 

A maximum likelihood fit to the distribution in Fig. 9 for the mass mw 

and width Tw yields the following results: mw = 83.5+::: f 2.8 GeV/c2 

where the second error includes a f3% uncertainty on the energy scale; and 

T 2 6.5 GeV/c* at 90% C.L. (see Ref. 7 for a further discussion of systematic 

errors). The 68% and 90% contours level contours for rnw and TW are shown 

in Fig. 10. 

The expected angular distribution fJ* of the electron (positron) with re- 

spect to the proton (antiproton) direction in the W* center of mass for a 

V-A charged current interaction is given by 

dN/dcosO’ = (1 + cosO*)‘. 

To test this prediction we restrict the sample to 75 W ’ + e*v, decays 

in which the electron charge was unambiguously known and there was no 

kinematic ambiguity in determining the rest frame of the W*. The angu- 

lar distribution, corrected for backgrounds, geometrical acceptance, track 

reconstruction efficiencies and selection biases, is shown in Fig. 11. It 

Enhanced transvers 

60 80 100 120 

m, lGeV/c *I 

Figure 9. The electron-neutrino transverse mass dis- 
tribution for 86 well-measured W* + e*v decays where 
E.$ > 15 GeV and E$ > 15 GeV. The curve shows the 
result of the fit. 
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is in agreement with the predicted curve. The average value of cos8*, 

< cos 0’ >= 0.43 zt 0.07, is also in good agreement with the predicted value 

of 0.5 for the decay of a spin J=l particle with VfA couplings. The result is 

inconsistent with any other spin assignment and is consistent with maximal 

parity violation.(8] 

3.2 P~OCCYIS w* + jb*u, 

The results of a preliminary analysis of the decay W ’ + IL*V, are pre- 

sented here. The event selection procedure preserves many features of a 

previously published UAl analysis on the fi = 546 GeV data sample.[l] 

Events were selected by requiring a single isolated muon with a transverse 

momentum exceeding 15 GeV/c and missing transverse energy exceeding 15 

GeV/c. After additional cuts to remove cosmic rays, K decays, and fake 

muons due to leakage through the iron shielding, we obtain 14 candidate 

events in the fi = 546 GeV data sample and 33 events in the fi = 630 

GeV sample. 

The combined efficiency of the muon trigger and the selection require- 

ments is estimated at 0.20 f 0.04 for the fi = 546 GeV data sample and 

0.22 + 0.03 for the fi = 630 GeV sample. The calculated production cross 

section for W* -+ p*u,, is then 

u. B(W* + p*up) = 0.67 f 0.17 f 0.15 nb 

at fi = 546 GeV, and 

u. B(W* + p’y) = 0.61 * 0.11 + 0.12 nb 

at fi = 630 GeV. Comparing these results with those from the decay 

W ’ + e*v, we obtain the ratio 

u . B(W* + p*vJ/a . B(W* -+ ebb+) = 1.07 f 0.17 * 0.13 

for the combined data samples, in agreement with universality. 

The transverse momentum spectra for the leptons in the decay W* + 

piup are shown in Fig 12. The poor momentum resolution for high trans- 

verse momentum muons smears out the Jacobian peak which was seen so 

clearly in the electron channel. However, the distributions are well repro- 

duced by the Monte Carlo (solid curve) using rnw = 83.5 GeV/c2. 

3.3 Process 2” --) e+e- 

The selection of Z0 + c + e - decays is very similar to the selection of 

W* - C*II~ decays. We require that there be at least two isolated elec- 

tromagnetic clusters with ET > 8 GeV, one of which must satisfy all of 

the requirements imposed on the single electron in the W* -+ e*uc selec- 

tion. The other electromagnetic cluster must fulfil only the following, less 

restrictive criteria: i) the cluster should be isolated in a cone AR = 0.4, 

i.e. xp~ < 0.2E;! and CET < 0.2E;! excluding the electron from the sum- 

mations, and ii) the shower profile and spatial matching are consistent with 

an electron shower. There are 18 events with invariant mass m(e+e-) > 50 

GeV/c* which fulfil these conditions, four from collisions at fi = 546 GeV 

and 14 from fi = 630 GeV. 

The two cluster invariant mass distribution is shown in Fig. 13. There are 

18 events with m(c+e-) > 50 GeV/c2 identified with the decay Z” -+ c+e-. 

There are 21 events with two cluster invariant mass m(e+e-) < 50 GeV/c2. 

These low mass events are consistent with our expectations for background 

from pp + jet-jet processes where the jets are misidentified as electrons. A 

negligible background from jet-jet processes is predicted from the extrapo 

lated jet-jet curve in the region m(e+e-) > 50 GeV/c2. Additiopal-back- 

grounds of 0.3 events (mostly from Z0 + r+r-) are expected in the region 

m(e+e-) > 80 GeV/c2. 

The selection efficiency for Z0 -+ e + - decays was determined in a proce- c 

dure similar to the one used for W* + e&u, decays. The combined efficiency 

-674- 



1 

- 
47 EVENTS 

0 20 40 60 
p; (GeV/c) 

80 

Figure 12. Muon  transverse momentum 
distribution for 47  W*  +  p  f v events. 
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Figure 13. Invariant-mass distribution for two electromagnetic clusters 
passing the cuts described in the text. The curve shows the expected shape 

for events arising from jet-jet fluctuations. The high-mass Z” peak is clearly 
separated from the background. 
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of the trigger and selection requirements was determined to be 0.72 f 0.03 

for the fi = 546 GeV data and 0.70 f 0.03 for the fi = 630 GeV data. 

The number of Z0 +e+e- events observed together with the calculated 

backgrounds and efficiencies allows us to calculate the production cross sec- 

tion, 

u. B(Z’ + e+e-) = 41::: zt 6 pb 

at fi = 546 GeV and 

cr. B(Z” + e+e-) = 85 f 23 f 13 pb 

at fi = 630 GeV in agreement with the theoretical predictions [6] of 41+i3 pb 

and 51+:’ pb, respectively. 

The mass and width of the Z0 are measured with a restricted subsample 

of the 18 observed events. Several additional requirements are imposed: i) 

the electrons must be within the electromagnetic calorimeter fiducial volume, 

at least 15’ from the vertical plane, ii) both electromagnetic clusters must 

have an associated charged track, and iii) events are excluded in which four or 

more charged tracks are entering the same electromagnetic calorimeter cell as 

one of the electrons. These conditions insure an accurate mass measurement. 

Fourteen events satisfy the criteria. The m(e+c-) invariant mass distribution 

for these events is shown in Fig. 14. A maximum likelihood fit to the mass 

and the width yields the following results: rnz = 93.0+ 1.4 f 3.2 GeV/c* and 

I’z 5 8.1 GeV/cZ at 90% C.L., where we have assumed a f3% uncertainty 

in the energy scale, and a f3% uncertainty in the energy resolution used in 

the fit. The most probable value for the width is I’z = 4.3f::i GeV/c. A 

correction has been applied to take into account the systematic skew caused 

by using a maximum-likelihood-fit method to a Breit-Wigner with limited 

statistics. 

UAl 

ZO-be*e- 

14 Events 
MI=930 GeV/c 

MASS (GeV/c*) 

Figure 14. Invariant-massdistribution Z0 +e+e- events 
with m(e+e-) > 50 GeV/c2. The curve shows the fitted 
shape for a Breit-Wigner convoluted with the experi- 
mental resolution. 
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3.4 Prou?!mz”4p+p- 

Results of a preliminary analysis of the Z0 -+ p+@- decay channel are 

presented here. The event selection procedure preserves many features of a 

previously published UAl letter [l] on the ,/% = 546 GeV data sample. 

A dimuon selection was made requiring two pi > 3 GeV/c isolated muon 

tracks in the event. After additional cuts to remove cosmic rays and events 

showing leakage of hadron showers through cracks in the calorimeters, we 

find 222 events with dimuon mass m(pp) > 6 GeV/c*. The dimuon invariant 

msss spectrum for these events is shown in Fig. 15. Of these events, five 

in the Jj = 548 GeV sample and five in the fi = 630 GeV sample have 

dimuon masses exceeding 70 GeV/cr and are interpreted ss Z0 decays. 

The efficiency of the muon trigger and selection requirements for dimuon 

events at the Z0 is estimated to be 0.48 f 0.04 in the combined data samples. 

The cross section for Z0 + p + - p decay averaged over the combined data 

samples is 

a.B(ZO-+p+p-)=51+17fQpb 

where the first error is statistical and the second includes the uncertainties 

in acceptance and luminosity. This value is in good agreement both with 

theoretical predictions and with our results for Z0 + efe-. 

From a weighted average of the measured invariant masses of the ten 

observed Z0 + JJ+~- decays we obtain < rn(@+p-) >= 87.4$:: GeV/cr in 

agreement with the Z” mass ss measured in the electron decay channel. 

N 

2 100 - 
lz 
Ln 
L 
E. 
VI 60; ,, 

5 6. 

4' 

2' 

0 

PF cI+cI-x 

ZO--+Ff$- 
10 Events 

20 60 100 140 

MASS (p'p-1 GeV/c' 

Figure 15. Invariant-mass distribution for 222 
pp events where both muons have pg > 3 GeV/c. 
The Z0 mass peak is evident. 
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3.5 Standard Model Parameters 

In the standard model of minimal SU(I)@U(l) the parameters sin’ 8, 

and p are related to the IVB masses. From our measured values of mw and 

mg we derive values for sin’&, = 1 - (mw/mz)2, sin’e^, = (38.65/mw)*, 

and p =mf/(mz coss^,)‘, where sin’ s^,,, is the renormalized value of sin2B, 

for comparison with low-energy neutral current interactions. 

Table 1 

Summary of UAl Results on IVB Masses, Widths, 

and Standard Model Parameters 

Masses and Widths Standard Model Parameters 

mw = 83.5+::: f 2.8 GeV/cr mZ - mw = 9.5’::“, f 0.5 GeV/cr 

rw 56.5 GeV/cZ at 90% C.L. sin* e^w = 0.214 5 0.006 & 0.015 

mZ = 93.0 f 1.4 + 3.2 GeV/cl sin’ &V = 0.194 & 0.032 

rz 5 8.1 GeV/c? at 90% C.L. P = 1.026 * 0.037 * 0.019 

L 

In Table 1 the UAl results on IVB masses, widths, and SU(Z)@U(l) 

parameters are presented. Only parameters determined from the electron 

decay modes are used, in order to minimize the systematic errors. Uncer- 

tainties in the experimental energy scale largely cancel when we take the 

difference between neutral and charged IVB masses. These results are in 

excellent agreement with the expectations of the standard model.(9] The 

relationship between p and sin’ 8, from our measurement is shown in Fig. 

16. 

3.6 Number of Neutrino Species 

The standard model does not constrain the number of quark or lepton 

generations. Given a few basic assumptions, we may test for the presence of 

additional generations beyond the three presently known. If we assume that 

any additional family has standard electroweak couplings, a light neutrino, 

and a heavy charged lepton m,>mw/2, then each additional family adds to 

the Z0 decay width but not to the IV* decay width. 

The total width of the ZO, P$c, is related to NY via the relation, 

Pp’(measured) = PF’(standard model) + (N, - 3)APx 

where the expected standard model values are Pz = 2.83 GeV/cr and each 

additional family contributes AI’Z = 182 MeV/c* to the decay width. From 

a comparison of leptonic branching ratios of W* and Z0 the following relation 

is obtained: 

R = o. B(W* .+ c*uc)/o. B(Z” -+ c+e-) 

= (OW/~Z)[r(w* --+ e*vc)/r(Zo 4 e+c)](r’,ot/rbf). 

Thus the ratio R of cross sections is related to the number of neutrino species. 

For the UAl experiment this technique is more sensitive to NY than the 

direct measurement of the Z0 decay width. The ratio of partial widths 

P(W* + e*vc)/P(ZO -+ e’e-) is equal to 2.72 for the standard model with 

three families and a top quark mass ml = 40 GeV/c’. The ratio of cross 

sections aw(pp + W* + X)/az(pp + Z0 + X) = 3.3 * 0.2 is calculated from 

perturbative QCD, where the uncertainty in the individual cross sections 
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Figure 16. The relationship between p  and sin’& deter- 
mined from the measurements of rn~ and mz in the electron 
channel.  The curves show the 68% and 90% confidence levels 
inluding systematic errors. 

largely cancels and is insensitive to the center of msss energy range consid- 

ered here.(6,10] The error reflects the uncertainty in the way the quark 

structure functions evolve from the W ’ to the Z” mass. 

From our measurement of the electronic decay rates of the W*  and Z” we 

obtain for the combined sample, R= 9.3ff:i, or RI 13.0 at 90% C.L. where 

the systematic uncertainty in luminosity vanishes in the ratio of the two cross 

sections. This result is in excellent agreement with the prediction [lo] from 

SU(3)OSU(2)@U(l) of R= 9.2 f 0.6. Using the relationship between R and 

the number of neutrino generations, we obtain an  experimental upper limit 

of NY 5  10  at 90% C.L. 

4. Production Properties 

In this section I will describe the production properties of the W*,  such 

as the longitudinal momentum spectrum, the quark structure functions, the 

transverse momentum spectrum, and the associated jet activity. 

4.1 Longitudinal Momentum 

The longitudinal momentum distribution of the W ’ boson is expected 

to reflect the structure functions of the incoming annihilating partons, pre- 

dominately u  and d  quarks. The longitudinal momentum of the W  is not 

directly measured since we do not measure the longitudinal component  of the 

neutrino momentum. W e  can overcome this difficulty by imposing the mass 

of the W  on the electron-neutrino system. This will yield two solutions for 

zw, the Feynman z for the W,  corresponding to the neutrino being emitted 

forward or backwards in the W  center of mass frame. In practice, in one- 

third of the events one of these two solutions for zw is trivially unphysical 

(zw > 1). In the cases where the ambiguity in zw is unresolved the solution 

with the lowest zw is chosen. The resulting zw distribution is shown in Fig. 

17  for the ,,A =  546 GeV and fi =  630 data samples separately. There is 
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Figure 17. The W  longitudinal momentum dis- 
tribution for W* + efu events produced at fi = 
546 GeV (open circles) and fi = 630 GeV (full 
circles). The curves show the predictions using 
the structure functions of Eichten et al. [ll] in- 
cluding analysis and experimental effects. 

some indication of the expected softening of the W  longitudinal momentum 

distribution with increasing &L The data are in agreement with typical 

parton model parameters.[ 1 l] 

4.2 Quark Structure Functions 

In W  production the u and d quark structure functions are sampled at 

the W  pole, 

a _ =uzd 
mw - y-- 

from energy conservation, where z,, and z,j are the Feynman z for the u and 

d quarks forming the W, and s is the center of mass energy squared. Using 

the additional relations, 

from momentum conservation, we can determine the u and d quark structure 

functions. For those events in which the charge of the W  is well-known, 

we can identify the annihilating partons with a u-d quark for a W+, or 

a d-ii quark for a W-. There are 118 events in which the charge of the 

electron track (hence the charge of the W) is determined to better than two 

standard deviations (from infinite momentum). The resulting u and d quark 

distributions for these events are compared to the predictions of Ref. [ll] in 

Figs. 18(a) and 18(b). 

4.3 Transverse Momentum 

In the QCD picture of W* and Z0 production the annihilating quark 

and antiquark are colored, and there will be higher-order corrections to the 

bare Drell-Yan process in which one or more gluons are radiated from the 

incoming partons. This initial-state gluon bremsstrahlung is expected to 

give rise to i) a long tail in the transverse momentum distribution of the 
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Figure 18. (a) The u  quark structure function for u  quarks producing the W.  The curve is 
the prediction of the model  described in Ref. [ll] including analysis and experimental effects. 
(b) The d  quark structure function for d  quarks producing the W.  The curve is the prediction 
of the model  described in Ref. [ 1  l] including analysis and experimental effects. 

weak bosons, and ii) the occasional observation of one or more hadronic jets 

produced in association with the higher transverse momentum IVBs. 

The W  transverse momentum pT w is shown in Fig. 19. The distribution 

peaks at a  value pw T z 4  GeV/c, and has a  long tail extending to py u  40  

GeV/c. The QCD prediction in Fig. 13  is from Alterelli et al. [6] using the 

structure functions of Ghick et al. 1121 with A =  0.4 GeV. 

4.4 Jet Activity 

The UAl jet algorithm (described in Ref. 1) has been used to search for 

jet activity produced in association with the weak bosons. Hadronic jets are 

indeed found in those events containing the highest transverse momentum 

W ’s (Fig. 19). For events with pF >  20  GeV/c, every event has at least one 

reconstructed jet with Ep >  5  GeV. 

As expected for initial-state gluon bremsstrahlung, the angular distribu- 

tion of jets with ET > 5  GeV is strongly peaked in the beam direction. This 

can be seen in Fig. 20  where the distribution of cos 6’ is shown, tJ+ being the 

angle between the jet and the average beam direction in the rest frame of 

the W+jet(s) system. In the region in which the experimental acceptance is 

reasonably constant (] cos 8*] <  0.95) the shape of the angular distribution 

is well described by the QCD expectation for bremsstrahlung jets, which is 

basically (1 - ] cos @*I)-r. 

-G81- 



W-+ev 

172 EVENTS 

R Events wth jets 
I$ , 5 GeV/cl 

16 24 32 LO 

p’Y’ K3V/c) T 

Figure 19. The W  transverse momentum distribution. The 
curve shows the QCD prediction of Altarelli et al. (61 The 
hatched sub-histogramshows the contribution from events with 
one or more hadronic jets with a,” > 5 GeV/c in the rapidity 
interval IqJ < 2.5. 

I 
-\ 

I 
I 
I 
I 

-ic 

, - 

I 

T is) 

- I I 

pp 4 W  + JE 

I 89 JETS 

1.0 0.8 0.6 OL 0.2 0 

Iccls o*l 
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5. Conclusions 

Results have been presented on the production and decay properties of 

W* and 2” bosons produced in pp: collisions. The electronic and muonic de- 

cays of the intermediate vector bosons have been studied. The rates, masses, 

widths, and angular distributions are all in agreement with the expectations 

of SU(Z)@U(l) and universality. The W* longitudinal and transverse mo- 

mentum distributions are well described by the predictions of the parton 

model and perturbative QCD. Finally, the jet activity observed in associ- 

ation with the W’s is consistent with jets arising from initial state gluon 

brernsstrahlung. 
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1. INTRODUCTION 

The UA2 
1 

ollaboration has already reported' experimental results 

on the production of jets [l] and of the Intermediate Vector Bosons 

W' and 24 [Z] The data were collected at the CERN SPS pp Collider 

in the period 1981-1983 at v'E-= 546 GeV, for a total integrated 

luminosity 2 = 142 nh-'. In the subsequent run during Autumn,1984 

the Collider operated at an increased energy. &= 630 GeV,and the 

total luminosity accumulated by the UA2 experiment was I = 310 nb-'. 

The analyses presented here refer to both data samples, which are 

combined only for the determination of the intrinsic W  and 2" 

parameters. The UA2 experimental apparatus [3] is essentially a 

highly segmented, tower structured calo-imeter with complete 

cylindrical symmetry in azimuth and full coverage in the polar range 

(ZOO < 9 < 16OO). In addition it provides for charged particle 

momentum measurement in the regions (200 < 6 < 400; 

140° < 8 -Z 160'), where only electromagnetic calorimetry is present. 

Figure ,l shows a schematic view of the longitudinal cross section of 

the detector in a plane containing the beam axis. In this apparatus 

electrons are measured with an energy resolution AE = 0.15 JE (E in 

G=V), with a systematic uncertainty of = 51.5%; the energy 

resolution for jets is AEj/Ej = 0.32 (Ej)-.I' (Ej in GeV). 
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2. INCLUSIVE JET PRODUCTION 

I 
After rejecting a small background contamination, a clustering 

algorithm applied to the transverse-energy pattern of the 

calorimeter cells yields the transverse energy of hadronic jets. Jet 

directions are determined from the position of the weighted cluster 

centroids with respect to the center of the interaction region. The 

inclusive differential cross sections for jet production at r) = 0 

are shown in Fig. 2a as a function of jet transverse momentum pT for 

both collider energies. An overall systematic uncertainty of + 45% 

applies to the data. 

The results are well described by a QCD calculation, shown by 

the curves in Fig. 2, which assumes Q' = pT2, A = 200 HeV and the 

structure functions by Eichten et al. [4] The ratio of the two 

cross sections, displayed in Fig. Zb, is a rising function of 

transverse momentum and is also well described by the calculation. 

Similar results are obtained for the invariant-mass distribution of 

inclusive jet-pair production, with both jets within InI < 0.85. 

Possible deviations of these data from the QCD predictions at 

high values of pT can be parametrized in terms of a new energy scale 

A c' 
representing through a contact term the effective energy scale 

of a new interaction at the preen level. [5] The data require 

values of Ac > 370 GeV at the 95% confidence level (Fig. 2a). 

lo1 7’-----’ 31) 

10-L 0 

UA2 OP --let+ 4 

- ace / 

de/dprdqlv= 0 14s. 630 GcVl 
'ht' 

da/dp,dqT. 0 iis= 546 GeVl 

Figure 2 
a) Inclusive jet production cross sections at &-= 546 GeV and 

630 GeV. The curves are a QCD calculation (see text). 
b) Comparison of the ratio of inclusive jet cross sections with a 

QCD calculation (see text). 
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3. 2 PRODUCTION CROSS SECTION AND MASS 

Figure 3a 4 how the distribution of the transverse momentum pTe 

for all electrons above 11 GeV/c identified in the standard UA2 

analysis. [Z] A significant population with peT 2 25 GeV/c is 

evident,as expected from W  + decay. Other contributions include Z" 

decays, electrons from semileptonic decay of heavy quarks,electrons 

from the 'I decay mode of $,and a contribution of jets misidentified 

as electrons. 

To extract from the data the Wf signal we apply a topological 

cut using the quantity 

e 
P 

. 
OPP 

= - p 
T 

rp jet 
T / IPTel*, 

where the sum extends to all energy clusters having an azimuthal 

separation A 0 > 120' to the electron candidate and pT > 3 GeV/c. 

The sample is then split into two categories : 

a) Events with p 
OPP 

< 0.2 : this sample contains events which 

are unbalanced in 
PT' and therefore include most W + ev 

candidates. 

b) Events with p > 0.2 
OPP 

: this sample contains mostly balanced 

events,among which Z' + e*e‘. It is dominated by two-jet 

background whit one jet misidentified as an electron and it 

is used to estimate the background to the W  sample. 

distribution of the 592 events satisfying p < 0.2 is 
OPP 

shown in Fig. 3b. The background from QCD processes is superimposed 

as (.. . ..) in Fig. 3b, together with expected contributions from de- 

Figure 3 ' 
a) The electron pT spectrum of all UA2 data. 
b) The electron p.I spectrum of selectled W  events. 
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cays w + TV (.....) and 2' + e+e- with one electron escaping the 

detector acceptance c-----j. The expected contribution of W  + e" 

decays (-.-. -I is also shown in Fig. 3b. togeth'er with the expect- 

ed total from all processes. For pTe > 25 GeV/c the histogram 

contains 119 events. with a background of 5.8 ? 1.7 events. 

A value of the W  mass can be obtained from the electron 

candidates with p 
oPP 

< 0.2 using two different methods : 

1. The PTe distribution of Fig. 3b is compared with that 

expected from W  + ev decay. A Monte Carlo program is used to 

generate the electron differential distribution pTe for 

different values of the W  mass, taking into account the 

detector response and using structure functions from Gluck 

et al., [6] the W  transverse momentum distribution from 

Altarelli et al. [7] and a fixed W  width, Tw = 2.7 GeV/c'. 

A maximum likelihood fit to the data gives a value 

k = 80.6 + 1.1 GeVjc'. where the quoted error is only 

statistical; an additional systematic error of e 1 GeV/c' 

results from the uncertainty on the assumptions used to 

generate the Monte Carlo distributions. 

2. The transverse mass distribution of the event sample 

(Fig. 4) is compared with distributions generated by Monte 

Carlo for various values of I$. We find that the transverse 

mass distribution depends only weakly on pTw and suffers no 

distortions from the p cut. The best fit value of 
OPP %  

obtained by this method is HW = 81.2 f 1.0 GeV/c', with a" 

additional systematic error of 2 .5 GeV/c'. 

UA2 

- Total fit 

--- W-wev 
, 

. . . . . . . . . . . other 

LO 60 80 100 

y’ (GeV/c*) 

Figure 4 

Transverse mass distribution for events with pTe > 17 GeV/c, 
v 

PT > 25 GeV/c. 

, 
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The cross section for Wf production followed by the decay W  + ev 

is measured to be : 

I 
e 

O W  
= .50 f .09 (stat.) + .OS (syst.) nb G=546 GeV, and 

e 
O W  

= .53 f .06 (stat.) + .05 (syst.) nb &?=630 GeV. 

The corresponding theoretical predictions [7] are owe = 360 +110 
- 50 

e +140 
and O W  = 450s 80 pb, where the errors reflect theoretical 

uncertainties. The increase of the W  production cross section 

between the two Gvalues is measured to be 

r = oWe(&=630) / oWe(&=546) =1.06 _+ 0.23, 

which is in good agreement with the theoretical prediction r = 1.27. 

4. CHARGE ASYMMETRY 

At the energies of the CERN jjp Collider, W  production is 

dominated by qq annihilation involving at least one valence quark 

(antiquark). As a consequence of V-A coupling, the W is produced 

with almost full polarisation along the direction of the incident P 

beam, and a distinctive charge asymmetry can be observed in the 

decay W  + ev. 

If fJ* is the angle between the charged lepton and the direction 

of the incident proton in the W  rest frame, the angular distribution 

has the form 

dn/d(cosg*) - (l-qcose*)' 
* 

+ 2qacose , (1) 

where q = -1 for electrons and +l for positrons. The parameter a, 

with the property 0 5 o 2 2, depends, on the ratio x between the A 

and V couplings (time reversal invariance requires x to be real). 

Under the assumption that x is the same for both Wqq and Wev 

couplings, a is given by 

a = [(l-x')/(l+x')]'. (2) 

For standard V-A coupling a is zero. We note that the angular 

distribution given by Eq. (1) p rovides no information on either the 

relative sign or the relative strength ( that is the choice of x or 

l/x) of the V and A couplings. 

In the UA2 detector a determination of the charge sign is only 

possible in the forward detectors, where a magnetic field is 

present. Since the sensitivity of the data to the exact form of the 
* 

angular distribution is highest for values of cosg close to *l, 

corresponding to small values of pTe, we consider all electron 

candidates with e p T 
> 20 GeV/c and p < 0.2 that are detected in 

OPP 
the forward regions. 

This sample contains 28 events with an estimated background of 

two events. A comparison between the electron momentum p and the 

energy E, as measured in the calorimete , is made in Fig. 6. This J 

figure shows the position of these eventp in the plane (p-r, E-i), 

where p is the momentum with the sign of q cosg e ('e 
being the 

laboratory angle of the electron wit/r respect to the proton 

direction). The horizontal error bars in Fig. 6 represent the 

uncertainty on the measurement of p“, which is 0.007 (GeV/c)“. 

There are 20 events in the region of negative 6 values (the region 

favoured by the V-A coupling), and eight events in the region of 
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positive p values, corresponding to an asymmetry of 0.43 f 0.17. 

This value is in good agreement with the expected asymmetry for V-A 

coupling of 0.53 f 0.06 (a = 0 in!Eq. l), as obtained by a Monte 

Carlo calculation which takes into account the expected sea-quark 

contribution, and as well a background contribution which is 

estimated to include 0.6 events frohl Z0 + e'e- decay with one of the 

two electrons undetected and 0.3 events resulting from W + 'IV decay. 

To extract a value of a from these data we use a Honte Carlo 

program to CO*p*R the expected two-dimensional distributions 

ff(p e T , Oe)' for positrons and electrons separately. with those 

observed. To each event we assign a likelihood Qi = f'q' + f-n-, 

where I~'(II-) is the probability that the observed particle was a 

positron (an electron). The functions ff take into account the W  

motion, and the probabilities n f include the uncertainty of the 

charge measurement resulting from the momentum measurement error. 

After taking account of biases of the maximum - likelihood 

estimator, we measure LI to be consistent with zero, as expected for 

V - A coupling. We determine a < 0.39 (68% confidence level), 

corresponding to 0.48 < 1x1 < 2.1 (see Eq. 2). 
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5. Z" PRODUCTION AND DECAY 

A first I selection of events on  the 1984'data sample, requiring 

only two electromagnetic clusters in the calorimeter with invariant 

mass M  above 20 G&'/c', leaves a  total of 1154 events. Their mass 
ee 

distribution is shown in Fig. 7a. A clear accumulat ion is already 

visible in the Z" region. The addit ional requirement that at least 

one cluster satisfies all electron identification criteria [2] 

selects 54  events, whose mass distribution is shown in Fig. 7b. 

There is a  clear peak in this distribution, consisting of eight events 

with a  mass value in excess of 75 G&'/c' with a  background 

contamination of 0.21 +  0.02 events. Figure 8  shows the mass values 

and the measurement  errors for the total Z' sample of UAZ; we note 

that the mass values of the 1982-1983 events were slightly 

readjusted following a  recalibration of the calorimeter response. A 

fit to the Z4 mass yields : 

HZ = 92.5 f 1.3 (stat.) f 1.5 (syst.) GeVlc', 

where the systematic error reflects the f 1 .6% uncertainty on  the 

absolute energy scale of the calorimeter. 

The cross section for Z' production fol lowed by Z' +  e-e- is 

measured to be : 

e 
“2 

= 110 f 39  (stat.) f 9  (syst.) pb  v'-G540 GeV, and 

e  
OZ 

= 52 + 19 (stat.) -+ 4  (syst.) pb  G=630 Gel'. 

Both values are consistent with theoretical predictions, (71 

UA2 19EL 

2' sample 
1151 events 

5 bl 
t u42 

Z" sample 
54 events 

20 36 52 68 81 100 
P&, IGeV/c~l 

Electron pair mass spectrum form the 1,984 data, 

a) after calorimeters cuts on  both electron candidates, : 

b) after requiring that at Ieast one of the two candidates be  a  

certified electron. 
I 

which give e  (I +16 
Z  

= 42 +';pb and 51wlo pb  at &-= 540 and 630 Gev, 

respectively. 
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Figure a 
a) The Z" mass peak of the entire lJA2 sample. 

b) Mass values and errors of the individual Z" candidates. 

Those marked (*) are not used in the mass determination 

because of systematic uncertainties of the measurement. 

Figure 9 shows the distribution o'f the 2' transverse momentum, 
Z 

'T ' 
for all 16 events, togethei with the result of a QCD 

calculetion.[7] The average value of pT‘ is 5.4 f 1.0 GeV/c. 

I 
6. THE WIDTH OF THE Z' 

In order to extract an estimate of the Z' width, rZ, from the 

13 events used to determine M z, we first note that the r.m.s. 

deviation of the mass values from the value of HZ given by Eq. (12) 

is 3.58 GeV/c', which is very similar to the average of the 

measurement errors, CI = 3.42 GeV/c'. Under these circumstances, and 

given the small statistical sample available, the determination of 

rz depends critically on a precise knowledge of the the experimental 

m*ss resolution function. For this reason we prefer to quote an 

upper limit to r Z' which we obtain by using a Monte Carlo program to 

generate a large number of event samples, each consisting of 

13 z* + e'e- events, according to a Breit-Wigner shape and taking 

into account the detector resolution. We have investigated several 

estimators to take account of the biases introduced by the small 

statistical sample. Using an estimator o which q inimises the bias 

due to low statistics, we measure rz < 3.3 GeV/c’ at the 90% 

confidence level, from the rz value for which w < o in 10% of the 
exP 

Monte Carlo event samples (w is the value of the estimator for 
=P 1 

the real event sample). Using the maximum-likelihood estimator, 

which is biased, we measure r 
Z 

-C 4.6 Ge$/c’ at the 90 % confidence 

level. 

I 

Within the context of the Standard -Model, the value of r z is 

related to the number of fermion doublets for which the decay 

ZO+ff is kinematically allowed. In the case for which any 

additional W  and Z'-decay products result from new fermion doublets 
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Figure 9  

The 2' transverse momentum distribution. 

in which only the neutrino is significantly less massive than MZ/2, 

then: 

rZ(meas) =  l'Z(three fermion families) +  0.177 An", (3) 

where r Z  
is in units of &V/c', and AA is the number  of addit ional 

" 
neutrino species. 

Since r w is independent  of An in this context if the associated " 
charged lepton mass is large, an  independent  estimate of r Z  can be  

obtained by measur ing the ratio R =  oZe/oWe. In this case the error 

on  R is dominated by statistics, because the value of the total 

integrated luminosity cancels out. From the observed numbers of 

w +  ev and Z" +  e-e- decays, and the' corresponding detection 

efficiencies, we measure R =  0.136 +.041 averaged over data of 
-.033 

&-= 546 GeV and &?= 630 GeV. QCD estimates of the ratio between 

the 2" and W  production cross sections (.7] provide a  relationship 

between R and the ratio r /r : 
w z 

rW/TZ = (8.9 k 0.9) R, (4) 

where the error reflects the uncertainty of the QCD calculation [7] 

as well as the uncertainties of the values used for the partial 

widths. To  calculate the partial widths w$ have used the measured H W  

and MZ  values together with their errors. 
1  

Using the Standard Model  value, Pw = 2.65 GeV/c' (which 
I corresponds to the measured mass H W  = 81.2 G&'/c' and to a  t-quark 

mass m  t =  40  GeV/c'), we find 

rZ = 2.19 ;:li (stat.) f 0.22 (syst.) GeV/c' (5) 
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in good agreement with the Standard Model prediction of 

rz = 2.72 GeV/)' for MZ = 92.5 GeV/c', assuniing three fermion 

families and mt = 40 &V/c'. We evaluate an upper limit for An at 
Y 

the 90% confidence level from the lower limit R > 0.094, which gives 

rz < 3.17 f 0.31 GeV/c'. We obtain Any < 2.6 f 1.7 (the errors 

reflect the uncertainties of Eq. 4). 

The quoted limit on the sdditional number of neutrinos is valid 

subject to very specific conditions noted above. In most models for 

which an increase in P 2 is expected (for example the decay of 2' 

into super-symmetric particles) the Standard Model prediction for rw 

is also affected. 

7. COMPARISON WITH THE SU(2) e U(1) MODEL 

If we ignore the fermion and Higgs scalar masses, and the 

elements'of the Kobayashi-Haskawa matrix,[B] the minimal Standard 

Model is characterised by three parameters, which can be taken to be 

LI (the fine structure constant), and the IVB masses Mu, H2. In order 

to compare our measurements with the predictions of the Standard 

Model, we must use suitably renormalised and radiatively corrected 

theoretical quantities.[9) We shall use the scheme where [lo] 

sin'8 
W 

= 1 - (H,/ftf, 

which leads to the following predictions for the IVB masses: 

NW' = A'/[(l-Ar)sin'B ] and w ' 

“2 * = 4A'/[(l-Ar)sinz2Bw], 

(6) 

(7) 

(7') 

where A = (~o//2G$'~ = (37.2810 k p.0003, GeV/c'. using the 

measured values of (I and C,.[ll] In the above equations, the value 

AI reflects the effect of one-loop radiative corrections on the IVB 

masses and has been computed to be [lO]t 

Ar = 0.0696 + 0.0020, (8) 

for mt = 36 G&/c' and assuming that the mass of the Higgs boson, 

MH 
is equal to HZ. Although the quoted theoretical error in Eq. (8) 

is quite small, it has been pointed out [10,12] that Ar can be 

significantly decreased in the case of a very heavy t-quark (Ar z 0 

for mt = 240 G&'/c'), or if a new fermion family exists with a large 

mass splitting between the two members of an SU(2) doublet. 

Using Eqs. (7), (7') and (8), we cari extract two values of 

sin*8 w from our measured values of $ and MZ. We then combine them 

to obtain our best estimate of sin'8 : 
W 

sin'8 = 0.226 t 0.005&t.) + O.OOB(syst.). (9) w 

By using Eq. (6) it is possible to measure sin'Ow with no 

systematic error from the uncertainty on t e mass scale. We recall, a 

however, that there is a +0.5 G&J/c' systymatic uncertainty on the 

value of M  
W 

which is not related to the energy calibration of the 

calorimeter (see Section 7). By taking this uncertainty into account 
I 

we obtain 

sin'6 w 
= 0.229 t 0.030(stat.) * 0.006(syst.), (10) 
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which represents B much less precise measurement than the result of 

the method de 
f 

cribed previously. 

Both the above results are in agreement with the value 

sin*Ow = 0.220 f 0.008 (11) 

compiled from low energy data [13] together with recent results of 

the CDHS [14] and CCCFRR [lS] experiments, after radiative 

corrections have been applied to these data. Very recent and 

accurate data from the CDHS [16] and CHARH [17] experiments do not 

significantly alter the average value of (11). 

In the above discussion we have implicitly assumed the p 

parameter, defined as [IS] 

P = MW2/(HZ~ cos’ow) (12) 

to be p = 1, which follows directly from the definition of sin'8 
W  

given by Eq. (6). However, by combining Eqs. (7) and (12) we obtain 

P = \'/[Mz2 (l-B'/MW2)], 

where B* = A'/(l-Ar). In our data this is the only measurable 

quantity which is sensitive to the Higgs sector (more precisely, it 

depends on the isospin structure of the Higgs fields, but only very 

weakly on their masses). From Eq. (13) we obtain 

in good agreement with the value p = 1.02 f 0.02 from low energy 

data (see the compilations of [28] and [36]), snd with the minimal 

Standard Model. I 

Finally, we evaluate the sensitivity of our measurements to the 

radiative corrections expressed in tel'ms of the quantity Ar. Using 

only our measurements, and eliminating sin'Bw from Eqs. (7) end 

(7')r we obtain 

Ar = 0.08 ?r O.lO(stat.) f O.O3(syst.). (15) 

If, on the other hand, W.S use the. average value of sin'Bw from 

low energy data (see Eq. ll), and combine ,the values of Ar obtained 

from Eqs. (7) and (7'), we obtain [20] 

Ar = 0.05 3~ O.O3(stat.) f. 0.03(syst.). (16) 

Within the present statistical and systemstic errors, we cannot 

demonstrate the existence of radiative corrections in the Standard 

Model, even if we include the results of low energy experiments. 

This conclusion is summarised in Fig. 10, which shows the 66% 

confidence level contours in the plot of M, - M W  versus MZ from our 

measurements, compared to the Standard'Model predictions (p = 1) 

with and without radiative corrections. Also shown in Fig. 10 sre 

the ranges of sin'8 
W  

and p allowed by the low energy measurements. 

I 

p = 0.996 f O.O33(stat.) + O.O09(syst.), (14) 
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Figure 10 
Sixty-eight percent confidence contours in the plot of Mz-s vs MZ taking 
into account the statistical error only (l), and with statistical and 
systematic errors combined in quadrature (2). Curve a) is the Standard 
Model prediction for p = 1 with radiative corrections. Curve b) is the same 
prediction without radiative corrections. The band defined by curves 
a) and c) corresponds to the region allowed by the low energy result 
(10,191,~ = 1.02 2 0.02. The curves corresponding to two different 
values of sin29 define the region allowed by the world average of 
low energy resuYts,[l3-151 sinzew = 0.220 f 0.008. 

8. CONCLUSIONS 

Data collected at G= 630 GeV ‘confirm previously published UA2 

results at G = 546 GeV. The features of inclusive jet production 

are well described by QCD calculatiqns. Concerning the Intermediete 

Vector Bosons, the production cross sections, the values of 
Hwl”Z 

and T 2’ 
and the forward-backward alymmetry in V decays, all agree 

with the predictions of the minimal electroweak model and QCD. In 

conclusion all measurements on jet and electron production are in 

agreement with the Standard SU(3)0SU(2)oll(l) Model of the strong and 

electroweak interactions. 
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UNIFIED STRING THEORIES 

I 
David J. Gross* 

Joseph Henry Laboratories 

Princeton University 

Princeton, New Jersey 08544. USA 

I. INTRODUCTION 

High energy physics is, at present, in an unusual state. It has 

been clear for some time that we have succeeded in achieving many of 

the original goals of particle physics. We have constructed theories 

of the strong, weak and elecromagnetic interactions and have understood 

the basic constituents of matter and their interactions. The "standard 

model" has been remarkably successful and seems to be an accurate and 

complete description of physics, at least at energies below a Tev. 

Indeed, as we have heard in the experimental talks at this meeting, 

there are at the moment no significant experimental results that Cannot 

be explained oy the color gauge theory of the strong interactions (QCD) 

and the electroweak gauge theory. New experiments continue to confirm 

the predictions of these theories and no new phenomenon have appeared. 

This success has not left us sanguine. Our present theories 

contain too many arbitrary parameters and unexplained patterns to be 

complete. They do not satisfactorily expla n the dynamics of chiral i 

symmetry breaking or of CP symmetry breaking. The strong and electro- 

weak interactions cry out for unification. Finally we must ultimately 

face up to including quantum gravity within the thoery. However, we 

theorists are in the unfortunate situation Bf having to address these 

*Research supported in part by NSF Grant PHYEO-19754. 
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questions without the aid of experimental clues. Furthermore extra- 

polation of present theory and early attempts at unification suqgest 

that the natura scale of unification is 101s Gev or greater, tantaliz- 1 

ingly close to the Planck mass scale of lOI Gev. It seems very likely 

that the next major advance in unification will include gravity. I do 

not mean to suqqest that new physics will not appear in the range of 

Tev enerqies. Almost all attempts at unification do, in fact, predict 

a multitude of new particles and effects that could show up in the Tev 

domain (Higgs particles, Supersymmetric partners, etc.), whose dis- 

covery and exploration is of the utmost importance. But the truly new 

threshold might lie in the totally inaccessible Planckian domain. 

In this unfortunate circunstance. when theorists are not provided 

with new experimental clues and paradoxes, they are forced to adopt new 

strategies. Given the lessons of the past decades it is no surprise 

that much'of exploratory particle theory is devoted to the search for 

new symmetries. However it is not enough simply to drean up new sym- 

metries, one must also explain why these sflmetries are not apparent, 

why they have been heretofore hidden from our view. This often 

requires both the discoverv of new and hidden deqrees of freedom as 

well as mechanisms for the dynamical breakinq of the svnunetry. 

Some of this effort is based on straightforward extrapolations of 

established smetries and dynamics, as in the search for qrand uni- 

fied theories (SU,. SO,,, E,,...), or in the development of a predic- 

tive theory of dynamical chiral gauge sflmetry breaking (technicolor, 

preens. . ..). Ultimately more promising, however, are the suggestions 

for radically new symmetries and degrees of freedom. 

First there is supersymmetry, a radical and beautiful extension 

of space-time symmetries to include ferqionic charqes. This swrmetry 

principle has the potential to drastical,ly reduce the number of free 

parameters. Most of all it offers an explanation for the existence 

of fermionic matter, quarks and leptons,'as compelling as the argunent 

that the existence of gauge mesons follows from local gauge smetry. 

An even greater enlargement of symmetry, and of hidden degrees of 

freedom is envisaqed in the attempts to revive the idea of Kaluza and 

Klein, wherein space itself contains new, hidden dimensions. These 

new deqrees of freedom are hidden from us due to the spontaneous com- 

oactification of the new spatial dimensions, which partially breaks 

many of the space-time s,mmetries of the larqer manifold. Although 

stranqe at first, the notion of extra spatial dimensions is quite 

reasonable when viewed this way. The nunber pf spatial dimensions is 

clearly an experimental question. Since we would expect the compact 

dimensions to have sizes of order the Planck lenqth,there clearly would 

be no rJay to directly observe many (say six) extra dimensions. The 

existence of such extra dimensions is not without consequence. The 

unbroken isometries of the hidden, compact dimensions can yield a 

gravitational explanation for the emergence ok gauge symmetries (and, 

in supergravity theories, the existence of fek-mionic matter). A com- 

bination of supergravity and Kaluza-Klein thus has the potential of' 

providinq a truly unified theory of gravity a d matter, which can b 

provide an explanation of the known low enerqy qauge theory of matter 

and predict its full particle content. 
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Attempts to utilize these new symmetries in the context of 

ordinary QF 
r* 

however, have reached an impasse. The problems one 

encounters are most severe if one attempts to be very ambitious and 

contemplate a unified theory of pure supergravity (in, say, 11 dimen- 

sions), which would yield the observed low energy gauge group and fer- 

mionic spectrun upon compactification. First of all we do not have a 

satisfactory quantum theory of qravity, even at the oerturbative level. 

Einstein's theory of gravity, as well as its supersvnbnetric extensions, 

is nonrenormalizable. We know that that means that there must he new 

physics at the Planck lenqth. We are clearly treadinq on thin ice if 

we attempt to use this potentially inconsistent theory as the basis for 

unification. 

Even if we iqnore this issue, and focus on the low energy struc- 

ture of such theories, it appears to be impossible to construct real- 

istic theories without a great loss of predictive power. The primary 

obstacle is the existence of chiral fermions (i.e. the fact that the 

weak interactions are V-A in structure). In order to generate the 

observed spectrun of chiral quarks and leptons it appears to be neces- 

sary to retreat from the most ambitious Kaluza-Klein program, which 

would uniquely determine the low energy qauqe qroup as isometrics of 

some compact space and introduce qauqe fields by hand. Furthermore the 

superqravity theories ubiquitouslv nroduce a world which would have an 

intolerably larqe cosmoloqical constant. Finally no realistic and 

compellinq model has emerqed. This brings us to strinq theories which 

offer a way out of this impasse. 

II. STRING THEORIES 

String theories offer a way of realizing the potential of super- 

s)rmmetr.y, Kaluza-Klein and much more. They represent a radical depar- 

ture from ordinarv quantum field theorv, hut in the direction of 

increased swnmetrv and structure. They are based on an enormous 

increase in the nunher of degrees of freedom, since in addition to 

fermionic coordinates and extra dimensions, the basic entities are 

extended one dimensional objects instead of points. Correspondinqly 

the symmetry group is greatly enlarged, in a way that we are only 

beginning to comprehend. At the very least this extended symnnetry 

contains the largest group of symmetries, that can be contemplated 

within the framework of point field theories--those of ten-dimensional 

supergravity and super Yang-Mills theory. 

The origin of these symmetries can be traced back to the geomet- 

rical invariance of the dynamics of propaqating strings. Traditionally 

string theories are constructed by the first quantization of a classi- 

cal relativistic one-dimensional object, whose motion is determined by 

requirinq that the invariant area of the world sheet it sweeps out in 

space-time is extremized. In this picture the dynamical deqrees of 

freedom of the strfnq are its coordinates, Xu(o,r) (plus fermionic 

coordinates in the superstrinq), which d escribe its position in space 

time. The symmetries of the resulting theory are all consequences of 
I 

the reparametrization invariance of o,T-parameters which label the 

world sheet. As a consequence of these symmetries one finds that the 

free string contains massless gauge bosons. The closed string auto- 

matically contains a massless spin two meson, which can be identified 
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as the qraviton whereas the ooen strinq, which has ends to which 

charqes can be a 
T 

ached, yields massless vector mesons which can be 

identified as Yanq-Mills qauqe bosons. 

Strinq theories are inherently theories of qravity. Unlike 

ordinary quantum field theory we do not have the option of turninq off 

gravity. The gravitational, or closed string, sector of the theory 

must always be present for consistency even if one starts by consider- 

ing only open strings, since these can join at their ends to form 

closed strings. One could even imagine discovering the graviton in the 

attempt to construct string theories of matter. In fact this was the 

course of events for the dual resonance models where the graviton (then 

called the Pomeron) was discovered as a bound state of open strinqs. 

Yost excitinq is that strinq theories provide for the first time a 

consistent, even finite, theory of qravity. The oroblem of ultraviolet 

II diverqences is bypassed in strinq theories which contain no short dis- 

tance infinities. This is not too surprisinq considerinq the extended 

nature of strinqs, which softens their interactions. Alternatively one 

notes that interactions are introduced into string theory by allowinq 

the strinq coordinates, which are two-dimensional fields, to propagate 

on world sheets with nontrivial topology that describe strinqs split- 

ting and joining. From this first quantized point of view one does not 

introduce an interaction at all, one just adds handles or holes to the 

world sheet of the free string. As long as reparametrization invari- 

ance is maintained there are simply no possible counterterms. In fact 

all the divergences that have ever appeared in strinq theories can be 

traced to infrared diverqences that are a consequence of vacuun insta- 

bility. All strinq theories contain a massless partner of the qraviton 

called the dilaton. If one constructs a ,string theory about a trial 

vacuun state in which the dilaton has a nonvanishing vqcuw expectation 

value, then infrared infinities will occur due to massless dilaton 

tadpoles. These divergences however are just a sign of the instability 

of the original trial vacuum. This is the source of the divergences 

that occur in one loop diagrams in the old bosonic string theories (the 

Veneziano model). Superstring theories have vanishing dilaton tad- 

poles, at least to one-loop order. Therefore both the superstring and 

the heterotic string are explicitly finite to one loop order and there 

are stronq arquments that this persists to all orders! 

String theories, as befits unified theories of physics, are 

incrediblv unique. In principle they contain no freely adjustable 

parameters and all physical quantities should be calculable in terms of 

h, c, and mplanck- In practice we are not yet in the position to 

exploit this enormous predictive power. The fine structure constant (1. 

for example, appears in the theory in the form (1 exp(-0). where 0 is 

the aforementioned dilaton field. Now the value of this field is 

undetermined to all orders in perturbation theory (it has a "flat 

potential"). Thus we are free to choose its value, thereby choosing 

one of an infinite number of degenerate vacu;h states, and thus to 

adjust (I as desired. Ultimately we might believe that string dynamics 

will determine the value of 0 uniquely, presumably by a nonperturbafive 

mechanism, and thereby eliminate the nonuniqu&ness of the choice of 

vacuun state. In that case all dimensionless parameters will be 

calculable. Even more, strinq theories determine in a rather unique 

fashion the gauqe qroun of the world and fix the number of space-time 

dimensions to be ten. 
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Finally and most importantly, string theories lead to phenomeno- 

logically a tractive unified theories, 
B 

which could very well describe 

the real world. 

III. CONSISTENT STRING THEORIES would-be anomalies cancel, qreatly increased the DhenOIWnOlOqiCal 

The nunber of consistent string theories is extremely small, and the nrospects of unified strinq theories. 

number of phenomenoloqically attractive theories is even smaller. First 

there are the closed superstrinqs, of which there are two consistent 

versions. These are theories which contain only closed strinqs which 

have no ends to which to attach charqes and are thus inherently neutral 

objects. At low energies, compared to the mass scale of the theorv 

which we can identify as the Planck mass, we only see the massless 

states of the theory which are those of ten dimensional supergravity. 

One version of this theory is non-chiral and of no interest since it 

could never reproduce the observed chiral nature of low energy physics. 

The other version is chiral. One might then worry that it would suffer 

from anomalies, which is indeed the fate of almost all chiral super- 

gravity theories in ten dimensions. Remarkably the particular super- 

gravity theory contained within the chiral superstring is the unique 

anomaly free theory in ten dimensions. It however contains no gauqe 

interactions in ten dimensions and could onlv produce such as a con- 

sequence of compactification. This approach raises the same problems 

of reproducinq chiral fermions that olaqued field theoretic Kaluza- 

Klein models and has not attracted much attention. 

The anomaly cancellation mechanism of Green and Schwarz can be 

understood in terms of the low enerqy field theory that emerqes from 

the superstring, which is a slightly modified form of d=lO super- 

gravity. One finds that the danqerous Lorentz and gauge anomalies 

cancel, if and only if, the gauge group i,s SO,, or EaxE,. The ordinary 

superstring theory cannot incorporate EaxE,. The apparent correspond- 

ence between the low energy limit of anomaly free superstring theories 

and anomaly free supergravity theories provided the motivation that led 

to the discovery of a new string theory, by J. Harvey, E. Martinet. R. 

Rohn and mvself, whose low enerqy limit contained an E,xE, qauge qroup 

--the heterotic strinq. The heterotic strinq is a closed strinq theory 

that oroduced by a strinqy qeneralization of the Kaluza-Klein mechanism 

of comnactification, qauqe interactions. These are determined by con- 

sistency to be E,xE, or Spin 32/Z,. It is of more than academic 

interest to construct this theory since its ohenomenoloqical prospects 

are ,nuch briqhter. 

Open string theories, on the other hand, allow the introduction 

of qauge groups by the time honored method of attaching charges to the 

ends of the strings. String theories of this type can be constructed 

IV. THE HETEROTIC STRING 

Previously known string theories are the bosonic theory in 26 

dimensions (the Veneziano model) and the fermionic, superstring theory 

in ten dimensions (an outgrowth of the Ramond-Neveu-Schwarz string). 

which yield, at low energies, N=l supergravity with any SO(N) or Sp(2N) 

Yanq-Mills group. These however. iniaddition to being somewhat arbi- 

trary,were suspected to be anomalous. The discovery by Green and 

Schwarz, last summer, that for a oarticular qauqe qroup--SOsz--the , 
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The new strinq theory is constructed as a chiral hybrid of these. To 

see how this 4 1 possible let us recall how strinq theories are con- 

strutted. 

Free strinq theories are constructed by first quantization of an 

action given by the invariant area of the world sheet swept out by the 

string, or by its supersymmetric generalization. For the bosonic 

string the action is 

S = -jdTdu & [no6gabaaX"abXB], 

where Xa(o,~) labels the space-time position of the string, embedded in 

some 0 dimensional manifold (a=1.2 ,...,O), with CI,T labeling the world 

sheet that the strinq sweeps out. It appears to be possible to 

consruct consistent string theories as long as the above two 

dimensional siqma-model is conformally invariant. For the moment we 

take the biq space to be flat, so that nab is the Minkowski metric. 

This is essentially a choice of vacuun for the quantum strinq theory. 

In order to describe the real world however one will be interested in 

non-flat D dimensional manifolds. The reparametrization invariance of 

the action (in U,T) permits one to choose the metric of the world sheet 

to be conformally flat and in which the timelike parameter of the world 

sheet, T, is identified with light cone time. In this light cone gauge 

the theory reduces to a two-dimensional free field theory of the 

physical degrees of freedom--the transverse coordinates of the string, 

subject to constraints. This procedure is valid however only in the 

critical dimension of 26 for the bosonic string and 10 for the 

fermionic string. In other dimensions of soace-time the existence of 

conformal anomalies imply that the conformal degree of freedom of the 

internal metric does not decouple. If it is iqnored there is a 

breakdown of world sheet reparametrization invariance. 

In the critical dimension the physical degrees of freedom, being 

massless two-dimensional fields, can be decomposed into right and left 

movers, i.e. functions of T-G and T[+q respectively. If we consider 

only closed strings then the right and left movers never mix. This 

separation is maintained even in the presence of string interactions, 

as long as we allow only orientable world sheets on which a handedness 

can be defined. This is because the interactions between closed 

strings are constructed, order by order in 'perturbation theory, by 

simply modifyinq the toooloqv of the world sheet on which the strinqs 

propaqate. In terms of the first quantized two-dimensional theorv no 

interaction is therebv introduced; the riqht and left mnvers still 

prooagate freely and independently as massless fields. Thus there is 

in principle no obstacle to constructinq the right and left moving 

sectors of a closed string in a different fashion, as long as each 

sector is separately consistent, and together can be regarded as a 

string anbedded in ordinary space-time. This is the idea behind the 

construction of the heterotic string, which, combines the right movers 

of the fermionic superstring with the left movers of the bosonic : 

string. It is necessarily a theory of clos+ad and orientable strings, 

since one can clearly distinguish an orientation on such a strinq. In 

some sense the heterotic string is inherently chit-al; indeed we do not 

have the ootion, present in other closed string theories, of construct- 

ing a left-riqht symmetric theory. 
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The physical degrees of freedom of the right-moving sector of the 

fermionic superstring consist of eight transverse coordinates X'(T-0) 

(i=l ,...,8) and eight Majorana-Weyl fermionic coordinates Sa(7 a). The 

physical deqrees of freedom of the left-movinq sector of the bosonic 

string consist of 24 transversecoordinates,Xi(T+a) and Xi(T+o) 

(i=l ,... 8, l=l,... 16). Together they cnmorise the physical deqrees of 

freedom of the heterotic strinq. The eiqht transverse riqht and left- 

movers combine with the longitudinal coordinates to describe the posi- 

tion of the string embedded in ten-dimensional space. The extra fer- 

mionic and bosonic degrees of freedom parametrize an internal space. 

The light cone action that yields the dynamics of these degrees 

of freedom can be derived from a manifestly covariant action, and one 

can easily quantize it. The only new feature that enters is the com- 

pactification and quantization of the extra 16 left-moving bosonic 

coordinates. It is this compactification. on a uniquely determined 16- 

dimensional compact space, that leads to the emergence of Yang-Mills 

interactions. 

The extra 16 left-movinq coordinates of the heterotic strinq can 

be viewed as parametrizinq an "internal" comoact soace T. This inter- 

pretation should not be taken too literally; in fact one can equally 

well represent these deqrees of freedom by 32 real fermions. For con- 

sistency we take T to be a flat compact manifold, i.e. a 16-dimensional 

torus. Since closed strinqs contain gravity in their low enerqy limit 

we would expect that a compactified string theory will contain massless 

vector [mesons associated with the isometries of the compact space. For 

T this would yield the 16 qauge bosons of U(1)16. A remarkable feature 

of closed strinq theories is that for special choices of the compact 

space there will exist extra massless qauge bosons, which are in fact 

massless solitons. They combine with the Kaluza-Klein qauqe bosons to 

fill out the adjoint reoresentation of a simole Lie qroup whose rank 

equals the dimension of T. In the cbse of the heterotic string the 

structure of T is so constrained by requirements of consistency that 

only two choices are possible. These produce the gauge bosons of G  = 

Spin(32)/Zz or EaxE,. 

The heterotic string theory has, by now, been developed to the 

sa.ne stage as other superstring theories. Interactions have been 

introduced and shown to preserve the symmetries and consistency of the 

theory, radiative corrections calculated'and shown to be finite. 

V. STRING PHENDMEYOLDGY 

In order to make contact beween the strinq theories and the real 

world one is faced with a formidable task. These theories are formu- 

lated in ten flat space-time dimensions, have no candidates for fer- 

inionic matter nultiplets, are supersmetric and contain an unbroken 

large qauge group--say E,xE,. These are not characteristic features of 

the physics we observe at energies below a Tev. If the theory is to 

describe the real world one must underst,and how six of the spatial 

dimensions compactify to a small rnanifold leaving four flat dimensions, 

how the gauge group is broken down to S~sxSUzxU,, how supersynmetry is 

broken. how families of light quarks and leptons emerge, etc. Much of 

the recent excitement concerning strinq theories has been generated by 

the discovery of a host of Imechanisms, due to the work of Witten and of 

Candelas, Horowitz and Strcxninger, and of Dine, Kaplonovsky, Naooi, 

, 
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Seiberq, Rohm, Brett, qvrut, Seqre, and others, which indicate how all 

of this could occur. The resulting phencxnenoloqy, in the case of the 

EaxE, heteroti! string theory is quite promising. 

The first issue that must be addressed is that of the compactifi- 

cation of six of the dimensions of space. The heterotic string, as 

described above, was formulated in ten-dimensional flat space-time. 

This however is not neccessary. Since the theory contains gravity 

within it,the issue of which space-timethe string can be embedded in is 

one of the string dynamics. That the theory can consistently be con- 

structed in perturbation theory about flat space is equivalent to the 

statement that ten-dimensional Minkowski space-time is a solution of the 

classical strinq equations of motion. Such a solution Yields the back- 

qround expectation values of the quantun deqrees of freedom. Ne can 

then ask are there other solutions of the strinq equations of motion 

that describe the strinq emhedded in, say, four-dimensional Yinkowski 

space-time times a small compact six-dimensional manifold? 

At the moment we do not possess the full strinq functional equa- 

tions of motion, however one can attack this problem in an indirect 

fashion. One method is to deduce fram the scattering amplitudes that 

describe the string fluctuations in ten-dimensional Minkowski space an 

effective Lagrangian for local fields that describe the string modes. 

Restricting one's attention to the masseless modes, the resulting Lag- 

rangian yields equations which reduce to Einstein's equations at low 

enerqies, and can be explored for compactified solutions. Another 

method is to proceed directlv to construct the first quantized strinq 

about a trial vacuum in which the metric nab (as well as other strinq 

modes) have assuned backqround values. In this aooroach one starts 

with the action of Equation (l), or its supersymmetric qeneralization, 

but allows nab(x) to be the metric of a curved manifold. A consistent 

string theory can be developed as long'as the two-dimensional field 

theory of the coordinates Xa(o,~) is conformally invariant. This is a 

nontrivial requirement, since the theoyy described by Equation (1) is an 

interacting nonlinear o-model. The condition that the two-dimensional 

theory be conformal invariant is equivalent to demanding that the 

string equations of motion are satisfied. Thus one can search for 

alternative vacuun states by looking for o-models (actually supersym- 

metric o-models), for which the relevant 6 functions (which are local 

functions of the metric nab(x) and its derivatives) vanish. In addi- 

tion one must check that the anomalv in the.commutators of the stress 

enerov tensor is not modified. Given such a theorv one can construct a 

consistent string theorv and if nab (x) describes a curved manifold the 

strinq will effectivelv be embedded in this'manifold. 

Remarkablv there do exist a very large class of conformally 

invariant supersymmetric u-mode,ls, that yield solutions of the string 

classical equations of motion to all orders and describe the compacti- 

fication of ten-dimensions to a product of four-dimensional Minkowski 

space times a compact internal six-dimensional manifold. These compact 
I 

manifolds are rather exotic mathematical constructs (they are Kahler 

and admits a Ricci flat metric--i.e. they hbve SU, holonomy) and are 

called "Calabi-Yau" manifolds. In qeneral they have many free para- 
1 

meters (moduli) which, among the rest, determine their size. Once 

aqain, this is an indication of the enormous vacuum deqeneracv of the 

strinq theory, at least when treated oerturbativelv, and leads to many 
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(at the present stage of our understanding) free parameters. This 

abundance of riches should not displease us. At the moment we would 

like to know wh a her there are any solutions of the theory which 

resemble the real world. Later we can try to understand why the 

dynamics picks out a particular solution. 

In the case of the heterotic strinq it is not sufficient to 

simplv embed the strinq in a talabi-Yau manifold. One must also turn 

on an SU, subqrouo of EaxFe qauqe qroup of the strinq. This is because 

the internal deqree of freedom of the heterotic strinq consist of 

rioht-movino fermions, which feel the curvature of snace-time, and 

left-movinq coordinates which know nothinq of the snace-time curvature 

but are sensitive to backqround qauqe fields. Unless there is a rela- 

tion between the curvature of space and the curvature (field strength) 

of the gauge qroup there is a right-left mismatch which gives rise to 

anomalies! Therefore one must identify the space-time curvature with 

the gauge curvature (embed the spin connection in the gauqe group). 

One does this by turning on background gauge fields in an SU, subgroup 

of one of the Eels, thereby breaking it down to Es (or possibly O,, or 

SU,). 

These Calabi-Yau compactifications, produce for each manifold K, 

a consistent strinq vacua, for which the qauge qrouo is no larqer than 

EsxFe and N=l supersvmmetrv is oreserved. Fin-thermore there now exist 

massless fermions which naturallv form families of quarks and 1PDtonS. 

Recall that after Kaluza-Klein comoactification the soectrum of mass- 

less chiral fermions is determined by the zero modes of the nirac 

ooerator on the internal space. Since, for heterotic string, the qauqe 

and spin connections are forced to be equal,one can count the number of 

chiral fermions bv qeometrical arguments. The massless fermions fall 

into 27's of Es. This is qood, since E is an attractive grand unified model - 
9 

and each 27 can incoroorate one qeneration of quarks and leptons. The - 

number of qeneratinns is equal to half the Euler character of the mani- 

fold (which counts the number of "handles" it has), and is normallv 

nllite larqe. If there exists a discrete:swmnetry qrouo, Z, which acts 

freely on K, one can consider the smaller manifold K/Z. whose Euler 

character is reduced bv the dimension of Z. Bv this trick, and after 

some searchinq, manifolds have been constructed with one, two, three, four, . . . 

qenerations. It seems that to be realistic we must restrict attention 

to manifolds with three, or perhaps four, generations. 

The compactification scheme also produces a natural mechanism for 

the breaking of Es down to the observed low energy gauge group. If K/Z 

is multiply connected one can allow flux of the unbroken Es (or of the 

E,, for that matter) or to run through it, with no change in the vacuum 

enerqy. The net effect is that when we go around a hole in the mani- 

fold throuqh which some flIJX runs we must perform a nontrivial qauqe 

transformation on the charqed deqrees of freedom. These noncontract- 

ible Wilson loops act like Hiqqs bosons, breakinq Fs down to the 

larqect suhqroltn that commutes with all of yeni. By this mechanism one 

can, without qeneratinq a cosmoloqical constant, find vacua whose 
I 

unbroken low enemy qauqe qroup is, sav SU~XSU~XU,X (tvnically, an; 

extra U, or two). Moreover there exists a nptural reason for the 

existence of massless Higgs bosons which are-weak isospin doublets (and 

could be responsible for the electroweak breaking at a Tev), without 

accompanyinq color triplets. Many of the successful features of grand 

unified models, such as the prediction of the weak mixing angle, carry 
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over, and many of the unsuccessful predictions, such as quark lepton 

mass ratios, do not. 

Of coursf it IS also necessary to break the remaininq N=l super- 

symmetry. For this purpose the extra E, gauge group might be useful. 

Below the compactification scale it yields a strong, confining gauge 

theory like QCD, but without light matter fields. In general this 

sector would be totally unobservable to us, consisting of very heavy 

glueballs, which would only interact with our sector with gravitational 

strength at low energies. However there could very well exist in this 

sector a qluino condensate which can serve as source for suoers.wmnetry 

breakinq. 

Thus the heterotic strinq theory anpears to contain, in a rather 

natural context, many of the inqredients necessarv to oroduce the 

observed low enerqv ohvsics. I do not mean to suqqest that there are 

not manv Droblems and unexplained mysteries. There exists the danqer 

(common to many qrand unified models, especially supersymmetric ones) 

of too rapid proton decay. There is no deep understanding of why the 

cosmological constant, so far zero, remains zero to all orders, and 

when supersymmetry is broken, at least by the mechanism discussed 

above, the theory tends to relax back toten-dimensional flat space. 

Nonetheless, the early successes are very reassuring and they give one 

the feeling that there are no insuperable obstacles to deriving all of 

low enerqy physics from the EexE, heterotic string theory. 

VI. OUTLOOK 

I do not want to leave the impredsion that string theory has 

brought us close to the end of particle physics. Quite the opposite is 

the case. Not only are there many unsolved problems and deep mysteries 

that need to be understood before one can claim success, in addition we 

have onlv begun to probe the structure of these new theories. I 

prefer, therefore, to conclude with a list of ooen problems. 

VI.1 What is Strinq Theory? 

We do not fully understand the deen swnmetrv nrincioles and swn- 

metries that underly strinq theories. To date these theories have been 

constructed in a somewhat adhoc fashion and often the formulism has 

produced, for reasons that are not totally understood, structures that 

appear miraculous. 

VI.2 How Many String Theories Are There? 

Do there exist more consistent theories than the known five? DO 

there exist fewer, in the sense that some of the ones we know already 

are perhaps different manifestations (different vacua?) of the same 
I 

theorv? 

VI.1 String Technoloqv 
!. 

This is not a question hut a nroqram of development of the tech- 

niques for performinq calculations within strinq theorv, includinq 

control of multiloop perturbation theory and the construction of mani- 

festly covariant and supersymmetric methods of calculation. In addi- 
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tion one needs to develop, in a manifestly covariant approach, a useful 

second quan)ized formulation of the theory--string field theorv. 

VI.4 What is the Nature of Strinq Perturbation Theorv 

nnes the nerturbative exoansion of the string theorv converqe? 

If not, when does it qive a reliable aswnototic exoansion? How can one 

qo bevond perturbation theorv? 

VI.5 Strinq Phenomenoloqy 

Here there are many issues that remain to be resolved. They can 

all be included in the question--can one construct a totally realistic 

model which agrees with observation and why is it picked out? 

VI.6, What Picks the Correct Vacuum? 

This is one of the qreatest mysteries of the theory, which seems 

to have an enormous number of acceptable vacua states. Why then don't 

we live in ten-dimensional flat soace? How does the value of the 

dilaton field set fixed and therebv the dilaton acquire a mass? Does 

the vanishinq of the cosmoloqical constant survive the phvsical 

mechanism that lifts the vacuum deqeneracv? 

VI.7 What Is the Nature of Hiqh Enerqy Physics? 

By this I mean what does physics look like at enerqies well above 

the Planck mass scale? This is a question that is addressable, in 

principle, for the first time and might be of more than academic 

interest for cosmoloqy. Does the string undergo a transition to a new 

phase at hiqh temneratures and dens'ities? Can one avoid in strinq 

theorv the ubiquitous sinqularities' that olaque ordinary qeneral 

relativitv? 

VI.8 Is There a Measurable, Dualitatively Distinctive, Prediction of 

Strinq Theory? 

String theories can make many "postdictions" (such as the calcu- 

lation of mass ratios of quarks and leptons, Higqs masses, gauge coup- 

lings, etc.). They can also make many new predictions (such as the 

masses of the various supersynmetric partners). These would be suf- 

ficient to establish the validity of the theory, however one could 

imaqine conventional field theories coming up with similar pre-or post- 

dictions. It would be nice to predict a phenomenon which miqht be 

accessible at observable energies and is uniquelv characteristic of 

strino theorv. 
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THE WEAK INTERACTIONS 1983 DYNAMICS AND SPECTROSCOPY AT 
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“Gauge Theories of Weak  Interactions” 
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“From the Standard Model  to Composite Quarks 
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.I Jams _. _-._l 
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“Jets in QCD: A Theorist’s Perspective” S. Ellis 
“Jets in e+e- Annihilation” R. Hol lebeek 
“Jet Production in High Energy Hadron Collisions” R. F. Schwitters 
“Aspects of the Dynamics of Heavy-Quark Systems” M. E. Peskin 
“Heavy Particle Spectroscopy and Dynamics B’s to Z’s” M. G. D. Gilchriese 
Y And for Our Next Spectroscopy?” 
“Review of the Physics and  Technology of Charged 

Particle Detectors” 

J. Ellis 
A. H. Walenta 

“A Review of the Physics and  Technology of 
High-Energy Calorimeter Devices” 

P. M. Mock&t 

THE STRONG INTERACTIONS 

“Quark-Antiquark Bound State Spectroscopy and QCD” 
“Meson Spectroscopy: Quark States and  Glueballs” 
“Quantum Chromodynamics and Hadronic Interactions 

at Short Distances” 

E. D. Bloom 
M. S. Chanowitz 
S. J. Brodsky 

“Untangl ing Jets from Hadronic Final States” 
“Heavy Flavor Production from Photons and Hadrons” 

G. Fox 
C. A. Heusch 

“Design Constraints and  Limitations in e+e- Storage Rings” J. LeDufI 
“Linear Colliders: A Preview” H. Wiedemann 

PHYSICS AT VERY HIGH ENERGIES 

“Expectations for Old and  New Physics at 
High Energy Colliders” 

R. N. Cahn 

“Beyond the Standard Model  in Lepton Scattering 
and Beta Decay” 

M. Strovink 

“Grand Unification, Proton Decay, and  
Neutrino Oscillations” 

H. H. Wil l iams 

“e+e- Interactions at Very High Energy: 
Searching Beyond the Standard Model” 

“The Gauze Hierachv Problem. Technicolor. 

J. Dorfan 

L. Susskind 
Supersymmetry, and  All That” 

“Composite Models for Quarks and  Leptons” 
“Electron-Proton Colliding Beams: 

The Physics Programme and the Machine” 

H. Harari 
B. H. Wiik 

1984 THE SIXTH QUARK 

“The Last Hurrah for Quarkonium Physics: 
The Tar, Svstem” 

“Developments~in Solid State Vertex Detectors” C. J. S. Damerel l  
“Experimental Methods of Heavy Quark Detection” T. Himel 
“Production and Uses of Heavy Quarks” G. L. Kane 
“Weak  Interactions of Quarks and  Leotons: S. Wojcicki 

Experimental Stat&” 
“The Experimental Method of Ring-Imaging 

Cherenkov (RICH) Counters” 
“Weak  Interactions of Quarks and  Leptons (Theory)” H. Harari 

PIEF-FEST 

“Pi&’ S. Drell 
“Accelerator Physics” 
“High Energy Theory” 
“Science and Technoloev Policies for the 1980s” 

R. R. Wilson 
T. D. Lee  
F. Press 
J. Steinberga 
B. Richter 

“Inclusive Lepton-Hadron Experiments” 
“Forty-Five Years of c+e- Annihilation Physics: 

1956 to 2001” 
“W e  Need More Piers” 

E. Eichten 

T. Ekel6f 

J. Wiesner 
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