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PREFACE 

This year's SLAC Summer Institute on Particle Physics was held 
from August 15 to August 27, 1982, its 10th meeting. The celebration 
of this birthday was absorbed into a more general celebration of 
5th. lOth, 15th, ZOth, and 25th anniversaries of many significant 
events in the life of the laboratory. The title of this year's 
Institute was "Physics at Very High Energies," and in pursuing 
that theme we heard lectures on the Standard Model, and on what may 
lie beyond it, from varying degrees of heresy. We heard of the new 
tools being designed and built to probe the secrets to be found at 
higher energies than presently attainable, and reviewed the 
existing experimental data that shed light on the physics of very 
high energy. 

The now traditional format for the Institute was followed, the 
first seven days being spent with the mornings given to pedagogic 
lectures onthe experimental and theoretical foundations of the 
topic. In the afternoon we had seminars and (often) lively 
discussions of the morning's lectures. The "school" led into a 
three-day topical conference in which the most recent theoretical 
and experimental results were presented and discussed. We heard the 
first results from the CERN bp collider, and perhaps the first clear 
evidence of jets in hadronic collisions from the pp and new ISR 
experiments. 

About 365 physicists participatedinthis, the 10th Institute, 
with representatives from 12 foreign countries. This year, 102 
participants were from out of state. It was a lively, informative 
and stimulating meeting. 

We would like to thank Anne Masher for her efforts as 
Coordinator of the Institute and as Editor of the Proceedings. 
The success of this meeting is, in very large part, due to her 
careful preparation and thoughtful attention. We would also like 
to thank Anne and her staff for the smooth and effective running of 
the meeting. 

Gary J. Feldman 
Frederick J. Gilman 
David W. G. S. Leith 

Program Directors 

__ . . . . . 
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PREFACE 

During the past year, the 5rst data from the SPS collider at 
CERN have become available. The initial results sre only a glimpse at 
a new energy regime and we can reasonably expect an increase in the 
extent of the data by a factor of 10” to 105. Moreover, within a few years, 
the Fermilab Tevatron Collider will be in operation with a center of mass 
energy nearly four times as great as that at CERN. Beyond these machines 
are other possibilities: a high luminosity pp machine at Brookhaven with a 
center of mass energy of 0.8 TeV; a pF or pp ma’chine in the LEP tunnel at 
CERN; a “desetron” in the southwestern United States with many TeV 
in the center of mass. The purpose of these lectures is to provide an 
orientation for the wealth of data that these machines will provide. 

It is quite impossible to cover comprehensively the topic of high 
energy hadronic collisions in two lectures or ten. As a flrst step in reducing 
the scope of the subject I have omitted any discussion of multiparticle 
production at low momentum transfer. Since these events make up the 
bulk of the cross section, this is a serious omission indeed. Nevertheless, 
the remaining topics are so extensive that a complete review of them would 
probably require the entirety of the Summer School rather than the two 
lectures I have available. 

To reduce the task even further I have relied on a particular 
advantage I bring to the assignment: I am not an expert on the topic of 
hadronlc interactions. In deciding what material to include in the lectures, 
I simply asked myself what I would like to know about the subject, with the 
hope that this would correspond to the wishes of most of the participants 
in the Summer School. IJI this way I decided to restrict myself to two 

topics: very soft physics and very hard physics. The 5rst lecture, then, 
is devoted to total cross sections, the ratio of the real to the imaginary 

part of the forward scattering amplitude, and the slope parameter. The 
second discusses, at the most elementary level, lepton pair production, 2’ 
production, high transverse momentum, and heavy flavor production. 

The first topic is so old that it has almost become new. Many 
younger physicists are unaware of the very beautiful work on analyticity, 
which once played such a central role in the concerns of high energy 
physics. Indeed, many who were once familiar with this topic may enjoy 
refreshing their memories. Moreover, the colliders are taking us a long 
way toward the elusive asymptopia where most of the rigorous theorems 

awk. 

The second topic is by comparison new, but runs the risk of 
becoming worn out, so much has been said of high transverse momentum 
and the like. The intent here is to use the most direct means available for 
estimating tbe cross sections of interest while eschewing all considerations 
of theoretical refinements such as higher order corrections in &CD. This 
is dictated both by lack of space and time and by my lack of expertise; it 
is justified by the inherent uncertainties in the best of calculations. 

How interesting are pF colliders? Aren’t the Z” factories about 
to be built at SLAC and CERN much more interesting? My own bias 
is that if nothing unexpected happens, the results from the Z” factories 
will be cleaner and thus more susceptible to interpretation. But if nothing 
unexpected happens, we shall not have learned very much. We should 
hope for the unanticipated which may give us the new clues we need. 
In these lectures I show what we should expect, in the hope that it will 
provide a standard against which we can measure to find discrepancies 

that will lead to a better understanding. 

These are truly lectures, not reviews. Consequently, I have not 
tried to give complete references to the original literature, but instead 

_. 
..- : 

: ;..;... 
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have often chosen to cite reviews that I found useful. I apologize to the 
many authors whose contributions have thus been slighted. 

I would like to thank CERN and the A. P. Sloan Foundation 
which provided support duringthe time the lectures were initially written. 
Also, I would like to thank Jacques Prentki for the hospitality of the 
Theory Group at CERN. Thanks are also due to Maurice Jacob and Andre 
Martin for their interest and assistance. Most especially, thanks are due 
to Marty Block with whom most of the material in the 5rst lecture was 
prepared jointly. This work was also supported in part by the Director. 
Oface of Energy Research, Office of High Energy and Nuclear Physics, 
Division of High Energy Physics of the U.S. Department of Energy under 
Contract D&AC0376SF00098. 

I. Elastic Scattering 
1.1 Geometricd Picture 

We begin our study of elastic scattering at very high energies by 
recollecting some basic concepts from ordinary scattering theory [Schiff, 
1968;Eden, 1967;Jackson, 1973 1. We neglect spin even though we are 
interested primarily in pp and pp scattering. The intent here is to develop 
a geometrical picture of the scattering which will provide a suggestive 
language and some intuition for the subject. 

is 
The standard partial wave expansion for the scattering amplitude 

f(@, k) = ; Et21 + l)Pi(cos B)ar(k), 
1 

(1) 

where 

a(k)= 
exp(2i61) - 1 

2i , (2) 

and 61 is the phase shift in the Ith partial wave. At very high energies, 
elastic scattering involves very many partial waves so it is convenient to 
convert the sum over 1 into an integral. Let k be the center of mass 
momentum, B the center of mass scattering angle, and q the momentum 
transfer. Then q2 = 4k2(sin8/2)2. A classical description of the scat- 

tering would introduce the impact parameter, b, which is related to the 
angular momentum by 

bk (3) 

The extra l/2 is thrown in for convenience and in recognition of its 
appearance in the WKH approximation. 

To convert Eq.(l) to an integral, we replace XI -* I dl -+ l k db 
and at(k) + u(b, k). We need also to express Fl(cos 0) in terms of b and q. 

. . : 
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For large I, we have [ErdClyi,1953 ] I ma 

P~(cosB) -+ Jo((21+ l)sin8/2) (4) 

With these replacements, Eq.(l) becomes 

J 

Do 
f(e, k) = 2/c bdbJo(@b(b, k) (5) 

0 

or, using the integral representation of JO [Abramowitz and Stegun, 1964, 
p. 360 ] 

JO(E) = k J,‘% dq5 exp(iz cos 4) (6) 

it is simply 

f(s,k)= :J d2b exp(iq. b)a(b, k) (7) 

With the standard non-relativistic normalization, we have 

o.l=Idnlj,2=Id2~~=4Jd2b,a(b,k),2, (8) 

and 

Qtot = - 4,“Im f(O,k) = 4 
/ 

d2b Im a(b, k). (9) 

where the latter follows from the optical theorem [Schiff, 1968 1. The 
amplitude in impact parameter space, a(b, k) is still of the form of Eq. (2). 
Thus it lies in the usual Argand plot shown in Fig. la. Elastic scattering 

corresponds to 6 being real. If there is inelastic scattering as well, then 6 
has a positive imaginary part and a(b, k) lies inside the Argand circle. 

Total absorption corresponds to Im6 = oc or a(b,k) = i/2. 

Thus a black disc of radius R gives a total cross section (see Eq.(9)) 27rR2 
and an elastic cross section of nR2 (see Eq.@)). 

Re a 
Fig. 1.a. The Argand circle inside which the partial wave amplitude, 

al(k), Eq. (2), must lie. 

LO.1 
t 

r a5 

/\ 

I 2. b (cm) 
Fig. 1.b. The profile of the proton, r = l$z(b, k)( vs. b , for a 

purely imaginary Gaussian elastic amplitude. See Eq. (13). 
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We can translate the scattering amplitude into an amplitude in 
impact parameter space by inverting the Fourier transform in Eq.(7). Thus 
we find 

44 k) = & J 
d2qexp(--q. b)f(e,k) 00) 

Let us apply this simple geometrical picture to elastic pp scat- 
tering using the parameters appropriate to ISR data. The amplitude will 
be taken to be purely imaginary (the ratio of the real to the imaginary 
part is less than 0.1 at these energies) with a dependence on q2 of the form 
exp(--Bq2/2). The value measured for B at the ISR is around 13 GeV-2 
[Giacomelli and Jacob, 1979 1. Using the optical theorem, Eq.(9), we ilnd 
the amplitude 

f= 2 exp(-Bq2/2) (11) 

and the elastic cross section 

(12) 

hloreover, we can calculate the profile of the proton in impact parameter 
space. 

d2qexp(--Bq2/2)exp(--b*q) 

= 2; exp(- b2/2B) (13a) 

= 2 exp(- b2/2B) Wb) 

At zero impact parameter, a(0, k) = iot,t/(&rB) = i43 mb(8.n13GeV-2)- 
(0.389 mb GeV2)-’ = 0.34 i. This is 68% black. As the impact parameter 
increases, the proton becomes progressively more transparent. See Figlb. 

1.2 Analyticity 

Having begun with a very physical approach to the scattering 
of high energy particles, we reverse our direction completely to consider 
the most abstract techniques, those based on analyticity pen, 1967; 
Martin and Cheung, 1970; Jackson, 1973 1. Analytic properties of the 
scattering amplitude seemed a central aspect of hadronic physics before 
the advent of QCD [Chew, 1966 1. While dynamical calculations based 
on QCD seem more compelling than approaches based on analyticity, 
there remains a truly impressive edifice built by Gell-Mann, Goldberger, 
Lehmann, Martin, Mandelstam, and others which is part of the cultural 
heritage of particle physics. Here we shall treat the topic in a brutally 
simplistic way, striving only to reveal results of direct applicability to high 
energy scattering. 

The forward scattering amplitude for pp scattering is a function 
of s, the square of the center of mass energy.’ It is the boundary value of 
an analytic function. By this we mean that there is an analytic function 
of s, say F(s), such that if we let s be just above the real axis, say z + 

ic, then F(z + ic) is the scattering amplitude for center of mass energy 
squared z. The function F(s) is analytic in the s-plane, except for cuts 
(and poles) along the real axis. See Fig. 2s. One cut begins at 4rni and 
extends to infinity along the positive real axis. There is also a left hand 

cut. Below the left hand cut, F(s) represents the scattering amplitude of 
pp scattering. If the value of s is --5 - ic, F(s) represents the scattering 
amplitude for pF scattering at a center of mass energy squared of 2$4rnz. 
When 6 is just below the left hand cut, it corresponds to the value of u 
for the pB scattering. It is often useful to use a variable v = (s - u)/4m, 
which has nicer symmetry than u or s, but at high energies and fixed t 
we can just as well use s itself. 

,: 
:. 
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PP--PP 

Fig. 2.a. The complex s-plane with left and right hand cuts. 
The pp elastic amplitude is evaluated just above the right hand cut and 
the pB elastic amplitude is evaluated just below the left hand cut. 

Fig. 2.b. The cut complex s-plane for the function g+ of Eq.(16). 
The value of the function is 

Q g+(s) = Is0 + 4 e iah + iso _ q e-i+2. 

We shall consider the Lorentz invariant amplitude M ,which for 
convenience we normalize so that the optical theorem reads 

u = -ImM/s (14) 

where we have ignored rn; relative to s.~ It is very useful to define two 
amplitudes which are combinations of the pp and pp elastic amplitudes: 

.;.. .... . . -_ : 
..:..::.>- : : 

M*=2 +MpF f Mpp). (15) 

The amplitude M-f is even under s -+ -s , while M- is odd 

(again, we really should be using the variable v). As a prototypical 
example, consider the function 

g+(s) = (so - 5-r + (so + SF, (16) 

This function has branch points at fss. We can take the branch cuts to 

extend from sc to infinity and from - SO to negative infinity along the real 

axis. We define the function so that it is real along the real axis between 
-so and so. See Fig.Zb. 

Just above the right hand cut, for s > SO, 

g+(s) m lsl”(l + exp(-ix(Y)) = 2 cos(so/2)lslQ exp(-iscu/2), (17) 

while just below the left hand cut 
.:.: .:-:.. - %lf.. 

. . 1 

g+(s) = Islq(exp(-iaa) + 1) = 2 cos(na/2)lsl” exp(-iaa/2), (18) 

-6- 



This function is even and real analytic (that is, it is real on the real axis). 
Moreover, (since it is real analytic) its value just above the cut is just the 
complex conjugate of its value just below the cut, as one easily verifies. 
It has all the properties we want for the forward scattering amplitude. Its 
imaginary part would be related to the cross section. Just below threshold, 
it is purely real. From this example, we infer that even amplitudes which 
behave asymptotically as s” have the phase exp(-iaa/2). This inference 
can be made rigorous with the Phragmen-Lindeliif theorem [Titchmarsh, 
1939 1. The corresponding analysis for odd amplitudes shows that their 
phase is exp(is(l- 1x)/2) if their power behavior is sa. 

Of course, not all amplitudes need have power law behavior. An 
example of an even function of a different sort is 

I+(s) = $4(sl+ s)/so) + Wsl - s)/so)], (19) 

which has the same sort of cut structure as before and which we can define 
so that it is real on the real axis between the two branch points. We then 
find that above the’right hand cut (and below the left hand cut), for s > 

so 

a+(s) w ln(s/sc) - F. (20) 

1.3 The Froissart Bound 

Before the operation of the ISR , it appeared that all hadron- 
hadron total cross sections might become constant at high energies (this 

was believed inspite of the apparent rise in the K+p cross section). It was 

known on fundamental grounds that the cross sections could not grow 
faster than ln2 a - the Froissart bound [Froissart, 1961 ]- but this limit 
seemed quite irrelevant. Now the pp cross section appears to be growing 
as In2 s, though that may not continue. 

We present here a derivation of the Froissart bound based on two 
fundamental results which we take as given martin and Cheung, 19701: 

i. The scattering amplitude M N fif grows no faster than s2. 

ii. For ilxed s (i.e. k”), the amplitude is analytic in the region ]q12 < 
4m2,. 

We use (2) and evaluate M at q = 2im, using Eq.(7). 

M-S 
/ 

d2bexp(iq. b) a(b,s) 

-8 
J 

bdbd$ exp(-2m,bcos#)a(b,s) 

-S 
I 

bdbexp(am,b) a(b,s) < cs2. 

The third line is a rough approximation valid for m,b > 1. 

We seek to maximize the cross section, subject to this constraint. 

Clearly it is best to make a(b, s) purely imaginary. Also, it is best to keep 
all the contributions at the lowest possible value of b in order to min.imize 
the above integral. Thus we take a(b, s) = i for b < b, and u(b,s) = 0 
for b > b,. A rough evaluation of the integral gives us a limit for b: 

exp(2m,b,) w Cs, 

., . . : : 

‘_ 

: 
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bc - $ln(s/so), c‘m + 
where SO is an unknown scale. 

Now using Eq.(9), we find 

utot = 4 I 
d2bIm a(b, s) = 4sbz 

= $(W/s0 )I2 w 60mb. (ln(s/so))2. 
* 

(23) 

Of course, all the hard work has been done for us by our friends like 
Martin who proved (i) and (ii). 

1.4 Pomeranchuk Theorems 

When the highest energy data available came from Serpukhov, 
it seemed that the pp total cross section was becoming constant. In such 
circumstances, the. Pomeranchuk theorem would apply [Pomeranchuk, 
1958 ]. This theorem states that if pp and pIi (or more generally, ub and 
ab ) cross sections become constant asymptotically and if the ratio of the 
real to the imaginary part of the forward scattering amplitude increases 
less rapidly than Ins, the two cross sections become equal asymptotically. 

It is easy to understand this result by considering examples. If 
pp and pp cross sections become constant, then M+ - -is. If M- 
grows slower than this, then surely the difference cross section falls with 
s. Suppose then that M- grows as s(ln(s/sc) - is/2)fl. If B = 1 the 
difference cross section is asymptotically a non-zero constant, but the ratio 
of the real to the imaginary part grows as Ins. If p < 1 ,the real part 

over the imaginary part grows as (Ins)8 , that is, less rapidly than Ins, 
but then the cross section difference goes as (Ins)@-t , that is, it falls to 
zero. Certainly ,0 cannot be greater than one. Thus, we see that the 
Pomeranchuk theorem holds for amplitudes of this class. 

This lovely theorem is of no use if the cross sections rise. There 
are useful theorems, however, that speak to this situation. Suppose the 
pp and pB cross sections grow as (lns)7, Then we can show that the 
difference of the cross sections cannot grow faster than (In s)(7j2) [Eden, 

1966; Kinosbita, 1966 ]. 

The proof goes as follovvs. Referring to FigArt, we see that since 
the amplitude u(b) must lie in the Argand circle (we drop the indication 
of the energy at which the amplitude is evaluated), 

IRe a( 5 Im u(b). 

In the previous section, we showed that the impact parameters 
that contribute significantly to scattering must lie within some value b, 

which grows as Ins. Thus we can approximate the scattering amplitude, 
Eq. (7) as 

f(q = 0) = i 1 d2b u(b) w 2k f’ bdb u(b). (24) 

It follows that 

-, -y: .. ..‘. 

-1.. .’ 
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IRef(O)l M 2klibe bdbRe a(b)1 

J 
b. 

5 2k 
0 

bdb[Re a(b)1 

b. 
< 2k 

/ 0 
bdb[Im u@)]“~ 

Next we apply the Can&y-Schwartz inequality 

IRef(O)j 5 2k 1”’ bdbl [ o mo(b)r[ib* bdbr 

5 constant. k . (ln s/sc)7’2(ln S/SO). 

Now the generic form for the odd amplitude is 

f- - k(lns/so - h/2)7’, 

7’s 7/2-l-1. (28) 
is-P k-‘f(s, t) = qTutot ebti2 + $- (30) 

But the difference of the cross sections goes as where the 5rst term is hadronic and the second Coulombic. See Fig. 3. 

(29) 

The ratio of the real to the imaginary part of the hadronic amplitude is 
indicated by p and a = l/137 is the fine structure constant. By fitting 
this form, the value of p can be deduced. Au - (ln S/SO) 71--l 5 constant(ln s/so)~/~, 

(25) 

as we wished to show. 

‘.._: -. _. .; ._, . .: 
..:.,.:.“.:. 

1.5 Testing Andyticity 
.: 

(26) 

An analytic function has real and imaginary parts which are 
intimately linked. The relation may be expressed by Cauchy’s equations or 
by the vanishing of a contour integral around a region free of singularities. 
Traditionally, analyticity of scattering amplitudes has been tested using 
dispersion relations, that is to say, using the contour integral. In this 
way, the real part of the amplitude can be calculated from the imaginary 
part, which is known from the measured cross section. A behavior must 
be postulated for the cross section above the energies where it has been 
measured. Another problem occurs when the amplitude can have an 
imaginary part in an unphysical region. We shall use a simpler approach 
that is effective in the high energy domain where the cross section is 

relatively smooth. 

(27) 

The real’part of the forward scattering amplitude is measured by 
observing the interference between the hadronic and Coulombic scattering. 
A naive analysis indicates that at small momentum transfer squared, t, 

the full amplitude is a sum 

-9- 



Fig. 3. The elastic pp amplitude as a sum of hadronic and 
Coulombic interactions. The interference is used to determine the phase 

of the hadronic amplitude. 

In fact, this treatment is not really adequate. The Coulomb 
amplitude is not precisely as we have written it because there is in addition 
the mysterious Coulomb phase. In fact, the Coulomb amplitude is not well 
defined because the scattering wave function contains in the exponential 
a term In kr as well as the standard kr term. This technical complication 
is well understood and the appropriate corrections established. [Bethe, 

1958; West and Yennie, 1968; Cahn; 1982 ] 

The recent use of the ISR to study pB interactions has provided 
a unique opportunity to measure p for this process, with a high intensity, 
monochromatic beam. Some data collected by the Louvain- Northwestern 
collaboration are shown in Fig. 4 [Louvain -Northwestern Collaboration, 
1982 1. 

Rather than using dispersion relations, we shall test analyticity 
by fltting the data directly with complex amplitudes with the proper 
behavior [Eden, 1967; Bourrelly and Fischer, 1973 1. We parameterize 

the even amplitude in terms of real constants [Cahn, 1982a; Block and 
Cahn, 1982a ] 

M+= 
B(ln S/SO - i~r/2)~ 

1 + a(In s/so - in/2)2 I 
+c, (31) 

and first consider the case a = 0 . Then, from Eqs.(30) and (31), 

u+ = A + B(ln2 s/so - x2/4), (32) 

which saturates the form of the Froissart bound, and which has often 
been used in fitting the pp cross section data. Permitting the parameter 
a to take on small positive values allows for a deviation from this form. 

,: .,.. ::: __ 
., . . ~. 

:’ 
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Indeed, asymptotically the form gives a constant cross section, o+(m) = 
A+ B/a. The constant C is permitted by the requirements of analyticity 
for the even amplitude and corresponds to a subtraction constant in the 
usual dispersion relation treatment. We shall show that C is unimportant 
in the region of interest, as we might expect since it lacks the factor of 
s present in the domina.nt terms. We shall also see that very fine fits are 
obtained with a = 0. Thus, just three parameters, A (in mb), B (in mb), 
and sc(in GeV2), are needed to parameterize the even amplitude 3. The 
parameter a is useful, however, for it will provide a means of estimating 
our uucertainty when we try to extrapolate our fit to higher energies. 

The odd amplitude is known to be dominated by a piece with 
the approximate behaviour s1i2 ( that is, ore - ups, - s-~/~). We take 
the power, (r and the magnitude, D, of the amplitude as parameters and 
write 

M _ = DPexp[ia(l - a)/2]. (33) 

Later, we shall consider odd amplitudes with unconventional asymptotic 
behaviour in an attempt to establish limits on the presence of such terms. 
For the purpose of flndlng an adequate fit to the present data, they are 
unnecessary. 

The cross sections and p values may be obtained directly from 
Eqs.(31) and (33). If a = 0, the resulting forms, are especially simple: 

UP, = A + B(ln2 S/SO - r2/4) + Dsnel cos(xa/2), 
ur,~ = A+ B(ln2 s/so - 7r2/4) - Ds”-i cos(no/2), 

PPP = $lns/sc+ 5 sin(acr/2), 

rB 
pp~ = -In 8/so - 5 sin(zcr/2). 

UPF 

(34) 

In Fig. 5, we show the result of fitting Eqs.(Sl) and (33) to the available 
data above s’/~ = 5 GeV. It is clear that the fits are quite successful 

and there is no apparent violation of analyticity since our fits incorporat,e 
analyticity in their very form (at least far from the actual thresholds ). III 
Table I are displayed the values found for the various parameters, together 
with those for some additional flts to be discussed shortly. 

The simplest fit (#l in Table I) gives an acceptable X2/d.f. and 
provides a reliable means of interpolating the available dat.a for the cross 
section and p values. The second fit allows a non-zero value for a and the 
best flt is obtained for a = 0.0050 f 0.0031. We can say that the data 

do not require a # 0, but that a small value is permitted. The third fit 
allows for C # 0; but the result shows that little is gained by allowing 
this freedom. 

Extrapolating the present ilt to collider energies is a speculation, 
but it is more than just curve fitting because of the constraints imposed 

by analyticity. However, a bias is introduced by our choice of the In2 s 
parameterization of the existing data. The present rise in the cross section 
need not persist indefinitely. The introduction of the parameter a > 0 
yields a cross section which has a ln2 s dependence near the minimum of 
the cross section but which is asymptotically constant. Of course, that 
the data slightly prefer a small positive value for a is not necessarily an 
indication that the cross sections are going to become constant asymptoti- 
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Fig. 5.a. Fit to pp (solid curve) and pp (dotdash) total cross 
section data using the five parameter fit, #l of Table I. See Eq. (34) 
[Block and Cahn, 1982a ] . 
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Fig. 5.b. Fit to p values for pp (solid curve) and pF (dotdash) 

using Fit #l of Table I. See Eq. (34). [Block and Cahn, 1982a ] 
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Table L Parameters for the best fits to the cross-section and p 

values for pp and pp data.The even amplitude is given in Eq.(31) . The 
parameters a and C are set equal to zero except in Fits #2 and #3. The 
odd amplitude for the first three flts is given by Eq.(33). For the last three 
fits, the odd amplitude is a sum of this term and one term from among 
the three Odderons, Eqs.(37a)-(37c). [Block and Cahn, 1982a] 

1 #l 1 #2 1 #3 1 #4 ) #5 #6 
Nmb) 1 41.77 ( 41.74 1 41.77 ) 41.77 1 41.74 41.70 

f0.04 kO.04 f0.04 f0.04 f0.04 f0.05 
B(mb) 0.68 0.66 0.68 0.69 0.69 0.66 

*0.01 hO.02 &IO.01 f0.02 fO.01 fO.01 
SdGeV’) 343. 338. 344. 345. 350. 356. 

f8. &-8. S3. f8. &8. f10. 
D (mb -39.0 -38.7 -39.2 -41.7 -40.8 -35.2 
GeV2-2Q) f 1.7 f1.6 f1.8 f2.4 &1.8 f2.2 
cl 0.48 0.49 0.48 0.46 0.49 0.50 

tally. We consider the difference between the a = 0 and a # 0 fhs as 
providing an estimate of the uncertainty in our extrapolation. 

In Fig.6 we show the flve parameter flt (a = 0, C = 0) and the six .” ..L .._ 
parameter flt (a = 0.0050, C = 0) extrapolated to collider energies. These 
its are simultaneousiy constrained by data for cross sections and p values, 
for both pp and pF . In Table II we display some values obtained in these 
flts, including extrapolations to collider energies. The uncertainties quoted 
are just those due to the uncertainties for the parameters as determined 
by the fits. We note that the a # 0 fit predicts a cross section at s112 = 
540 GeV of 66.0 mb f 2.8 mb, while the a = 0 fit gives 70.9 mb f 
0.6 mb. This difference is in rough accord with the result that the best 
fit for Q differs from zero by a little less than two standard deviations: 
a = 0.0050 f 0.0031. 

Preliminary data from the CERN SPS Collider are now available. 
The UA-4 Collaboration has reported that it finds, by extrapolating the 

differential cross section to the t = 0 point [uA4 Collaboration, 1982b ] 

(1 + p2)crtot = 66 f 7mb. (35) 

Referring to Fig. 5, we see that at sif2 = 540GeV,p2 w 0.02 - 0.03, if 
the cross section is nearer to 65 mb than to 70 mb. Thus we interpret the 
UA-4 result as 

utot = 64 f 7mb (36) ,’ .. :_-_ 

which is in agreement with either the a = 0 or a = 0.0050 fit. Clearly, 
higher precision measurements will be of great interest. 



fs (Gev) 

Fig. 6.a. Extrapolations of Fits #l and #2 of Table I. At high 
energies, the upper curve is Fit #I (a=O) and the lower curve is Fit #2 
(a=0.0050). At lower energies, the fits are indistinguishable. At high 
energies, the pp and pfi cross sections are nearly equal , but at lower 
energies the pF cross section exceeds that of pp. [Block and Cahn, 

1982a ] 

4 
fs (Gev) 
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Fig. 6.b. Extrapolations of Fits #l and #2 for the p values. At 

high energies, the upper curve is Fit #l and the lower is Fit #2. At low 
energies, the flts coincide and the upper curve is for pF . See Table Il. 
[Block and CahnJ982a ] 
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Table II. Values of u and p at selected energies. Fit #l has 
a = 0. Fit #2 has a = 0.0050. See Table I for a complete listing of the 
parameters.[Block and Cahn, 1982a) 

appbb) ~pdmb) PPP PPF 
fi = 23.5 GeV 

Fit #l 39.2f0.03 41.3kO.07 0.00f0.001 0.05f0.003 
Fit #2 39.2kO.04 41.350.07 0.00~0.002 0.05~0.003 

,/z = 62.5 GeV 
Fit #l 43.7fO.l 44.5fO.l 0.11~0.003 0.12f0.002 
Fit #2 43.8fO.l 44.6fO.l 0.10&0.005 0.12-&0.005 

& = 540 GeV 
Fit #l 70.9IfiO.6 i’l.Of0.6 0.20f0.002 0.20*0.002 
Fit #2 66.0% 2.8 66.1f2.8 0.14*0.03 0.14f0.03 

J/a = 2000 GeV 
Fit #l 99.6& 1.2 99.6kl.2 0.20f0.001 0.20~0.001 
Fit #2 82.3k8.0 82.3f8.0 0.12f0.03 0.12f0.03 

1.6 The Odd Amplitude 

Even before the recent ISR running with antiprotons produced 
very high energy cross sections which could be compared with pp cross sec- 
tions, there was impressive evidence that the difference cross section,a,z- 
uPp , fell about as s -li2. The recent data confirm this. See. Fig. 7. This, 
however, does not rule out the possibility that the cross section difference 
might turn out to be asymptotically a small constant value, say a fraction 
of a miihbarn. In fact, we have seen that in principle, if the cross section 
grows as (In s)~, the difference cross section could grow as fast as ins. An 
even more subtle possibility is that the odd amplitude grows asymptoti- 
cally as s, which according to our earlier discussion would be purely real 
(odd amplitudes go as P exp[irr(l- a)/21 ) and would thus not contribute 
to the total cross section, but would affect the p values. 

To investigate such possibilities, we introduce [Eukaszuk and 
Nicolescu, 1973; Kang and Nicolescu, 1975; Joynson et a1,1975; Martin, 

1982a] 

MO_ = Ets, Wa) 
ML = EL6(ln6/s1 - is/l), (376) 
ML = E<s(lns/sl - h/2)2, (37c) 

where the E’s are real constants. We shall refer to the amplitudes in 
Eqs.(37) as Odderon-0, Odderon-l and Odderon-2, respectively. The full 
odd amplitude is given by the sum, M’O’ of M- from Eq.(33 ), and one 
of the terms from Eq. (37). Odderon- affects the p values but not the 
cross sections, being entirely real. Odderon-l gives a constant cross section 
difference, while Odderon-2.gives a cross section difference growing as Ins. 

. i 
:_ 

:. .c: 
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Fig. 7. The difference, cp~- upp vs. 6. The curve is from Fit 
#3. See Eq. (34) and Table I. [Block and Cahn, 1982a ] 

If the scaie, 61, in Odderon-l or Odderon- is too large, the magnitude of 
the amplitude may fall with increasing s, contrary to our intent in using 
this parameterization. To prevent this distortion, we constrain s1 to be 
the same as SO, the parameter in the even amplitude. 

There is a theorem, due to Fischer and co-workers [Fischer et 
cl., 1978; Fischer, 19811 ,which states, in part, that if above some energy, 
the signs of ImMEf and ReMfo’ remain the same, then the difference of 

the cross sections tends to zero. Clearly this theorem is satisfied by the 
amplitude M _ of Eq. (33) for 0 < o < 1. The addition of an Odderon- 
1 or an Odderon- amplitude can be seen to lead to opposite signs for 
ImM’Of and ReMt’ in the limit of high s. This is of course in accord 
with the Fischer theorem, since these terms lead to non-vanishing cross 
section differences. 

We have made three separate flts to the data using successively 

Odderon-0, Odderon-1, and Odderon-2. The results of these flts are 
shown in Table I. In all three cases, the value of E is about two standard 
deviations away from zero and there is thus no proven need for these 
amplitudes. It is of interest to examine quantitatively the limits that can 
be placed on their presence. For Odderon-0, an appropriate comparison 
is that between A and E, the coefhcients of the purely imaginary odd 
amplitude and the purely real even amplitude with the same s-dependence. 
The magnitude of E is less than one percent of that of A. This is an 
impressive limit since this odd amplitude cannot contribute to the cross 
section. The limits on the other fits are comparable. Altogether, then, 
we conclude that these amplitudes which are allowed by analyticity, if 
present at ail, are less than one percent as strong as the dominant portion 
of the forward scattering amplitude. 

1.L.. :_:-. ,. .I ., -.. : : . . ‘:‘-.:.. 

. 

..I . . . 
_. :.: 
,. :. .,. 

Using the values for Odderon-l found in Table I, we note that 
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since D and E are both negative, ReMto’ is negative for 6 > 60. On 
the other hand, ImMfo’ is negative and dominated byM- mq.(33)] at 
ISR energies. It does not change sign until g1j2 = 200GeV. Thus any 
attempt to invoke the Fischer theorem at present energies is premature. 
The corresponding slgn change for the Odderon- would be at .@ = 75 
GeV. Since these sign changes occur in ImMfi’, they reflect a change in 
the sign of Au = a,,~ - a,,. The existing data are thus compatible 
with such a sign change, and using Table I we extrapolate the Odderon- 
2 !It to s1j2 = 540 GeV, where we find apt - crpp = -1.6 f 0.8 mb. 
The unconventional sign of the difference is possible because the Odderon 
contributes oppositely to the amplitude M-, Eq. (33), which dominates 
the odd amplitude at lower energies. The magnitude of this difference and 
its uncertainty show clearly the desirability of making both pp and pF 
cross section measurements at collider energies. At the same time, these 
numbers provide a quantitative estimate of the required precision. The 
presence of Odderon- is especially dimcult to detect experimentally. Data 
at very high energies would not particularly improve the situation. For 
example, using our values for Odderon- from Table I, we would predict 

Ap = ppp - ppi; at sir2 = 540 GeV to be 0.008 f 0.003, whereas the 
flt without any Odderon gives Ap = 0.0009 f 0.0002 at the same s, a 
difference too small to be detected. 

1.7 The Slope Parameter 

In addition to the total cross section and p value, the nearly 
forward elastic scattering cross section has a third measurable feature, 
the slope parameter: 

a-5 t) = -$I”$. (38) 

Frequently, it is the value at r = 0, B(s) us B(s, t = 0) which is of 
interest. For the simple amplitude of Eq.(ll), B(s) is the constant B. 
Back in the days when the total cross sections were believed to become 
constant asymptotically, the elastic scattering amplitude near the forward 

direction was parameterbed as 

where a(t) ~zr l+o’(O)t was the Pomeron trajectory, and p was a constant. 
In this model then 

B(s) = 28 + 2a’(O)lns. (40) 

Thus the canonical expectation was B(s) N a Ins $- b. 

It is easy to see that this is not going to work if instead the cross 
section grows as ln2 s. If B is independent oft and the amplitude is purely 
imaginary, we can use Eq.(12): 

(12) 

We. see that since u,l cannot grow faster than In2 s, certainly B(s) must 
grow at least as fast as ln2 s in the small t region. 

Returning to our impact parameter representation 

,” .-. 

.-‘.Y. : 
., 
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M - 8 d2bexp(iqe b)a(b,s), (41) 

we expand about q = 0. Thus, if the phase of a(b, s) is independent of b, 

B(8) = .!- db b3@‘, 8) 
2 I db ba(b, 6)’ (42) 

This again shows that B(8) measures the size of the proton. 

We know that a(b, 8) must drop off for b > b, N Ins. It is 
surprising to learn that a form like 

44 8) - m+-W421, (43) 

is not permissible. Remember that even for imaginary q (if 141 is small 
enough) this amplitude must be bounded by s2. However, setting q = i& 
we find from Eqs.(41) and (43) 

M - 8baexp(Q2bz/4). (44) 

This grows faster than any power of s. We conclude that we need a(b, 8) 
to cut off very sharply, essentially as a(b, s) = 0 for b > b,. 

We can model this by supposing that a(b,s) = ii(b/b,) where 
b, = C In s and ii(z) = 0 for z > 1. Then 

/ 

1 
2 ht - sb, dz zii(z)Jo(qb,z). (45) 0 

The remaining integral is an entire function of qb,, that is it 
has no singularities in the ilnite qb, plane. This is a consequence of the 
integral being confined to a finite range. Moreover, as qb, goes to infinity, 
the amplitude grows no faster than exp(constant x qbe). This result is 
a general one for total cross sections growing as ln2 8. We can state 
the conclusion by writing for the amplitude [Auberson, Kinoshita, and 
Martin, 1971 ] 

M - --i8h12 8f(th2 S), (40) 

where f(t) is an entire function of order one-half, that is, for large 1.~1, 
jf(z)l is bounded by Cexp(C’1z11/2) where C and C’ are constants. This 
form is correct as 8 + 03. If t is fixed, then we see that 

B(8,t) < -&fltj1~21n8 

< c” Ins. (47) 

On the other hand, if we want the slope parameter at t = 0, we can 
expand Eq. (46) in powers of tln2 s 

M - --isln2s[a+btln26+...], (43) 

so that 
.:. 

B(8,0) ff h2 8. (49) 
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This non-uniform behavior was discovered recently by Martin 
[Martin, 1982b]. As a practical matter, it still seems reasonable to use the 
form for B(S,O) even at non-zero values of t since the other form, Eq(47) 
is derived on the assumption that t In’ s , or equivalently tutof is large. 

On the basis of the above discussion, we choose to parameterize 
the amplitudes near the forward direction as [Block and Cahn, 1982b ] 

M+(&r) = M+(s,O)exp(b+t/2), (504) 
M-(&t) = M-(s,O)exp(b-t/2), GObI 

where 

b+=c++d+lns$e+ln2s, 
b-=c-+d-Ins, 

(514) 

@lb) 
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The amplitudes at t = 0 are just those in Eqs.(31) and (33) with 
a = 0 and C = 0, and the remaining parameters at t = 0 are fixed to 
be those of the first Bt in Table I. The five parameters left to describe the 
slope are then fltted using the available data. Unfortunately, the data are 
not mutually consistent. However, with a suitable choice of data sets, the 
results are sensible, as shown in Fig. 8. The value of the slope parameter 
at-t= 0.02 GeV2 is predicted to be 16.7kO.7 Ger2 at the SPS collider 
energy, s1i2 = 540 GeV. The result reported by UA-4 is 17.2f 1.0 Ger2 
at-t= 0.05 GeV2 [uA4 Collaboration, 1982a 1. 

Fig. 8. The slope parameter, B(s, t = -0.02GeV’) vs. 4. The 
upper curve and data are for pp and the lower are for pp. [ Block and 
Cahn, 1982b ] 
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2. Hard Scattering Processes 
2.1 Perspective 

Quantum chromodynamics provides a means of analyzing hard 
scattering processes including the production of high transverse momen- 
tum jets, high invariant mass dilepton pairs, and heavy quarks. These 
processes are imagined to proceed through the scattering of partons (quarks 
and gluons). If we look only at this scattering process, which takes place 
in a volume of about 1 fm3, perturbative &CD should be reliable (see 
Bjorken’s SLAC Summer School Lectures of 1979 on &CD). It is conven- 
tional to view the full scattering event as having three stages: the break- 
down of the initial hadrons into partonic constituents, the scattering of 
the partons, and the transformation of the final state partons into hadrons. 

We shall adopt this view in an extreme form. We shall use 
the term “beam” to mean the 5ux of partons arising from the physical 
beam. The “scattering” will refer just to the partonic scattering event.By 
the “detector” we shall mean not just the physical apparatus, but also 
the space outside the tiny region - the “femto-universe” - in which the 
“scattering” occurs. Thus, for example, the hadron cascsde inside a 
calorimeter and the hadronization of a high momentum quark will both 
be regarded as characteristics of the “detector” This is a description in 
keeping with Bj’s notion that a really good detector would be able to 
detect quarks and gluons. Our inability to make such measurements will 
simply be regarded as a flaw in our detector. Of course, we may hope to 
compensate for this by obtaining a very complete understanding of our 
“detector,” meaning that we may hope to find signatures that will iden- 
tify the outgoing parton type and its momentum. Such an understanding 
would naturally require great advances both theoretically and experimen- 
tally. 

This separation may seem perverse. It pushes off the difficult 
problems into the experimental factors: the “beam” and the “detector’!’ In 
fact, this separation is dictated by QCD . The concept of “factorization” 
tells us that the infrared singularities we encounter in calculating can 
be relegated either to the process by which the initial hadron turns into 
partons (the “beam”) or to the process by which the 5nal partons become 
hadrons( in the “detector” ). 

2.2 The Beam 

For colliding beam machines, the fundamental equation is 

Rate = Lo, (52) 

where L is the luminosity. If the two physical beams have “transverse” 
densities (i.e. particles/cm2) of pi(r) and ps(r), and cross 71 times per 
second, the luminosity is 

L =fl 
/ d2rpl(h(r). (53) 

For the CERN SPS collider, the design values of J d2r p1 and I &r p2 are 
about 10” with an effective area of 3 x 10p3cm2. With six beam-beam 
collisions per cycle at each intersection point (that is, six bunches each of 
protons and anti-protons) and a machine radius of about lo3 m, we have 

-.. . .: . . .:: :. 

_. : . . 

n = 6.3 1 108m/s 
27r.103m ’ 
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and a design luminosity of 10s0cm-2sec-1. The maximum luminosity 
achieved before Jnlyl, 1982 was about I.8 x 10a8cm-“sec-‘. 

The ‘beams” we are concerned with are the beams of partons - 
quarks, anti-quarks, and gluons. These partons are not monochromatic 
of course. In fact, each proton carries a distribution of quarks and gluons 
which depends on x, the fraction of the proton’s momentum carried by the 
parton: fi(z), (i = u,Z, . . . g). This function is also weakly a function of the 
momentum transfer in the subprocess of interest ( this dependence is called 
“scale breaking” or violation of ” Bjorken scaling”). Ignoring this “Q2” 
dependence for the moment, we ask what is the effective luminosity for, 
say, u-quarks on anti-u-quarks, per unit of center-of-mass energy squared 
(of the quark anti-quark system)! If we indicate the contributions from 
the two incident physical particles by the subscripts 1 and 2, we have 

dL&i - = d5 J da dzz6G - sz~~2)[fiu(~1)f2~(~2) + fiiiCn)fzu(~2)1, (55) 

where i is the parton-parton center of mass energy squared. Let us call 
r = i/s so that. 

&a - = dr / dzldzd(r - z122Nf1&1)f2~(22) + fiid~1)f2&2)1. (56) 

The quantities e, e,. . ., *, . . ., % are the fundamental charac- 

teristics of the “beam :’ The functions fU(z), fd(x), . . ., f#(z) are deter- 

mined by experiments including electroproduction and neutrinoproduc- 
tion, and by theoretical considerations. 

Some of these luminosity spectra have been calculated by Horgan 
and Jacob, 1981, and by Duke and Quigg, 1982. See Fig. 9. Their results 

-51 
r) 0 

I . I ll1\ I I 1 I I I I 
0.2 0.2 0.4 0.4 0.6 0.6 0.8 0.8 1.0 1.0 1.2 1.2 

w (TeV)=G w (TeV)=G 

100 I, I I I I,, , ) , 

iip@) 0.54 TeV (scaling violations) - 

- Duke and Quigg 

. m-- m-- approximation- 

Fig. 9.a. The luminosity spectrum 7% vs. W = fi for pp 
collisions at 6 = 540GeV. The dashed lines are the approximations 
Eq(57). [after Duke and Quigg, 1982 ] 
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pp @ 2 TeV (scaling violotiond 

- Duke and Quigg 

--- approximation 

w (TeV) - G 

Fig. 9.b. The luminosity spectrum 7% vs. W = fi for p$j 
collisions at fi = 2000GeV. The dashed lines are the approximations 
Eq.(57). [after Duke and QuiggJ982 ] 

can be approximated by analytic forms. For pp collisions at g1i2 = 
540 GeV we take 

d&i 7-Z 

dLd 

2e-10d7 

TyY = 1.5f-20Ji 

dFgl 
rd7 

= 4oe-30fi 

r- = 2&+0J; dL.g 
dr (57) 

For simplicity, we have chosen forms with no scale breaking. It is apparent 
from Figs.(S.a) and (9.b) that this is an adequate approximation for the 
energy range between the CERN and Fermilab colliders. 

When valence quarks are present (u and d in a proton, anti-u and 
anti-d in an antiproton), they dominate the distribution. Very roughly, in 
a proton, fU = 2fd. Thus for pF collisions, we take 

cd 1 d&x 
-wZd7 dr 
dLd;i 1 dLuv 
-“cG- dr (58) 

If we have a cross section da for a partonic subprocess which depends on 
S, we can find an effective cross section by integrating over 7: 

dLij 
da;& = ~6)~. (59) 

‘I ,. 
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Fig. 10. The dimensionless Drell-Yan cross section, sdo,,,/dr 
vs. J;;. See Eq. (63). 

CBA is the clear winner if it has, as designs suggest, lo3 times the 
luminosity of the Tevatron collider. At a sufhciently high invariant mass, 
the Fermilab cross section makes up for the three orders of magnitude 
difference in luminosity. That mass is M = 330 GeV. This is too late. 
There are no events at this mass. 

: -, i ^_ . . . -:. 
.t’,. . ‘:“.- .::: 

: _. .,I.. ‘.. 

Just how large an invariant mass can we expect to reach? The 

cross section to produce a dilepton pair with rn,+ > m. = ,/F is, for 
pfi machines 

=-- 

(67) 

638) 

where the function g(r) is given by 

g(7) = 7 ZE,( 1Ofi). (70) 

where Es(z) is an exponential integral [Abramowitz and Stegun, 1964, 
p.228 1. The function g(r) is shown in Fig. 11. 

In the domain of interest to us, a simple but adequate approxima- 

tion is 

E3(z) w ;2-2p, (71) ; ‘! .,:‘,$:. 

so 
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10 

Fig. 11. The dimensionless function g(r) vs. fi. See Eqs.(69), 
(70),and (72). 

u(mpp > m M 10-a7cm2 (72) . . ::.::.. ._ 

For m,, > 54 GeV at the SPS collider, r. = 0.01 and u w 2.5 . 
1O-36 cm*. For m,,,, > 100 GeV at the Fermilab collider, 7s = 0.0025 
and u = 1.5 . 1O-36 cm2. These invariant masses are thus near the limit 

: ::I: ..I -. .- 

of what we may expect to see. 

2.4 Resonance Production 

We are especially interested in the production of W’s and Z’s, 
but without much extra effort we can find general expressions for the cross 
sections for production of any resonance in terms of its basic parameters. 
Naturally, we begin with the Breit-Wigner formula for the cross section 
for producing a resonance of mass M and width P. If the initial particles 
have spins Sr and So, while the spin of the resonance is J, and if the 
branching ratio of the resonance into the initial channel is B, then 

(73) 

The factor (2Sr + 1)(2S2 + 1) is just the total number of initial spin 
orientations, which is four for two spin one-half particles. Actually, we 
must also use the value four if the two initial particles are massless vectors 
since the longitudinal degrees of freedom are missing. Jf the resonance is 
narrow, we can approximate Eq.(73) as 
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g(i) = 2R2 2J+l 
P%, @& + lH2S2 + 1) 

Br a(& - M). (74) 

The effective cross section is obtained by integrating this cross 
section together with the luminosity spectrum: 

(75) 

where we have taken the initial spin multiplicity to be four and assumed branching e+ e- 0.03 
the incident particle (parton) masses are small compared to the resonance ratios p+ r 0.03 
mass. r+ r- 0.03 

The expected properties of the Z and W are derived in Appendix 
A. The results are summarized in Table RI. The branching ratio of the Z 
into a UK pair of a given color is 0.11/3 and into a da pair is 0.13/3. In 
addition, we must multiply by a factor of l/3 since only quarks with the 
proper color can annihilate. We can combine the u7i and da production if 
we assume the luminosity spectrum for d;[ is simply l/4 of what it is for 
uii . Putting all these factors together, we obtain an effective B: 

0.06 

0.06 

0.06 

u’ii 
Cl 

ti 

+ ;. y] = 0.016. (76) 

At the CERN collider, we have for Z production, J? = 0.17, while at the 
Tevatron collider it will be 0.046. Thus we have using Eq.(57) for r* 

Table RI. Basic characteristics of the intermediate vector bosons 

according to the standard model with sin2 0~ = 0.21. 

. .._. ._ 
. . -= .^ 

..,- :. 
: .:.. 

Z 

mass 
width 

92 GeV 
2.8 GeV 

d;i 

63 

bb 

0.13 
0.13 
0.13 

W 

81 GeV 
2.8GeV 

e+u, 0.08 

P+u, 0.08 

r+ u+ 0.08 

UZ 0.25 

CT 0.25 

t6 0.25 

._ .,: . . .- 
... _ -_. 
. . . ::I’ 

3. (0.0;6). g(pi 
CERN 
FNAL 
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that is 

o,ff(Z) = 2.7. 10-sscm2 x 0.37 CERN 
1.3 FNAL m 

Jf we now include the sum of the branching ratios to e+e- and to p+h- 
which is 0.06, we flnd cross sections into these modes of 

a,ff(pjJ + Z”+X -+ fi+p-and&e-+X) = 6. 10-35cm2 CERN 
21. 10-35cm2 FNAL 

(78) 

The cross section for W production is calculated analogously. 
The W+ is produced by annihilation of a u and a x.We take the luminosity 
for uz to be one-half the luminosity for u?i.The branching ratio of Wf 
into d of a single color is l/12, which we again must divide by 3 to insure 
that the colliding quarks have the same color. Thus the effective value of 
B is l/36. The value of fi is 0.15 at. CERN and 0.0405 at FNAL. We 
thus compute the cross section for Wf production as 

ueff(W+) - (81;evy - L(0.389mbGeV2). 3. &~{~‘~~ CERN 
FNAL. 

= 6.7. 10-33cm2 x 0.22 CERN 
0.67 FNAL (79) 

If we insist on a leptonic decay of the W+, we must add a factor of l/6 = 
l/12 + l/12 for the e+u and p+u modes. The result is 

(80) 

Of course there is an equal cross section for W- production. The sum 
of the two is about one order of magnitude greater than that for the 
production of Z” with a subsequent decay into e+e- or p+p-. 

The formula for the cross section for the production of a resonance 
has much broader applicability. Let us consider the production of p-wave 
qua&urn (i.e. &&) states by the collision of two gluons. The fac- 
tor B should be set equal to l/64 if we presume that gg is the only 
important channel. This is the product of one factor of l/8 for the 
branching ratio into a single gluonic color channel and one factor of l/8 
to insure that the gluons colliding have the right colors to annihilate. 
For the width of the state, let us take 5 MeV, a flgure representative 
of the values for the charmonium system. The spin of the produced 
resonance should be zero or two since two truly massless gluons can- 
not make a spin one state (by Yang’s theorem). Thus 2J+l is either 
one or flve. Altogether then, we have for a resonance with a mass of 5 GeV 

0,ff (pjj * P - state) = &(0.389 mbGev)( :) 

CERN 
FNAL 

CERN 
FNAL 

(81) 

While at first, the production of 1000 such particles in a standard 
run at Fermilab might sound encouraging, we must remember that the 

. . . .) : 

::.... 
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only useful signature would be a cascade into an s-wave state followed by 
a decay into e+c- or @p-. For simplicity, let us take as a guide, the 
branching ratios in the CF system. The 1982 Particle Data Booklet lists 
B(xs + $7) = 0.157 f 0.017 and B($ + e+e-) + B(J, -+ p+p-) = 
0.148f0.012. Thus we would expect about 1000x 0.15~ 0.16 m 25 events 
with a good signature. This appears to be observable since we estimate 
only eight Drell-Yan pairs above 50 GeV for the same standard run using 
Eq. (72). Increasing the mass of the resonance to 60 GeV decreases the 
yield by about 0.5 , and increasing it again to 70 GeV decreases it by an 
additional factor of 0.25 . There is no hope of Bnding quarkium above the 
Z mass this way. 

2.5 High Transverse Momentum 

We wish to use our ubiquitous formula 

to estimate high transverse momentum jet cross sections. For the partonic 
cross sections we shall use the lowest order QCD results [Combridge, 
Kripfganz, and Ranft,1977; Cutler and Sivers, 1978; Owens, Reya, and 
Gliick, 1978; Feynman, Field, and Fox, 1978 1. This is not simply a con- 
sequence of laziness. As long as the problem of higher order QCD correc- 
tions to the Drell-Yan process is unresolved [Bodwin and Brodsky, 1981; 
Collins and Soper, 1982 1, it is pointless to take seriously QCD corrections 
for much more complicated processes. The lowest order differential cross 
sections for various partonic scattering processes are listed in Table 1V 
and displayed in Fig. 12. 

Table IV. Differential cross sections for partonic scattering. The 
differential cross section in the parton-parton center of mass is da/da = 

(aq/4s)C. The cross sections are color averaged and the expressions are 
derived from the results of Owens, Gliick, and Reya, 1978 . 

. .‘. -. I...: . 

c 
18[(1 - cos 0)-2 + (1 + cos 8)-2] 

-9[(l- case)-1 + (1 + case)-‘1 
+99/8 + (9/8)(cos 0)2 

(l/3)1(1 - cos8)--’ +(l +cose)-‘1 
-(25/48) - (3/16)(cos e)2 

(64/27)[(1- COSe)-’ -i-(1 i- COSe)? 
-(100/27) - (4/3)(cos S)2 

!I9 -+ 99 

99’ + 94’ 

8(1- cog e)-* - 4(1 - cos e)-l 

+(8/9)(1+ ~0s e)--’ + (11/g) 
(32/9)( 1 - COS ey2 - (16/9)( 1 - COS e)-’ 

+(4/g) 
q9 + 9P (32/9)[(i - c0s e)-2 + (I+ cos e)-2] 

-(64/27)[(1 - COS e)-’ -i- (1 $ COS e)-l] + 16/g 

9q --* q7 (32/9)(1 - COS 0)-2 - (32/27)(1 - COS ti)-’ 
+(2/g) 

-I 
qv- 9’4 w-w + (cos e12 1 

I I I 
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The quantity of physical interest is the differential cross section 
with respect to the transverse momentum of the jet, pt. If the final state in 
the partonic scattering has unlike particles (i.e. all except 9q -+ gg, gg + 
gg and qq -+ qq), there are two contributions to consider: if a scattering 
angle 0 gives a contribution, so does rr - 8. Thus we can add these two 
contributions and then restrict ourselves to scattering angles between 0 
and x/2. We indicate this modified cross section by dT/dfl and display it 
in Table V. 

These differential cross sections are for the center of mass of the 
parton-parton system. The colliding partons have a momentum G/2 in 
this reference frame. Thus the center of mass scattering angle is related 
to the transverse momentum by 

sine= J$=F. 
7 

At fixed pt, varying 0 is equivalent to varying r: 

dr = sde. (84) 

On the other hand, 

da 2x sin’ 0 da -= 
4: ptcosz 

(83) 

(85) 

Table V. The differential cross section for partonic scattering 
with scattering angles between x/2 and rr folded back to the region 0 to 
w/2. The differential cross section is given by dF/dCl = ((r:/4s)z. 

Process 

99 - gg 

99-+ ei 

@i-+ 99 

E 
lq(i - cos e)-2 + (1 + cos 8)-z] 

-9I(i - c~~e)-l -+ (I + cos e)-11 

+99/8 + (9/8)(cos 6’j2 
(2/3)[(1- case)-' + (I$ case)-'1 

-(25/24) - (3/8)(cos 8)2 
(64/27)[(1-cos0)-‘+(l+cos8)-‘] 

-(100/27) - (4/3)(cos e):! 

SP + 99 

99’ -+ q9’ 

8[( 1 - COS e)-’ + (1 $ COS e)-2] 
-(28/9)[(1 - COS e)-l $ (1 + COS e)-l] + (22/g) 

(32/9)[(1 - cos 81-2 + (I + cos e)-2] 

-(16/9)[(1- ~0s f?)-l + (1 $ COS 0)-l] i- 8/p 
(32/9)[(i - cos 81-2 + (I + cos e)-2] 

-(64/27)[(1 - COS e)-’ $ (1 + COS 0)-l] + 16/g 
(32/9)[(i - cos e)-2 + (I + cos e)-2] 

-(32/27)[(1- cosO)-’ +(l+ cos6’)--‘] 
+w + wms e)2 

I 
9q- 66 

I 
(4/w + (~0s V) 

:. :: ‘.. 
_: _: :- 
-. :;~ . . . . 

,. 

._. 
:. ..:’ 

so that 
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d=ef I -= I 
drdL da -- 

@t dT dpt 

= E J ctgsinfrs)g. F-3) 

In principle, this integral goes from n/2 from sin-’ xt but it is 
not a bad approximation to let the lower limit be zero since this extends 
the range of r to T = 1 where the luminosity spectrum is very small 

avw. 

To proceed further, we need to make some assumptions about 
the luminosity spectrum. Rather than use the particular values given in 
Eq.(6), let us simply assume a parameterization 

so that our results will be useful even if we want to vary A or 6 to 
consider another parameterization of the parton distributions, as might 
be appropriate at very much higher energies, say. Qur general formula is 
thus 

*I2 
de sins Be- h/sin. 0 Q(e). (88) 

The values of the functions E for the various fundamental par- 
tonic processes are given in Table V. It is useful to define the dimensionless 
integrals 

gpp+pp(z) = 1%12 d6 sin3 Be-“/sin p &&% etc. (89) 

which can, in fact, be done analytically in terms of modified Bessel func- 
tions and the like. Some representative values for these functions are given 
in Table VI and shown in Fig. 13. 

In terms of these 

(90) 

For example, consider jets with pt = 27GeV at the SPS collider. 
The contribution from the subprocess gg -+ gg is determined by noting 
that zt = 0.1 and inserting the values (see Eq.(6)) b=30, A=40, and the 
nominal value Q, = 0.2 to flud, using Table VI, 

!?se-&) = 1.3, 
and 

do cf/ II * 40 
- = 4(27GeV)a dpt 

. (0.2)2. 1.3(0.38QmbGeV2) 

= 3.2 + 10-32cm2GeV-‘. (91) 

For small zt, gg + gg dominates jet production, but at high 
enough zt, qq --c qij dominates in pp collisions. We can estimate that 
value of zt as follows: For large bzt, from Eq.(89), 

g(bz:) = E(QO’) 
J 

&e-‘-. (92) 
t 

. . :-- 
_, ._ 

. . .‘,.. 

::- 
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Fig. 13.b. The functions g(z), Eq. (89), vs. z for qq -+ qq(so!id), 
qi + qYj(dashed), qv -+ q’#(dobdash), and qq --+ gg(dotted). 

dw/ - - Ag(bzt), 
dpt 

so 

(93) 

M 70e-aoZ’ w 

is 

This is unity if z: fi; 0.21. 

The cross section to produce a pair of jets, each with zt > ztc 

The functions h(z) for the various processes are displayed in Table 
VII and Fig. 14. For example, the cross sections for producing jets through 
gg -+ gg, gu -+ gu, and u?i --c UZ at the Fermilab collider with p: > 
100 GeV are calculated as follows: 

. . . 
: ‘-:.. . . 
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gg -+ gg : A = 40, b = 30, xt = 0.1, h,,,,,(3) = 4 * 1O-2 

B _ A. 40. (0.2)2302 
- (2000 GeV)z 

0.389mb GeV2 .0.04 = 1.8. 10-32cm2 

gu + gu : A = 20, b = 20, zt = 0.1, h,,,,,(2) = 0.1 

g = A ’ 2o ’ (“.2)2202 0 38Qmb Gep . 0.1 = 1.0. 10-32cm2 
(2000 GeV)z . 

~ = T ’ 2 * (0.2)2102 
(2000 GeV)2 

0.389 mb GeV2 . 1. = 0.25. 1O-32 cm2 

For large values of kc: there is a simple approximation for h(z) 

based on Eq. (92):. 

(96) 

Inserting this into Eq. (95) we have 

Fig. 14.b. The functions h(z), Eq. (89), vs. z for qq --t qq(solid), 

4T’ qii(dashed), qTj -+ q’ij’(dotdash), and qv -* gg(dotted). rAaZ b2 
u(z: > ztO) w +-E(QO’) 

J 
; (ho) -7/2e-bzm. (97) 
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For rE in pp colllisions or uu in pp collisions, A = 2, b = 10,~(90°) M 5, 
so 

a(q > ztO) M 6.6. 10-35cm2(~~~~7~2c-10~~o. (98) 

For example, the cross section at the Fermilab collider pt = 300GeV or 
more from such uii coilisions should be about 16. 10-36cm2. 

2.6 Heavy Flavor Production 

A number of mechanisms have been suggested for heavy flavor 
production. One obvious possibility is qv 4 Qg. Another is gg + Qa. 
Of course, at a minimum the effects of the heavy quark mass, me, must 
be retained in our QCD analysis. Although the naive predictions based on 
these processes are not especially successful, we shall restrict ourselves to 
this approach since it fits with the unified presentation of hard processes 
given above. While the absolute cross section predictions may not be 
accurate (even by the lax standards we believe are appropriate for the 
predictions in the previous sections), the general dependence on the center 
of mass energy may not be too far from the truth. 

where 

\i 

4m2, 
= x l-7. (100) 

Let us write 

.,,+Q,G, = gb&), 4ma (101) 

“gg+Qq(“) = $d~~. w4 
Q 

Then in this model, the total heavy flavor production is 

.; :.. .:..;,.y 
..:_ 

,:..’ 

. . :.~.:.: :: 

We begin then with the cross sections calculated by Combridge(1979) 

u = s7/4mi, (165) 
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and where 

008) 

Having reduced the problem to quadrature, we can simply do the 
integrals numerically to find 

G&z) = Lrn du t?fi-$F,&), 

G&) = lrn due-“+,(u), 

in terms of which 

aQ$s) 
7dA =B 
12mg 

4.5 

/ 
4 / 

/ 
/ 

3.5 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ (109) 

The functions Fq~ and F,, are shown in Fig. 15. At high energy 
(i.e. large u), the gg mechanism is more etfective since it is suppressed only 
by the trchannel exchange of the heavy quark, rather than the s-channel 
single gluon pole. The integrated functions, G,T and G,, , are shown 
in Fig. 16. As z -+ 0 , these functions approach constant values, so as 

/ 
0 I I I IllIll I I I Illll 

010) 
II 

Fig. 15. The heavy quark production cross section function, Fqi 

(solid) and F,, (dashed) vs. u. See. Eqs.(99) - (102). 
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Fig. 16. The heavy quark production functions Gri (solid) and 
G,, (dashed) vs. z. See Eq. (109). 

s-+co, uQg becomes a constant, dominated by the gg contribution. 
In Table VIII, we show predictions based on this simp!e model for c and 
b quarks with masses 1.5 GeV and 5 GeV and for hypothetical t-quarks 
with mass either 20 GeV or 40 GeV. We see that the predicted charm 
cross section is quite small, suggesting that these mechanisms are not the 
only ones contributing in the Fermilab and ISR range. Thus we regard 
these predictions as conservative estimates for the production of heavier 
quarks. 

:_ ., 
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Table VIII. Heavy quark production in pH collisions through the 
mechanisms discussed in Section 2.7. See Eq.(llO). 

c-c : m = 1.5GeV 

6OGeV 1. 10-30cm2 
540GeV 3 s 10-30cm2 
2000GeV 4. 10-30cm2 

bb : m = 5GeV 

5. 10-30cm2 
40 G 10-30cm2 
50. 10-30cm2 

6OGeV 
540GeV 

2000GeV 
tt : 

540GeV 
2000GeV 

tt : 

1.5. 10-32cm2 
2. 10v31cm2 
3 10v3r cm* 
m = 20GeV 

4. 10-33cm2 
1. 10-32cm2 
m = 40GeV 

6. 10-33cm2 
2. 10-30cm2 
3. 10-30cm2 

1. 10-32cm2 
1 . 10e3’ cm2 

540GeV 
2000GeV 

3. 10-34cm2 2. 10-34cm2 
2. 10-33cm2 1. 10-32cm2 

Appendix 

Here we summarize the major points of the SU(2) x U(1) theory 
of electroweak interactions which are needed for deriving the fundamental 
properties of the W and Z bosons. The SU(2) x U(1) theory is a generaliza- 
tion of the usual theory of electromagnetism in which the coupling of 
fermions to the photon, 

(where Q measures the charge of the fermion destroyed by 11) in units of 
e) is replaced by 

where T represents weak isospin and contains implicitly a factor (l- rs)/2 
to project out the left-handed piece of the fermion. The weak hypercharge 
is represented by Y which is related to the usual electric charge by 

Q=T3+;Y. (A31 

“.. 
,... ;:. ., 

: ;:: 
_._ 

: 

:: :.. 
-. .:- 

. . 

-4o- 



r’:, 
,! 

,: 
: ,, ., 
I.:’ 

,-. ):I,/ 

VI 
a d 



:‘. 
‘, 

., 
;. 

,,,.” 

‘:,., ‘I, 
‘) 

.’ 
,;,, 
,’ 

. 
0 .; h II u 

8 3 

. 
. 

.I 



We can calculate the partial widths of the Z and W. The W+ decays into 
e+ v, with a matrix element (E is the W polarization vector) 

M= -L$&g $1 - rs)e. 
di 

(B3) 

Quite generally, a vector of mass M decaying into two light fermions with 
a matrix element 

has a width 

I-= &; + gmf. 
Thus we flnd the partial width 

(~25) 

r(W -+ eu) = * = 240MeV. 
12sin’B 

WW 

For the full width of the W, we add three times this for the ux 
(to account for color) and multiply by three for the number of fermion 
generations, to obtain a full width 

r(w)=%= 2.8 GeV. (J‘Q7) 

For the Z, the appropriate couplings to a given fermion pair are, 
from Eq.(AZO) 

gv = sino~osB(Ta- 2Qsin*O), 

$‘A = sin*ccosO(-T3)’ 

Thus the partial width to u,Y~ is 

r(z -+ u,i7,) = aM.Z 
24 sin* B cos* 0 

= 170MeV. ww 

The partial widths to v, e, u, and d are in the proportions 

l:l-4sin20+8sin4B:3(1-isin20+ysin46’) 

: 3(1 - f sin* 0 + 1 sin4 0) 

M 1 : 0.5 :1.8 : 2.3 (-430) 

Including a factor three for the number of generations, we find the branch- 
ing ratio into e+e- 

B(Z e+e-) 1 - 4 sin* 8 $8 sin4 0 -b = 

24(1- 2 sin* 0 + tJ sin4 0) 
fi; 0.031 (~431) 

and the total width of the Z 

r(z) = sin~~s20(1-2sin20+~sin40) 

w 2.8GeV 

If the Z and W widths are equal, then sin2 6 = 0.2196. 

(~32) 
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Footnotes References 

1. For a two-body to two-body scattering process with initial momenta 
p. and pb and final momenta pc and pd, the standard Mandelstam 
variables are s = (pa + pb)2, t = (pa - P~)~, and 11 = (p. - ~d)~. 

2. Really, we should have pc,,,fi in place of s. The difference is of order 
,2,/s. 

3. The erudite and/or older reader may wonder why there is no f-trajecton, 
that is, an even amplitude with s1i2 behavior. Its effect is simulated by 
the 102 ~/SO piece when s < SO. We found we could do without any 
additional even terms, so they were omitted. 
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Beyond the Standard Model in Lepton Scattering and Beta Decay 

Physics Department and Lawrence Berkeler Laboratory 

University of California, Berkeley 

Introduction 

These two lectures are an experimental review of scme aspects of 

lepton scattering and B decay, with emphasis on possible departures 

fra the standard electroweak model. I shall focus upon areas of 

recent progress. and I hope to mention a few kinds of experimental 

activity which ma.y not be wholly familiar to young researchers 

engaged in the more typical high-energy physics progrants. In most 

cases, my intent is to impart sane of the flavor of current activity, 

rather than to deliver an exhaustive review. 

The topics are organized as follws: 

I.1 Scalar currents t + ev 

1.2 Massive Neutrinos 1[,K + eY,i’V ; vN,lrN scattering 

1.3 Electron Nonconservation BP decay 

II. Heavy Gauge Bosons 

II.1 2: Limits 

II.2 d Limits: 

tlajorana Y 

Light vR 

Any YR 

eD, W, Ype scattering 

.W decay 

B, P decay 

A, K decay; U4 scattering 

0 M. Strovink 1982 
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By ‘standard model’ I mean the follaring: 

Gauge group: 

Coup1 ing constants: 

Fermions: 

Gauge bosons : 

Minimal physical Higgs: 

SU<3)C x su<21L x U(l) 

9, 9’ ; sin2ew = g’e/<ge+ 9”) 

LH doublets, RH singlets 
(no RH charged current) 

d, z”, r 

H 
0 

, mass 7300 GeV 
(strongly interacts if heavier) 

Although color SlJ(3) is very much a part of the standard model, 1 

shall not discuss its experimental tests here, The ublqui tous 

experimental conclusion ‘., OUP results agree with QCD’ has turned out 

to be difficult even for exoerts to evaluate. 

1.1 Scalar Currents 

In general, the less minima1 electrweak theories possess a richer 

Higgs structure, and motivate the search for charged as well as 

neutral Higgs, Two often-cited reviews of Higgs physics are those of 

Haber , Kane, and Stcrl ing’ and Li and McWilliamse. In the notation 

of the latter authors, charged Higgs exchange contributes to the 

Lagrangian a piece 

2’%#i&l ~vfla~f’4wr5) + Lx:f ,&(l-~5)l~~zi(x> + h-c.), 

where f and f’ are the fernions, and the right- and left-handed 

couplings q#t are related to the B’s of Ref. 1 by 

pj(ane = $M,/@$# 4,) I 

where I is the charged lopton. As an al ternat ive to producing 

on-shell H- eggs at energies which are very difficult to achieve, one 

may search for the effects of the exchange of off-shell charged 

Higgs. In particular, it is attractive to study the decay 1: + Ed 

because, when mediated by W exchange, it is suppressed by the usual 

spin arguments: Only a fraction I/-R’)’ of the electron amplitude 

is emitted with a spin which will cancel the (fully polarized) 

neutrina spin so as to conserve angular momentum about the decay 

axis. In lowest order, the calculated branching ratio is 

R eP = 
E = (Z,’ (53,‘, 

or I .287~10-~. In an early (V,A) phencnenological calculation 

including radiative corrections, Kinoshita’ obtained Rep = 

1 .233x10-’ (assuming muon-electron universality). This result has 

been reaffirmed to the level f0.a in the context of the standard 

model by a theorem on radiative corrections proved by Marciana and 

Sirl ins, and by model calculations by Golchan and Wi1son6. On the 

other hand, with the exchange of a pseudoscalar current, for example 

using the appropriate canbination of the aff,‘s above, the same 

ratio would be 5.49. Thus the experimental sensitivity to Higgs 

exchange is enhanced by an enormous factor. 

What effect upon Rep is expected frcn charged Higgs exchange? In 

the standard model, & are possible, but not minimal; Higgs coupling 

to leptans is. proportional to lepton mass: 

aff’ (I hftRf,MnH . 

In this case, Rep from Higgs exchange also is of order rn~/m~, 

and the sensitivity is lost. The best remaining leer limits upon 

charged Higgs mass arise from searches for e+e- + H*H- at PETlb?; 

limits in the neighborhood of I5 GeV are nbtaine d using various 

branching ratio assumptions. Conversely, in sane nonstandard models 

(unfortunately not including SU(2jL x SU(2jR x U(i)), 

“ff’ Q WmH ’ 

where F is the sane heavy fermion independent of f and f’. In these 

models the sensitivity of Rep to charged Higgs exchange is preserved. 
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A new meas”rements~9 of ReP has been performed in a low-energy 1[+ 

beam at the TRILHF cyclotron (Uancouuer, Canada). The beam was 

brought to rest within a stack of thin plastic scintillators, so that 

the decay C+ could not escape. A 41 cm dia x 51 cm Nal crystal 

preceded by MJPC’s analyzed the decay positrons. These apose both 

fran the decay ii + e’v, <total counts ‘%e’J and from the 

decay chain i’ + PtYp , 1’ + e+V,?p (total counts YQp,“J. 

Positron energy spectra (Fig. 1) were analyzed during the tine 

interva!s (A) 6-31 nsec, and (BJ 180-205 “set follwlng the 1(’ 

stop. The branching ratio was obtained fran the relation 

r(x+Pv) $-I N&t1 - expl-<-c;‘- ‘fi’J(174 nsec)lJ 
-=- 

r(x+Pv) 7;‘+ -7;’ N$,eexp[$U74 nscc)l - h!& 
, 

in principle Independent of the absolute time gate width, the 

beginning of the first gate, the PC fraction in the r[’ beam, and 

the m of the detector. A final value 

R e)l = (1.218 i 0.014) x lo+ 

was obtained. It provides a measure 

fp = (-0.0061 f 0.0057Jfnn, 

of the contribution of a pseudoscalar coupling to 1[,2 decay, and a 

precise test of P - e universality in the ratio of pseudoscalar 

coup1 ings: 

1; / f: = 0.9939 It 0.0057 , 

The corresponding lower limit on the charged Higgs mass, for the 

special case that its fcrmion coupling is proportional to heavy 

ferm+on masses, has been estimated”” to be 5350 GeU. Although 

such estimates are model-dependent. it is probably safe to conclude 

that any charged Higga coupled in this way exceeds 100 GeV I” mass. 

It IC i, pity that the impressive Hlggs mass limtt which is abtalned 

from these data applies only to a 1 lmi ted class of gauge models. 

ENERGY iMeVI 

FIG. 1. Energy spectra of e” fra flc and Z’ decay I” the TRIUIF - 

Victoria - NRC Canada - 1lBC - Queens NaI crys?al, used to measure 

the i + ev branching ratlo and to search for heavy “eutr-!nos 

coup1 ing to electrons (Refs. 8, 9). She top (bottonl) spectrum is 

for decays between 6 and 31 ilB0 and X15! “set aftev the beam I’ 

StoppIng time. The small peak to the right of the top spectrum 

contains the ‘L + SY signal. amr*ur,!Inq to s2o.oco euents. Cmnpar ,5on 

of the two spectra makes the branching patio determination 

insens,tlue to several sources of possible systematic tincertalnty. 

:- 

.- .._ _:. 
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I .2 Hassiur Wrutrinor 

This section will be devoted to possible neutrina tnasses which are 

quite large by comparison to those often discussed -- larger than 5 

MeU, to be specific. I have chosen not to review the “cry 

interesting subject of VP mass measurements tn the range below ~100 

cU, because as yet little new data have appeared follcwing 

publication” of the positive ITEP result. Many new experiments are 

in progress, but scant information about them and about the ITEP 

measurement do not permit firm conclusions. A brief review’s by 

C.S. Wu is useful for criticisre and further references on this topic. 

The mass range above 5 MeV is the “incoherent limit’ in neutrino 

mixing -- my oscillations would be too fast to detect. In what 

follows, and In the accompanying lectures by H.H. Williams which 

will discuss Y oscillations in detail, it will becane evident that 

experimental methods other than detection of Y oscillations are more 

sensitive for searches in much of this mass region. 

1.2.1 Massive Neutrinos in ‘I,K 4 PY,PY Decay 

Any neutrino fra lt or K decay must have a mass belcw 9350 IWJ. In 

most of that range, so that an excessive contribution to the mass of 

the universe can be avoided, a massive neutrino must be unstable, 
13 

Lcptons in that mass range coupled with Fermi strength would be 

relatively long-lived; typical experiments would not be sensitive to 

their decay products. Irrespective of stability, neutrinos above f5 

MeU we expccted’e to have ‘frozen out’ at a temperature too high 

to affect strongly the primordial nucleosynthasis of light elements. 

A minimal extension of the standard model can accoernodate massiw 

neutrinos. To avoid lepton nonconservation associated uith h self 

(Majorana) mass term, the ‘minimal’ massive ntutrinn can be a four- 

component Dirac apinor. Its right-handed part, IiKe thit of the 

charged lepton, need not interact. As in the quark sector, lepton 

flavor mixing may be introduced:‘4 

The mass eigenstates PI, ~2, and r’s, coup1 ing mainly to electrons, 

muons, and tauons, respectively, are Known to be less massive than 50 

eU, 500 KeU, and 250 HeU. A sufficiently masCiv@ Yg, for exWpl@, 

could be found in the decay i+ + e+Ve , if the electron mixing 

ratio Ue3 were large enough. The spectrum of positron momenta in 

this decay would show the usual spike corresponding to PI emission, 

and a snaller spilte at lcwer energy corresponding to V3 emission. An 

analogy is provided by the decomposition 42 K” z KL i KS of the 

neutral Kaon produced in association with a A”. Hwever, in the 

neutrino case, the mixing angles arc <(45o, the masses are highly 

nondegenerate, and, for the neutrino masses considered here, the two 

mass eigenstates are (observationally) incoherent. 

It is clear that a second mass spiKe in 1( and K two-body leptonic 

decay would provide strilting evidence of a heavy neutrino and 

iramrdlate determination of its m&ss. With sufficient mixing, 

searches in these channels are sensitive to neutrinos of the 

appropriate mass in any lepton generation, including those which have 

defied discovery by other means. Especially In ie2 and Ke2 

decay, the spin argument mentioned in section I.1 enhances the 

relative probability of obtaining the heavy-neutrino final state. 

Relevant experiments in three-body decays also are possible, but the 

signatures are much less clean. 

Many experiments contribute to the present limits on lUsi ie and 

IUeit2 in various neutrino mass ranges. Figure 2 displays the Ilf 
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Momentum (MeV/c 1 

FIG. 2. tlcmentun spectra fran K* decay in the Tokyo - KEK - Tsukuba 

magnetic spectrograph (Ref. 15). The top spectrum results frcn 

magnctlc analysis of all charged particles; the bottaa spectrum is 

the final distribution of decay muon munenta with use of photon veto 

and particle identification, 

momentum spectrum from K’ decay in the Tokyo - KEK - Tsukuba 

magnetic spectrograph.” Figure 3 exhibits the corresponding 

1 imi ts on lUpi 1’ fro-n these data and fran earlier expert- 

ae n t 5 . 16-13 The P’ energy spectrum frca XI+ decay in a plastic 

sc!ntillator at SIN’* 1s depicted in Fig. 4. The corresponding 

I imit on Il$i I2 appears in the top graph in Fig. 5, together with 

that of a previous cmnpilation by R.E. Shrock.” The bottom graph 

in Fig. 5 displays the limits on IUei le obtained from the search’ 

for monoenergetic peaks and from the measurementa of the <eY 

branching ratio in the TRIl?iF experiment discussed in section 1.1. 

Over most of the kinematic range accessible in 1[ and K decay, the 

present experimental limits are already quite stringent. Roughly 

speaking, for 5 < mtvi) < 120 MeU, IUei 1’ < lo-’ ; for 

10 ( mtvi) < 320 HeV, lUai 1’ ( 10 
-4 

. BY way of canparison, in 

the quark sector, IUds I2 x 0.05 . The major area remaining to be 

explored is that of relatively light ((5 MeU) neutrinos coupled to 

muons. 

1.2.2 Massive Neutrinos in PN and VN Scattering 

Exprrimentally, it has been possible to search for heavy neutrinos of 

the muon type in the mass range belar ~10 GeV, in the reactions 

C4 N 4 R” X (uia WR exchange) 

VP N -I Ilo X <uia Zp exchange) . 

Right-handed coupling is assumed in the charged-current case, in order 

to provide the flR with a ‘natural’ neutral partner, and to conform 

to the available muon beam helicity. The experimental sensitivities 

are such that detectable Ho couplings must be TGFermi, i.e. 

MIWR) $ M(Y) . Unfortunately, the simplest such ‘hybrid’ gauge 

model predicts parity conservation as Y -I 0 in e-D scattering, uhich 

is not seen. ” Figure 6 is an example of the search for t?’ 

muoproduc t i on 
3.1 

among 122,965 background events (mostly charm 

:_ 
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Muon Momentum p, (MeV/c) 

235 230 220 210 200 180 160 140 I20 II 

U, Mo+ss Limit 

Limit from L/p-- 4% Oscillation 

100 zoo 300 

Neutrino Mass m,, (MeV/czl 

IO 

FIG. 3. Limits on muon mixing ratio lUpi le of hypothetical heavy 

neutrinos, us. neutrino mess. The new limit from the Tokyo - KEK - 

Tsukuba magnetic spectragraph is indicated. Other bounds shown are: 

KCz range measurement (Ref. 16); K’ + C+VPV decay experiment 

(Ref. 17); and recent tip2 heavy neutrino search (Ref. 18). The wauy 

line shcus the limit frcaa a neutrino-oscillation experiment (Ref. 

i?). 

I 
-201 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 

0 2w Lo3 603 8co xxx) 

PHA CHANNEL NUMBER X 

FIG. 4. Pulse height spectra of F’ frue 1+ decay in the SIN plastic 

scintiilator (Ref. 18). (a) Uncorrected spectrum of muon pulse 

heights for VI* lifetimes fraa 65 to 85 nsec. The ordinate scale is 

linear belw I and logarithmic above 1. Points wcth error bars are 

coints per group of 8 PWI channels. The curves are: (A) Poisson fit 

to the peak region, channels 522-690; (8) estimate of accidental 

background; (0 background due to rediat ive decay <+ 4 P+y,,l’. 

<b) Experimental points of (a) after subtraction of curves A, B, and 

C. The channel number is (muon kinetic energy/d.5 KeU) - 27. 

: 
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--- ref[ I 
_ ref.1 1 
*-*** this experiment 

Lr.7--.r%.7 . 
‘. *.*a * . . . . . . -.:.- 

t 10 15 20 25 1 30 

ASSUMED NEUTRINO MASS my, IMeVlc’l 

J 
i4 0 

FIG. 5. The upper graph shows the upper 1 imi t (Ref. 18) on the 

branching ratio TCr(’ + P’v~)/TCX+ + P’YL), where vH (YL) is 

the heavy Ilight) neutrino emltted in the decay ?I’ l P’v,,, ~5, the 

assumed Y,, mass. This 15 the lcw-energy complement to F!g. 3. The 

dashed 1 ine is the previous upper 1 init, taken from the ccrepilation 

by R.E. Shrock (Ref. 14). The lcwer graph shows the 11nits on the 

electron mixing ratio IUeiI* af hrpothetlcal heavy neutrinos, ve., 

neutrino mass. Curve (a) is the limit obtained frarl the search for 

monoenerqet ic peaks (Ref. 9): CLIPV~ Ib) is the limit obtained frca 

the 1( + eY branch Ing ratio <Ref. 8). 

FIG. 6. Two-muon-final-state data from the Berkeley - Fermilab - 

Princeton muon scattering experiment at 209 GeU (Ref. 21). EVefItS 

were analyzed as muon scattering ui th single extra muon production 

(for. example, by charm Parr production with one semlleptonlc decay). 

!Ldgarithmlc) event populations we dtsplared in blnr of cv~rtuil 

photon) -1R’ and produced muon martenturn transverse to d. The Monte 

Carlo dlstrlbutlon Cb). in contrast to the data (a), shows the large 

transverse manenta expected in production and V’(8-i’B decAu of a 

hrpathetica.1 heavy muon neutrlno flo of mass 5 GeV. 

: ., 
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muoproduction with single scnileptonic decw). For a right-handed 

c+ - t?* coupling uith Fermi strength, arsweing typical leptonic 

branching ratios, that expwirecnt obtained the n&z= limit 

ti&) < 9 GeU (90% confidence) . 

Assuning 1. Fermi-strength Ho - neutrino coup1 ing, an analYsisea of 

GEBC VN + Pe md CDHS kif + VP data has found 9G%-confidence upper 

limits upon M(t4o) of 4 and 6 GeU, respectively. 

1.3 Elcctrm Nmcmsww~tim in lkublc t L’%C~Y 

I hwe chosen not to review the lively field of lepton m 

nonconrcrv~tion, primarily because the famous SIN P - c convcrsim 

1 imi t *@ is no longer a new result, but IS yet has not been im- 

proved upon. Instead I shall discuss possible nonconseruation of 

ieptonr thcnselues, in the context of H &car. &t present, a surge 

of new interest is centered upon this old topic. However, the 

experiments and the phenomenoloqy are difficult, and are outside the 

expertise of most particle physicists 1 ike myself. This Gwwner 

Institute will benefit fran the more authoritative lecture of F. 

Bochm, uho & an expert. 

In the diagram in Fig. 7(a), lepton conservation would require that 

the two neutrino lines be external, corresponding to two-neutrino 

double B decry Wi%ZVjl. Double P decay has been observed indirectly 

fran geochemical measurements at sonPthing like the lifetime expected 

for BP(2y) decay, i.e. ~CI**-~’ Y. In this mode, the energy sum of 

the two electrons is expected to be centered broadly at % Q/3, where 

Q, the total kinetic energy released, is typlcallr 1 to 4 Hew, 

depending upon the nuclear RBSS~S involved. 

If the two neutrino lines join to form one internal line, one has 

zero-neutrino double B decay ISBCOV)I. The electron energy sum is o 

a) 
fNonrelativistic 

n I P 
WL ’ 

r- 

e- 
Majorana v 4 

Mojorana v 9 

k e- 
n WL 

P 
t Nonrelativistic 

b) 

n-P 

n 
, 

P 

FIG. 7. Diagrams for (0~) BP decay <all baryons indicated are part 

of the same nucleus). Diagram (1) illustrates the SUpprPssiOn of 

(0~) BB decay by angular momentum conseruation, even w<ih lepton- 

noncon~erv ioq tlajorlna Ye ‘5, when both neutrinos have the helicity 

associated with y exchange. Diagrarss (b) and (cj restore angular 

momentum conseruation, at the expense of (b) the exchange of a 

(primarily right-handed) W,, or of (c) the mixing of L (primarily 

left-handed) W, into a WR, with finite mixing angle 5. 
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E-function at 0. Recalling that the Fermi integral for sinple B 

decay gives a lifetime 7 (I Qe4 , one expects a substantial 

phase-space enhancement for this mode, because the limrted c1 is 

shared only by the two electrons. In fact, BP decay is a process in 

which lepton nonconservation IBB(i!V)l is enhanced typically by a 

factor of *lo6 relative to lepton conservation IBP(2V!l. 

A “natural’ mechanism for electron nonconseruation is provided by 

Majorana “eutrinc8s.e’ If one requires only left-handed currents 

in the weak HamIltonian, the lepton-nonconserving term which is 

quadratic in the neutrino fields is formally equivalent to 

H = i?etlxe + .-. , 

where xe is a (Z-canponent) tlajorana field 

42x, = “eL + (YeL) 
charge conjugated . 

Thus the Majorana neutrino xe is its own antiparticle. In the 

zero-neutrino-mass limit, the physical consequences of this mechanisn 

are precisely those of the Dirac left-handed neutrino picture. The 

well-knarn differences in the Interactions of what we call “Ye” and 
,- Ye’ are ascribed entirely to the difference in neutrino helicity, 

which is canplete in this limit. The conventional neutrino and 

antineutrino are reinterpreted as the left- and right-handed 

components of the Hajoranr xe. 

For resssless left-handed Hajorana neutrinos, BB(OV) decay is still 

forbidden, no longer by lepton cmservation, but by angular mceeentum 

conservation. Again in Fig. 7Ia), if the leptonic vertices are 

left-handed and the xe line 1s inlernal, the 1, spin must flip. 

This is impossible in the zero-neutrino-mass limit. Hcwever, the 

existence of a 3exe term in the Hamiltonian provides a mechanism 

for finite X, niass. In the latter case, the xe exchanged in BB(Ov) 

decay is rncanpletelr polarized, and the neutrinoless mode is 

al 1 wed. Although not part of the standard model, finite-mass 

Majorana neutrinos are not Incompatible with modified vers!ons of 

that model. They are more natural in left-right sMrmetric gauge 

models, to which we shall return in the second lecture. 

Two possible xe mass regrons may be distrnyuished: 

(1) Llaht X, (((1 MeU). The amp1 i tude for xe exchange 1s 

suppressed by a hel ici tr factor 

(1 - 52,s B nrx,m(@) . 

A phase space enhancement factor of 10” for B$(OY) r-e1atrve to BBC2V) 

imp1 ie5 

ncx,, i lo-%(e) if TgPIOY) ( TpB~PY) . 

(2) Heavy X, 011 MeV). The anpli tude for xe exchange is 

suppressed by a propagator term :: WH(x,) . The same phase-space 

enhancement factor inpl les a I init 

MI*,) ) fO*o if roR(oV) < rPP(2V) . 

Therefore, by observing COY + 2V) BB decay at the rate expected for 

(2~) BP decay, naively one would expect to be able to I imit 

M(x,) ? 500 eV or ti(x,) 5 2 GeV . 

in practice, the data are scenewhat more restrictive, the 

calculations are more precise, and the experimental limits are more 

strIngerIt. Hwever, we shall see that conflicts exist both in the 

data and I” the calculations. 

The BP decay experiments and their tnterpretation are reviewed by 

Rose”,=’ Haxto”,aa Pr imakof f and Rosen 
27 

, and Brrnran and 

Picciotto,” where references to the experiments 
29-31 

may be 

founb. Frequently mentioned BB decays are enumerated I” Table I. A 

W-decaying Isotope must be protected by energy conservation fron 

depletion by single B decay 

I&,2) + <A,241) e-v, . 
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TABLE 1. Frequently mentIoned BB decays. 

React ion Q (MeV) Lcwer I lmit (Y) 

log,o~&<ov) 

Exp. met hod 

*‘Ca + 4eT, 4.27 21.3 a Tracking 

76Ge + “Se 2.05 21.7 b Crystal 

**Se + ePKr 3.00 21.5 = Geochemical 

‘*‘TQ $ “‘XQ 0.87 24.5 d Geochemlcal 

‘30T~ + ‘SoXe 2.54 21.1 d Geochemical 

136 Xe + ‘=Ba 2.72 -- Tracking 

- -------__- 

TABLE 2. Upper limits on m(x,) assuming that it is << 1 MeV. 

MP(Ov) experimental input Upper limit on m<re) 

T .4 C’6Ge) > 5 x 10"~ b 20 ev e 

7~<%) > 3 x loP’r c 15 ev e 

%ardin et al - -a, Ref. 29 

bFiorini et al Ref. 30 - --*9 

‘Kirsten fi 11. and Srinivasan fi al., Ref. 31 

41 ennecke d d., Ref. 32 

‘Rosen, Ref. 25 

The rystematics of nuclear masses therefore rcqulre A and 2 to be 

even, Most decays are 0’ + 0’ ; the 0’ + 2’ decay is also 

allcued for a few isotopes, for which additional information on the 

HJB(OV) decay mechanism in principle can be obtained. Double B decay 

can occur for 26 isotopes; F+F as we1 I as B-B- decays are 

possible. 

Experimental methods fall into three categories. The aeochemical 

experiments require the produced isotope to be a noble gas which is 

retained in the ore containing the decaying Isotope. The degree of 

retention and the age of the ore arc sources of uncertainty which can 

cause the lifetime to be overestimated, as opposed to the 

underestimates c-on for other systematic errors. The extent of the 

(Ov 4 2~) BB decay is inferred from mass-spectroscopic measurement of 

the abundances of the various noble-gas isotopes. The crystal 

experiments study decays of the EX natural ‘6Ge in a Ge detector, 

with or without an anticoincidence shield. With good energy 

resolution but no tracking, this method is sensitive primarily to 

FFB(Ov) decay. Typical backqrwndr are caused by Ccmpton scattering 

and photoelectric absorption of ambient r rays. The (existing and 

proposed) trackinq experiments take on a variety of forms: a foil 

source with visual track detector and scintillators; a foil source 

with a Time Projection Chamber (TPC) track detector; a ‘36Xe CO”PCQ 

doubling as a canponent of the TPC gas. Usually the energy 

resolution in tracking detectors is only fair. Praonq the backgrounds 

we r Compton scattering toqether with a knock-on electron, and ‘r 

conversion with positron charge misidentification. 

Table 2 exhibits two of the more stringent upper limits upon m(Xe) 

(aisuninq that it is <Cl MeU) discussed in Rosen’s review,*’ The 

primary uncertainties in these limits are the calculations of the 

nuclear matrix elements. As is evident in Table 3, the lcuer limit 

upon m(i,) (assuming that it is >) 1 HcV) is enormously sensitive to 

the type of nuclear potential uhich is used in these evaluationsaa3 

. . 
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TABLE 3. Leer limits on mtx,) assuming that it is >> 1 MeV. 

PB(OV> experimental input Lcwer limit on mix,) 

‘%a, ‘6Ge, and **Se 43 Ge’J = (0.5 Fm radius hard core) 

data corresponding to 

mtx,)<60 eV (older analyses) ~700 GeV = (no hard core) 

---__-----------~ ---- 

TABLE 4. Example of the effect of various calculations of the Te 

BP decay matrix elements upon the interpretation of a single 

experimental datum. (The ratio of experimental BB decay rates of 

the two Te isotopes indicated below is in conflict with a more 

recent measurement b , which is consistent with zero Xe mass.) 

Experimental input Calculated mcx,) 

-CJ3* Te: Ov+Pv) ~24 eV = 

= ~6.3fO.Z) x 1o-4 d 2~10 eV ’ 

T&C’= Te: Ov+Zv) ~25~9 ev f 

20.8-2.6 eV q 

‘Halprin, Minkowski, Primakoff, and Rosen, Ref. 33 

“i(irsten et al --A, Ref. 34 

‘Rosen <Ref. 25) usinq Primakoff and Rosen matrix element <Ref. 35) 

dHennecke et al _ _. , Ref. 32 

‘Rosen (Ref. 251 using Haxton et al matrix element (Ref. 36) - -’ 
f Doi 9 al., Ref. 37 

%!nkwski, Ref. 38 

To emphasize the great importance of further progress in understanding 

these nuclear matrix elements, I have listed four calculations of the 

%c mass in Table 4. The cannon experimental input is the ratio of 

PPBB(Ov + 2~) half-lives in 13’Te and lZQTe. This ratio is 

sensitive to the relative amounts of OV and 2V BB decay because of the 

different Q-dependence of the OY and 2V mechanisms, and the different 

Q of the BB decays of the two isotopes. (A recent measurement,3a 

consistent with m OV decay, is in conflict with the experimental 

ratio 
32 

which these calculations used.1 The calculations by Rosen 
25 

using two different matrix elements 
35-86 

we in reasonable agreement 

with that of Doi d d., 3’ but the Majorana neutrino mass obtained 

by Minkarskie* IS one order of niqni tude lcwer. Since the two 

nuclear wavefunctions should be quite similar, the 130Te/1eaTe 

ratio is regarded as a quantity which ought to be particulars amenable 

to reliable calculation. 

Table 5 reproduces M. Witherell’s cmpilation of sane of the BB decay 

experiments planned or in progress in earlr !?S2. Many of them use 

the Ge crystal technique widely associated with the experiment of 

Fiorini et al 3o - -8 Figure B reproduces portions of the energy 

spectra obtained in that measurement. The background level and its 

dependence upon the surrounding materials emphasize that the 

experiment was not rate-llmited. Figure 9, taken from Aulgnone’s 

proposal ) e9 iIlus.trnter the care with which ambient radioactivity 

must be eliminated by careful choice of <active and passive:) shielding 

materials. 

The anticipated leuei of new experimental activity in th!s exciting 

field ~.tiaulates the follcwlng cctaments: 

(1 Much of the expense and trdlum in these experiments 1s associated 

with the constructIon of a lcw-actlvlty counting environment with 

properly deslgned shteldlng and F-uff iclent overburden. Such an 

enuironment would be useful for many other scientific purpcsrr. It 

should be constructed and scheduled as part of il N&t tonal Underground 

:.. 
-. :y. 

-- :. ,~ 
.,. 
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TABLE 5. Compilation by M. Witherell (early 1982) of some new Bf, 

decay experiments. 

Institutions/participants Detector properties 

Caltech CF. Boehm) 100 cm’ Gc detector; special 

cryostat (Cu) ui th no molecular 

sieve. Outer veto with surrounding 

plastic rcintlllators ready by 

March 1982; goal ~~105~10~~y. 

Guelph (J.J. Simpson, J. L. 

Campbell, P. Jagam); Aptec, 

Toronto (tl. Malm) 

200 cm’ + 500 cm* Ge; possibly 

with active shielding. First 

crystal has been purchased. Foal 

7~>3x10z2y <9s/; confidence). 

Battelle Pacific (R. Bradzinski); 250 cm’ Ge; Nal shield. Nw 

Northwest (N. Ldogman); 

South Carolina (F.T. Avignone) 

tlilano IE. Bellotti, E. Fiorini, 

C. Liquori, A. Pullia, 

Q. Sarracino, L. Zanotti) 

U. C. Santa Barbara <D.D. Cald- 

well, R.H. Eisberg, H.S. With- 

erell); LBL (F. Goulding, 

N. tladdcn, R. Pehl) 

operating above ground. Present Ov 

I imi ts: O++O+ 4x10z1y; O++Z+ 

2x10Z'r.a 

a 
135 cm Ge(LI ); passive shielding, 

Mt. Blanc tunnel. Present OY 

limits: O++O+ 3x10z1y; 0’32’ 

2xlO”r. Late in 82: test with 

NaI shield, intrinsic Ge detector. 

IO00 cm3 Ge; Nal shield. Proposal 

pending; goal 2x10zay. 

TABLE 5 (continued)... 

Brookhaven iB. Cleveland); CUJY 10 Kg Se; radiochemical experiment. 
82 

(J. Ullman); OaK Ridge (S. Hurst, Single atah counting of Se. 

W. Chen) 

U. C. Irvine tn. Moe, A. Hahn, 15 9 82Se + 409; using Time 

F. Reines) ProjectIon Chamber. Goal: OV limit 

3x10*2y; expect serious data in 

B-12 months, first tracks in a few 

weelcs. 

U. C. Irvine (H.H. Chen, H.J. 136Xe+1S6Ba 1 iquid Xenon TPC. 

tlahler, P.J. Doe) 1000 cm’ Xe; complete feasibility 

study In about one year. 

________________ ---- ---- ----- 

“Details may be found in Avlgnone, Ref. 39 
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F!G. 8. Pulse spectra fran the Milan*-Ispra GeLi crystal IR the 

classic BB experiment operated under Mt. Blanc (Ref. 30). The 

detector for the upper spectrum (2100 h) used an 1100 Al support and 

a cryostat made of electrolytic Cu; the detector for the lwer 

spectrum (2300 h) had a supper-1 and crystal cap made of OFHC Cu. The 

decay “Ge!O+) + 76 5e(O+) would have produced a peak in the 

region of 2045 KeV, where X70 counts were observed in the high-purity 

run. Therefore, the lamit obtained uas S5 times weaker than if the 

experiment had been rate-limited. 

Cd sheer thermal neutron 

tedlar radon shield shield 

Room surrounded with dunite shielding e 
$k$(g 

,e.WW II 

sieve I! , preselectel 
‘& counted 

FET ’ 

t Selected all’glass phototubes 

ti 

lop view 

FIG. 9. ProDosed experimental setup for the Battelle Pacific - 

Northwest - South Carolina BB experiment using a Ge crystal. The 

colinting system, to be located >I280 m underground in an Idaho silver 

mine, is to be constructed mainly of pre-W II battleship steel, 

laboratory quality Pb, and sacked dunite (low U and Th). The layout 

emphasizes the importance of a properly shielded lcw-activlt) 

counting enuironment, 

. . .- :. -- -, 

..- 
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Laboratory <NUL) devoted to such neasurenents. 

0 The necessary Ge crystals may become so expensive that they should 

a.lso be acquired and scheduled as part of the underground laboratory 

facilities. 

# Caution must be exercised in scaling up the Fiorini d +I. 

experiment #so Their limit was already 95 times weaker than if the 

experiment had been rata-limited. A neu experiment merely scaled up 

by the factor F could produce a new limit stronger by less than 4F, in 

view of the probable existence of backgrounds which increase raore 

than 1 inearly with the Ge volume, 

a The crystal experiments reject background essentially by means of 

one precise cut on suancd electron energies. Additional topological 

constraints may prove to be a particularly effective means of 

background rejection. Ability to identify 2V BB decay will continue 

to be especially important in providing additional constraints on the 

nuclear matrix elements. 

II. Heavy Bavpe Bosons 

Beyond the standard electrweak model, it is possible that additional 
+ + 

gauge bosons Zz, Z”,,.. and &, &,.. exist at higher maSseS. 

Recently, a great deal of attention has been focussed upon the 

‘left-right swxnetric’ gauge model based on the QrOup 

SU(2)L x su(2!R x u(l)B-L C Q = T3L+T3R’(B-LI/2 1 

as an al ternat ive to the standard group 

SU(2)L x u<i+ I Q=T,+Y/2 1 . 

Table 6 is a partial surrmary of the canparative properties of the two 

models. The left-right sywnetric model has scme aesthetic advantages: 

II Parity invariance would be restored for four-manentom transfers 

above the masses of the two heavier gauge bosons W, and Za. 

I) Right-handed and left-handed fermlons are assigned snwnetrically to 

doublets. 

u Right-handed ntutrino interactions could suggest finite neutrino 

masses, which, for example, might close the universe. 

# The U(1) quantum number CorrespondinQ to hypercharge in the 

standard model is B-L . 

Boredom in the ‘desert’ above the W, and 2, masses may be ret ieued 

if the W, or Zp is sufficiently light, which is an advantage at 

least for experimenters. Unfortunately, the SU(2)L x SU(21R x LItI) 

mOdeI will be with us for at least as long as the standard model, 

since the experimental consequences are the same in the infinite W, 

and 22 mass limit. 

If there are right-handed charged currents, in general the U inass 

eigenstates WI and We need not be the same as the le+t- and right- 

handed helicity eigenstates WL and WR: 

: 1.. 

CDS 3 sin 3 

-sin 3 co5 3 
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T&BLE 6. Comparative properties of SlJ(2jL x U<I) and 

su(2)L x su(2)R x U(1). 

Properties slH2)L x U(l) SU(21L x sll(2)R x U(1) 

HIQQS H’(l) t?(L), G:(4) 

(mass of order (1 neutral mass of order H!W,) , 

M(W)) other P of order II( 

Fermions LH doublets <W); 

RH singlets 

LH doublets (W,); 

RH doublets (We) 

g+ .z 
Mixing sin*$ = - sin 

2 Q 

Q2+gJ 
$ = - 

Q2’2Q’= 

Masses cos ew = tl(W)M<Z) co5 8 = H(W,)M(2,): 

(Xc05 2ej~/cos 8 = MIW,)/tl(Z,) 

------ --- ----__-- -------- 

In particular, a finite mixing angle 3 could be manifested at 

presently accessible energies even if the ratio 

L = tl*(W,j / Ma~W,) 

is zero. The parameters 3 and 6 generally are used” to provide 

a conuenient, physical description of right-handed charged-current 

phPnmenO1 ogr. The weak mixing angle s must be included for the 

neutral currents since it affects their chirality. Since $ relates 

the charged and neutral gauge boson masses <Table 6), we may use 

HtW,) as the mass parameter for both neutral and charged currents. 

It will be close to M(W) in the standard model, as 6 and 3 are small. 

II.1 2,” Limits 

The major experimental inputs to the phenunenology of heavy neutral 

QauQc bosons have been (I) polarized e-D scattering at SLAC; 

(ii) Y,,N and ?,,N scattering; and (iii) V,e- and v,,e- elastic 

scattering. In general, mixing between the three neutral gauge bosons 

can occur. To obtain 2,” mass limits, it has been necessary to 

simplify the analysis by making assumptions about the HigQs 

structure. lo a certain extent, progress in the phenomenology has 

been achieved by iteration. At present, the exhaustive analysis by 

Rizto and Senjanouic’* is widely cited. These authors discuss the 

experimental consequences ai the SU(2jL x SU(2jR x Ml) model in 

the context of ‘popular’ choices for the HiQgs multiplets. 

Essentially, the effective Hamiltonia for reactIons (i), (ii), and 

(ii&) get modified by the existence of 2: in various (canpler!) 

ways, InconsIstencies then develop in different measurements of the 

parameters of the standard model, for example s~neB, . The 

experimentally allowed subset of the 3-S-since parameter space 

thereby can be sapped out. 

.._ 

. 

‘,. 
: 

The present conclusions are the follcu!ng: 
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1. All neutral current data can be fitted uith SU(2)L x U(l) 

values: 

Z=S=O; sin*@w = 0.21~0.014 4s ; H(U,) 2 81 GeY . 

2. From neutral current data alone, the experimental constraints can 

be satisfied with (not all at once!) 

0 i I<1 ! 0.05 ; 0 ! S i 0.24 ; 0.20 ? sinsB ? 0.28 . 

The limit on C corresponds to M(W,) ! 165 G&J . 

3. If SG(lO) grand unification is imposed, relating sins8 at 

lcu energy to its value 318 at the unification mass, tuo regimes 

survive: 

rinse :: 0.27 and MtWsI $ 150-250 GeU ; I?c 

sins$ :: 0.22 and MtU,l 5 lo9 GeU . 

A releuant experimental result which could be obtained at the SLAG 

Linear Collider has been discussed by Holli1(.4s First the 2: 

mass is measured and the parameters of the standard model adjusted to 

agree with it. (It is assumed that the low-energy measurements of 

sinsew will not be so precise as to prevent that adjustment.) Then 

the helicity l syesaetry of e’e- + P’C- near the 2: pole is 

cuepared with the standard model prediction. After one year of 

measurement at the ZT, with 50% electron polarization, one may be 

able to reach the 1 imit 

Mt2,“l i 350 GeV . 

To summar i cc, neutral-current limits on heavy gauge boscms are only 

moderately restrictive, and appear to be unlikely to improve 

radically in the short term. Their analysis is complex and model- 

dependent. On the bright side, much of the experimental input useful 

for setting these limits is independent of the mass of any right- 

handed neutrino, because that neutrino in many cases does not need to 

be vroduced. 

II.2 $ Limits 

I shall discuss phenomenoloQiCa1 limits on the existence of a heavy 

charged gauge boson wz with predcninantly right-handed coupling, 

in the context of three different possibilities concerning the right- 

handed neutrino Yg to which it couples: (1) VR is a Majorana 

neutrino; (2) YQ is light, for example compared to the muon mass; 

(3) no assumption is made with regard to YQ. As usual, the 

parameters in which these 1 imits wi I1 be expressed are the W,-Ws 

mass-square ratio L and mixing angle 5 I 

11.2.1 W$ Limits for Majorana YQ 

We have seen that the existence of Majorana neutrinos in a certain 

mass range would mahe zero-neutrino double beta decay toP( 

obseruabl e . Irrespective of the existence of any right-handed W, 

non-observation of H%(Ov) decay excludes Majorana electron neutrinos 

tX,I with left-handed coup1 ing over the range %20 eU - 43 Ge’J ; 

data at the endpoint of tritiun single B-decayI restrict M(Xe) 

? 50 eu * If Hajorana neutrinos exist uell belau this mass range, 

PKOv) decay at experimentally interesting levels stil! could occur if 

the right-handed W parameters C or c were large enough. Turning 

back to Fig. 7, diagram (b) illustrates W(OV) decay mediated by Us 

exchange (relative amplitude suppressed by 6 ?, and diagram (c) 

illustrates WB(Ov) decay made possible by mixing of an exchanged WI 

into a Wg (relative amplitude suppressed by 5 1. Since the 

(nonrelativistic) hadron vertices have no strong helicity 

suppressi on, these two diagrams are expected to interfere. 

In general, any null experimental result will take the form of a 

contour in 6, 5 space within which these parameters are limited. I 

conclude fran Fig. 7 that: 

0 A limit frtn BB(OY) decay obtained on 6 (i.e. M<W,)), assuming 

.j _ 
: 

_’ .: 
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that 5 is zero, is equivalent to a limit on 3 of the saw@ order of 

magnitude, assuming that S is zero. 

b Since diagrams 7(b) and 7(c) are expected to interfere, the 

corresponding contour in 6, < space probably is skewed. 

b Since the interference is not likely to be ccmnplete, the contour 

should be closed. 

To the best of my knauledge, the correlated limits on S and S 

corresponding to BBtOv) decays of experimental interest remain to be 

calculated. Assuming that 3 = 0 , Rosenz5 has quoted the following 

bounds on 6 , based on BB(Ov) 1 imits: 

“Se: s < 1.8 Y 1o-5 I H(W,) ) 19 TeU 1 

“Ge: s ( 3.5 x lo-* I MCW,) > 13.7 TeU I . 

He cautions that uncertainties in the nuclear matrix elements could 

make the limits on 6 two orders of magnitude weaker. If the nor@ 

conservative I imit h ? 10-e were adopted, it would cnrrcspond to 

NIW,) ? 2.6 TeV . This is still a very impressive limit, 

compartd to what ie. possible with other experimental trchniques. 

It is important to keep in mind u the assumptions which raust be 

made in order to derive m information on right-handed W’s from 

neutrinoless double B decay: 

e Lepton flavors, leptans thenselvcs, and B-L cannot be consrrued. 

a The participating Hajorana neutrino must have appreciable coupling 

& to right-handed and to left-handed W’s. This is a terribly 

restrictive rcquirewent, satisfied by no gauge model of which I am 

&wPPP. In typical models the neutrinos which couple to WR and to 

WL have vastly different masses, and mix by an angle only of the 

order of their mass ratio. 

# The Majorana electron neutrino must be lighter than X20 eV -- 

otherwise, WL-mediated BP(Ov) decay already would have been obserued. 

Unfortunatslr, attempts44 to calculate neutrino mae.@.es in the 

context of grand unified theories instead have obtained right-handed 

neutrino masc.@s of the order of M(We) or higher. This is a general 

criticism of any experiment searching for WR effects in rractions 

requiring production of right-handed neutrinos. 

11.2.2 ld$ Limits for Light vR 

As we have seen, measurements of ¶ and K decay into eV and Py rule out 

the existence of neutrinos having appreciable coupling to electron5 

and RUDIIS over much of the ma@.= range z 5-350 HeU . SO, ‘light 

“R ’ will refer to neutrinos beluv ~5 MeU in mass, of either the 

Dirac or rlajorana type. In what follows, 1 t will be assumed that the 

reaction discussed is not affected kinematically by any finite 

neutrino mass. 

Figure 10 illustrates schematically a ‘general” first-order charged- 

current semileptnnic or leptonic diagram and the modifications to that 

diagram which could arice fran a right-handed W. In addition to the 

usual diagram (al, one may have Ib) We exchange, Cc) WL-WR mixing 

at the neutrino (upper) vertex, and Cd) WL-WR mixing opposite to 

the neutrino vertex. The distinction b@tween Ccl and Cd) is prrsent 

only for semileptonic processes, for which diagram Cc) requires that 

a right-handed neutrino be produced, but diagram Cd) does not. 

Because the vertices at the bottua of diagrams (b) and (c) have 

opposite helicity, those diagrams will interfere only for a 

semileptonic process with nonrelativistic hadrons. Diagrams (.a) and 

Cd) will interfere under the same conditions. When there is no 

interference. the relative rates a!-@ (a) 1 , (b) L* , Cc) z= , 

and Cdl 5’ . Interference between Ib) and Cc) produces a SF term. 

In principle, first-order sensitivity to < could arise from 

int@rference between <a) and fd), but there appears to be no obvious 

experimental signature for that interference. With ?ypical choices 

for the Higgs sector in SUC2)L x SU(2)R x U(I), < is of the same 

order as b . Therefore, relative effects of right-handed currents 

upon experimentally measured quantities are of the order of the 

square of the small parameter S , or the fourth payer of the ratio 
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a) b) 
q or q 

--&is: (L.H.1 IkCOS;R( R.H.) 

WI I w2 / 
I I I 
I I 

‘-cos( (L.H.1 (p-l, 

M(wLMIIwR) . 

uR 

tcos 5 (L.H.) (p-1, 

d) 

uL or vL 

I\ cos 5 (L.H.) 

WI I 
I 

bin 5 (R.H.) C,B-Ii 

FIG. 10. Left- and right-handed charged-current vertices. Mass 

eigenstates WI ,2 transform to hel ici ty eigenstates W,,R with 

mixing angle <. One neutrino is always at the top vertex; in a 

semileptonic process the quarks are at the bottom vertex. Oi agram 

(a) is the daninant left-handed process, and diagram [b) is heavy W 

exchange. Diagrams (c) *nd (d) exhibit WL- WR mixing Ic) at the 

neu tr i no vertex , and (d) opposite to the neutrino vertex. Di agrans 

(b) and (cl may interfere with each other, but not with (11 if vR is 

orthogonal to vL. If the process is senileptonic, diagram cd) is of 

special interest because YR need not be produced. 

Table 7 lists a number of experimentally measurable quantities and 

their sensitivity to L and T . With the exception of the last 

entry, these are ‘lar-energy’ or at most ‘medium-energy neasureraents. 

The reason is simple enough: B or C decay experiments usually can 

be performed with greater precision than is possible for processes at 

higher energy. The relative effects of WR and WL exchange are 

independent of qe below the mass-squared of the I ightest W. BY that 

standard, every experiment which can be performed today is a low- 

energy experiment. 

The semileptonlc decays (l)-(4) in Table 7 exhibit the cross terms in 

L and < characteristtc of interference between diagrams (b) and 

Cc). The interference is complete, resulting in limit contours on the 

& - < plane which are open. Sunning over positron spin, the muon 

decay parameters (5) as usual are defined by 

= ” (3-2x) 4 (4P/3-1)(4x-3) + 12(ne/mpx)~l-x)l - 
~ a 
x’dxdcoe.0 - 1(2x-l) + 14AI3-1)(4r-3)1 E,Ppcos$ , 

where x is the reduced positron energy and 8 is the angle between 

its direction of emission and P vector opposite to the muon spin 

direction. (This vector is the beam direction in many experiments.) 

The niche1 parameters are the smetric shape pxameter P , the 

asnmetric shape parameter d , the lw-energy parameter 9 , and the 

polarization parameter 4 . Any ueak-interaction model prescribes 

their values; !n the standard model p = A = 3/4 , I = 0 , 5. = 1 . 

The flichel parameters themselves have no particular theoretical 

significance, as they are at least two transformations removed from 

the Lagrangian. As it turns out, A and rl are insensitive to 6 

and 5 , while P and 5 are sensitive to h’ and F’ but not 

to cc ) as must be the case for a purely leptonic decay. Experiments 

determtning t in fact always measure CPp , where Pg i+ the 

polarizatton of a P’ from f’ decry at rest. The sensitivity of the 

: 

:-. 
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TARLE 7. ExperImental sensltiui ty to the phenomenological parameters 

6 < = M?WLh’f4k,$) and 5 IWL-WR mixing anglei which characterize 

possible right-handed charged weak currents. 

Measurement Diagrams Sensitive to: 

CFlg. 10) (lowest order) 

1. P(B!/P(P&+ (Fermi 1 b,c 
2. P(B)/P(P)U+ (Gamow-Tel ler 1 b,c 
3. i(l. - 2.) I above b,c 
4, Pp in K + Pv b,c 

5. Muon decay parameters: 

4, q 

(4/3)P 

6 

5Pp ifrLan f decay) 

Rate at endpolnt of )L’ decay 

spectrum opposite to P+ spin 

--- 
c,d 

b,c ,d 

b,c,d 

b,c rd 

&/dy(iNJ - Cl-y)*dUdy(vN) 
6. 

do/dyikN*l) - CI-r,2~/dy(~) 
d 

I - 21s-<)2 

1 - 2c6*02 

B1651 

1 - 2(6r2)2 

--- 
1 - 2c 
1 - 2(S21 5*> 
I - 4(S21 sz + C2) 

4(1-x) + (I-case) + 

+ 4(L2+ s< + !d) 

qR Os(l-Y) 
- + - 

qL OT(l+fY) 

IqR/qL ? $1 

---__-__ ------ -----_--_ 

experiment both to S and to 5 thereby is nearly doubled. If 

instead the rate at (x = 1, cos 9 = 1) is measured, the sensitivity 

to S and 5 is very similar. 

Figure 11 exhibits the contours 4o which limit S and <. Measure- 

ments of P, 45 e;Pp ,*e P(B)/P(B++., (Gamw-Tel!er),47 and the aswe- 

metry in 19Ne B deca~~~ provide the important limits. The closed 

contour corresponds to 5Pp > 0.946 , from the lP66 measurement of 

f' decay in emulsion at Dubna. The other measurements we of similar 

vintage. 

As an exampie of one attempt to make new progress rn this venerable 

field, I shall describe briefly the Berkeley - Northwestern - TRlUMF 

search 49 for right-handed currents at the endpoint of the muon decay 

spectrum. Thtr is just an advertisement, since no result is available 

yet. We hope to measure a quantity very similar to BP,, with an 

accuracy approaching 0.1%. A null result then would restrict H(W’) 7 

600 GeU assuming 5 = 0 . The measurement exploits the nearly 

complete polarization !n the TRILHF bean of ‘surface’ muons derived 

fran it’ decay at rest. lhe PC we stopped in essentially non- 

depolarizing pure metal foils within a %I2 kgausr longitudinal field 

that preserves their spin alignment. Within 200 wad of the beam 

direction and 10X of the endpoint energy, decay positrons are mmwntum- 

analyzed to 0.3. In the (x + 1, coo e -) 1) limit, the standard model 

requires the muon decay rate to vanish. Near the same I imi t, any 

muon-decay component which is mediated by a right-handed current would 

have its maximum rate. When the fl2 kgauss ‘holding” field is 

replaced by a 570 gauss transverse field, the stopped muon spin 

pre.cesses, removing most of the longitudinal polarization. tr*ta 

collected under the latter conditions we displayed in Fly. 12, which 

shows the characteristic sharp edge at x=1, At this early stage 

of the experiment, the momentum resolution, statistlcal pcwer, and 

consistency of the data between different target types have met our 

expectations, but more analysis remarns to be done. 

. . 

. 



M (WR 1 (G&‘/c* 1 

600 400 300 250 220 zoo’ 
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0.15 
I 
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-.-. ,,G-T 
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A(O) 
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FIG. il. Present two-standard-deviation limits on the Y,R 

mass-squared ratio h and mixing angle 5 describing right-handed 

charged currents. The contours labclled P (Ref. 45) and bPp <Ref. 

46) are fra measurement of those muon decay parameters; the contour 

labelled P,“” <Ref. 47) is fraa measurement of B polarization in 

Gamcw-Teller decay; and the dashed contour (Ref. 48) is from 

measurement of the asymnetry in “Ne B decay, with additional 

assumptions. Not shown is the limit from comparison of do/dytiiN) 

with dQ/dyCk’N), which lies ~1.5~ beyond that from P, but is 

independent of the YR masc.. 

\ 
‘.- c 

FIG. 12. Endpoint spectrum in reduced c’ morncntun X fraR decay of 

unpolarized P’ an the Berkeley - Northwestern - TRIUfF spectrueeter 

designed to measure tPp to very high accuracy (Ref. 49). Beam PC 

(iran i’ decay at rest) stop in a thin metal foil within a rcqlon of 

weak perpendicular (as shcwn) or strong parallel magnetic f!eld -- 

the latter to preserve their essentially canplete polarization. The 

experiment consists of a precise canpar~son of the two endpoInt 

SpPCtra. As seen from the sharp edqe, the gav~~!an part of the et 

momentum resolution 1s less than 0.2% was. 
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11.2.3 4 Limits for Any vR 

If & assumption is made regarding the mass of the (Dirac cc Majorana) 

right-handed neutrino, an interesting I imi t on right-handed currents 

has been provided by only one semileptonic reaction: ccmpar i son of 

iN and VN scattering. Additional strong but model-dependent 

limits have been calculated based on nonleptonic weak processes: the 

KL-KS mass difference, and the canparison of l$2 and $3 

decay amp1 i tudes. 

Cuaoarison of i+4 and VN scatterinq. Again referring to Fig. 10, 

it is clear that diagrams (b) and Ic) cannot contribute at a 

measurable level to antineutrino-quarU scattering, because the beam 

is derived fran X and K decays which are knaun to be 

predominantly left-handed. The linlt Y’l , where Y = V/E,, , 

corresponds to backscattering in the center of ma%. In this limit, 

the same argument which was used to explain the small ratio 

r(ll + @VI / r(l: + PY) requires diagram (a) to be suppressed relative 

to diagram (d). That is, any finite rate for deep-inelastic p-quark 

interactions at Y = 1 would be a manifestation of ldL-WR mixing. 

Of course, experiments measure i’-N rather than P-quark 

scattering; if the lonqitudinal/transuerse ratio %‘OT is not 

exactly zero, the chirality of the deep-inelastic W-hadron vertex is 

not exactly the 5aree as that of the W-lepton vertex. Using Llewellyn 

Snith’s review 
50 

as a starting point, one can derive 

da/dYti&) - (1 -y)@do/dy( Vt4> qR aS(1-Y) 
= 

do/dy(vNI - (l-Y)*do/dy(itf) 
-+- , 

qL oT(l-%Y) 

where 

q-(x) = q(x) + Pqlx) 

qRcx) = g(x) 4 S2qlx) , 

I have neglected terms of order Pl<nucl@on)/EV . Since <e is le55 

than unity, it is less than qR/qL and therefore is bounded by the 

quotient on the left-hand ride of the equation. 

The CDHS data51 were restricted to Y > 0.5 and Y ) 0.66 , in 

order to limit the systematic errors associated with the subtractions 

in that quotient (Fig. 13, top graph). In that range, the value 

0.000+0.005 was obtained for qR/qL when OS/OT was set to zero, 

leading to the 90X-confidence limit 131 ‘i 0.095 , <The CDHS 

analysis was carried to higher order in 5 and in M(nucleon)/EV .) 

The bottan graph in Fig. 13 shaus the extent to which the best fit 

qL/qR = 0 (solid line) is consistent with the experimental points. 

Bearing in mind that the horizontal bars indicate the width of the 

bins and not the err-or5 in their mean y , the figure is not 

totally reassuring; a finer scale might help. 

The limit on 3 derived from comparison of it4 and Vt4 scattering 

is x1.5x that obtained from measurement of the Hichel P param@t@rq5 

(Fig. III. Hcweuer, as emphasized earlier, the i+4 - U4 cmparison 

measures the contribution of diagram Id) in Fig. IO, which in a 

seniieptonic process does not require the VR to be produced. 

Therefore the CDHS coniribution is unique, and should be refined even 

further if at all possible. 

Calculations of the Kl-KS mass difference. In the K’, ii0 basis 

the inags. matrix is 

n &II/2 

[ I .4a/2m , 

with the KL-KS mass difference An = 2 (~“IHeffIKC) . In the 

standard model, this matrix element is calculated by means of box 

diagrams containing two W and two cup or charmed) quark propagators. 

Originally, the charmed-quark tease. was predicted by that calculation.52 

In the SLl(2)L x SU<2)R x U(1) gauge model, there are many more 

diagrams. Each exchanged W, can bacaee a We OP a (Hiqqd 6’. 
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FIG. 13. Distributions fran inclusiue fi and vN scattering in the 

CERN - Dortnund - Heidelberg - SKI&Y - Peking spectraneter at the 

CERN SPS (Ref. 51). The top graph shw% the distributions in Y of 

qR =nd qL-qR, where qL (qR) is the structure function of quarks 

with left- (right-) handed charged weak coupling (see text). It 

shws that qR is negligible fa x > 0.4. The botta graph is the 

ratio of distributions in y for ti and #f scattering in two ranges 

0-i X. The sol id 1 inc corresponds to 3 = 0, where 5 is the WL-WR 

mixing angle. 

Also, one of the W,‘s can becahe a 0’ , providing the necessary 

flavor change; the other W, becomes a 2, or 2,. Adding the 

crossed diagrams and the neutral-boson diagrams with interchanged 

quark heliclty, and squaring, one has a rae%s. 

The q-KS mass difference is calculated to be larger in this 

left-right symmetric rsodel. Part of the enhancement can be 

understood on an intuitive basis. ‘* Inside the initial or final 

pseudoscalar, say a R’, the s and a Rust have opposite spins 

and therefore the same he1 icities. In the purely left-handed 

diagrams, one quark is forced into the wrong helicity, producing a 

suppression of order [M~quark)/M(K)lZ . (This is a recurring 

theme in these lectures.) In diaqrwams with right-handed currents, 

no such suppressIon nerd take place. 

Expressing the result for M in terns of the WI-W, mass-squared 

ratio L , deForcran64 obtained the general limit 

1.6 x lo+ P’- P0 
s 5 4 

cm@nsmd)12 t 1.5 
------I 

32 

where 

p+ = 
2 loq tH(Q+)/M(w,)I 

tH(O+L+t(W,)12 - 1 
9 

and 

po = 
2 log ul~Oe~cose/?i(W, )I 

ttl(o”kosemtw,~l’ 

Previously, Beall, Bander and Soni”’ had pub1 ished the special care 

in which all Hiqgs diagrams were neglected entirely, and fairly la, 

current-quark masses (m, = 150 NeV) were chosen. (Note that the 

linit on 6 is proportional to the square of the quark laasses.) 

These authors obtained the limit 6 ! 0.0023 IH(WR) ! 1.6 TeVl . 

More conservatluely, deForcrand used ms+md i “K , and IP+*P”I ! I . 
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He obtained the limit I i o.Ii47 IM(WR) > 370 O&J1 , Despite the 

fact that bccth calculations WCFE made in the context of a particular 

gauge model, one might ;liew the ability to improve on these limits as 

an experimental figure of merit. In that case, the difference 

between the two calculations mounts to a factor of 400 in running 

time. 

mrison of Q- and G3&cw &wl i tuder. i-- In the soft-pion limi?, 

partially conserved axial-vector current algebra (P&X> may be uced 

to relate the amp1 ctudee. 4or K + 3 to those for K + 2R . Donoghue 

and Halsteln 
56 

observed that if there is no left-right inierference 

(y at one vertex and WR at the other, possible if 3 2 0 ), the 

(41=3/2) G3 ampl~ttfde is related only to the !e.mall) 01=3/‘2 part 

of the Q2 amp1 I tilde. On the other hand, if left-right interference 

were to exist, the (SI=3;2) b3 mplitude would receive a 

contribution from the ~1=1/2 part of the $2 aapl itude. This uould 

spoil the ~I=112 rule predictions for the K + 3% amp1 etude and 

slope parmeiws, which these authors characterize 
56 

as being in 

agreemen? with experiment to ‘roughly lo%.” On that basis, they 

obtain the limit 3 ? 0.004 , 

The calcuiation which led to this limit appears to have required many 

apprnximations: PCAC; the same Kabayashi-Maskawa matrix for left- and 

right-handed currents; the MIT bag; and others which in the present 

short preprinr s6 have not yet been spelled out. Because cancellations 

did play a role in that calculation , potentially the limit is numer- 

ically controversial. Perhaps a Ies.8 stringent limit (3 ( 0.02 ?) 

would be easier to justify. If PWC instead had been shown to fail in 

a 10X-level comparison with experiment, one wonders whether this could 

have been interpreted as evidence for right-handed weak currents. 

I have discussed a number of efforts -to probe dspzr+ures from the 

s?andard electroweak model, but I have not been able to present any 

evidence for such departures. After all, i t is the standard model. 

To BY taste, scme of the experinepts are beautiful. When 

fundeaental snmretries are pushed to new 1 imi ts, the experiments 

are of great interest. Unfortunately, fran the standpolnt of 

ipeclfic- alternatives to the standard model, the experiments too 

oiten are looking for high orders of improbability -- combinations of 

unconventional effects. I believe that we need fewer experiments and 

phenarienological analyses which are useful only in a lcwest-order 

description -- e.g. cl-rs) t vltr5) -- of eiectrweak processes. 

UC need moie interaction between experimenters and builders of 

partacular alternative electrcweak models which still we consistent 

with present data. 

I would like to thank R. Cahn, H. Harari, and I+. Suzuki for their 

patience in attempting to increase my understanding of same of the 

points that I have discussed. I am grateful to those who have 

contributed new results to thi; review, often in advance of 

pub1 ication. The preparatton of these lectures was supported in part 

by the Director, Office of Energy Research, Office of Basic Energy 

Sciences, High Energy Physics Division of the U.S. Department of 

Energy under Contract No. W-7405~EtiG-48. 
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I have the privilege of talking to you today about proton decay 

and neutrino oscillations, two very exciting topics which, although 

they concern mass scales different by at least twenty-three orders 

of magnitude, are both expected at some level within the framework 

0f grand unified theories (GUTS). The former, while not absolutely 

necessary, appears naturally in most GUT models while the latter 

occurs naturally in some models (e.g., SO(10)) but not in others 

(SU(5)). I will try to ignore the large presence of experts in the 

audience and to give a reasonably pedAgogica talk. Since time is 

limited, I will have to give a rather cursory discussion of some 

topics, but will try to emphasize the important concepts. I will say 

embarrassingly little about the Higgs sector, the excuse being that 

it is closely related to the subject of Prof. Susskind's lectures. 

While there exist many good reviews, I will rely particularly on 

those of Ellis 1 a 
, Langscker , and Quigg' , each of which I consider 

to be outstanding. 

The general concept of "local gauge invariance" is sufficiently 

important that it is probably useful to review it in some detail. 

I also find it quite interesting historically and will therefore 

spend 5-10 minutes reviewing (or at least refreshing in your memory) 

the concepts of local gauge invariance. I will try to explain some 

of the motivations for grand unification, including the significance 

of such questions as "Why is the charge of the electron equal to 

the charge of the proton?" We then discuss the choice of a gauge 

group: how arbitrary is it and what are the consequences? Finally, 

the theoretical introduction concludes with a discussion of the 

"nificstion mass scale, and the uncertainties in the proton lifetime 

and branching ratios. 

I will then go on to talk about experiments under way to search 

for proton decay, in particular those experiments which are beginning 

to present results. Following that I will say a little bit about new 

experiments to come on sooo, (in particular, three large water 

Cherenkov detectors), and future experiments (what are their capabil- 

ities, what is the best design?). 

Let us first recall the importance of symmetries of nature. 

Symmetries of nature are reflected in an invariance of the 

Lagrangian under symmetry transformations, and this invariance 

leads to certain conservation laws. 

symmetry Invariance of 
of nature* 

Conservation 
Lagrangian ($ Laws 

For example, for the space time symmetries (see the excellent 

review by Hill? , we have the following correspondences: 

invariance under conservation of 
space translation - momentum 

invariance under conservation of 
time translation ++ energy 

Invariance under 
spatial rotation 

conservation of 
angular momentum 

We also know that elementary particles have internal symmetries. For 

example, the invariance of the Lagrangian under a phase transforma- 

__ _. 
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tiony-+ - ectey implies that there exists a conserved current 

&!!a- 0; h t e existence of this conserved current leads to charge 

conservation. Similarly, we know that the strong interactions are 

approximately invariant under isospin rotations (up to effects of 

the quark masses). If, for example,vrepresents an isospin doublet, 

P such as (n), and we rotate the isospin axes, the description of the 

state in terms of the new isospin coordinate system is given in 

general byp' - ei';'% where 5 ,rs,Ttare just the Pauli matrices. 

If the Lagrangian is invariant under this rotation, then there exists 

a conserved isospin current: 

(1) 

for the case of free Lagrangian 

We also know now that there is an important and fundamental 

difference between what we call "global" symmetries and "local" 

symmetries. To take again a simple example, consider a case where we 

have two scalar fields e and qawith "charged" fields defined in 

the usual way 

(3) 

If we perform the phase rotation, 

essentially changing our definition of what we call t?and 4; the 

change is, however, the same at all points in space. If the 

Lagrangian is invariant under this change, we say that it possesses a 

"global" symmetry or is invariant under global phase transformations. 

If we consider a long range force, it somehow seems contrary to 

our concepts of local fields and Lorents invariance to be required to 

make the same definition for 47 8; at widely separated points in 

space. We can therefore consider requiring that the Lagrangian be 

invariant even if we perform a phase rotation by different amounts at 

different points in space. 

(equivalent to being allowed to pick different definitions of #+and 

fat different points in space). If the Lagrangian is invariant 

under such a transformation, we say that it possesses a "local 

symmetry" or is invariant under "local" phase transformations. 

d invariant under 
independent change of 
phase at each point 

3 Local Symmetry interaction 

We know in the case of electromagnetism that such a symmetry 

implies that the particles must be coupled to a field of spin one 

particles (gauge bosons), in this case the photon. 

Local Gauge Jrwariance ef Q!$Q 

Let us review in more detail local gauge invariance for quantum 

electrodynamics (QED); it will be the model or "testing ground" which 

shows us how to proceed to the more general case. If we designate 

-_ 
: .-_. 

I. 

: ., .: -. 
.: 

.- . . 
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the spin-l/2 free particle Lsgrsngian by 

dq,*; i?$P- a-v E &. 

then under the transformation 

we obtain 

(4) 

(5) 

(6) 

is not invariant under (5). We know, however, that the 

correct Lagrangian for the fermions includes an interaction term 

a"d ftrm 2 is invariant under (5) if we require that A&(x) also 

changes according to 

We can demand that (7) be true since the additional term does not 

change any of the physical observables. The gauge field tensor 

P -E, -Ea -E 

is also invariant under (7) so that the usual gauge field kinetic 

energy term 

(7) 

d-F F 
y lr/Alv 

is invariant. 

It is useful to rewrite the transformations slightly more 

formally to facilitate comparison with the more general cases. We 

designate the phase rotation by U(O), in which case the trans- 

formation becomes 

-P (x)-y’(x) - u(emx) (9) 

The U(6') then form a unitary group 

UC@,) UC&) = UC@, +s,, 
U(O) = 1 (10) 

UC-B,) U(B,) = 1 

We say that the group is Abelian since the phase rotations commute. 

U(e,)ute,) =U(B,)zJ(R) (11) 

This will not be the case for all of the other groups which we 

consider. 

We can now formally write the transformation of the gauge group 

(7) as 

A#)&A;(x) = A&(x) -&&U)"-' 
b 

(12) 

A very important property of QF.U (and other Abelian groups) is that 

particles of different charge can couple to the same photon (gauge 

-.:.. 

: _.: :_ ,: 
-.“: 
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field) and the Lagrangian is still invariant under the local gauge 

transformations. This will ~9& be true for symmetry transforma- 

tions corresponding to non-Abelian groups. 

Gauge Invariance Under Local Isospin Rotations 

In 1954, Yang and Hills 5 presented in a very beautiful paper 

the application of the ideas of local gauge invariance to the case of 

isospin rotations. It is difficult to present the motivations and 

conclusions more clearly and succinctly than what they stated in 

their abstract: 

"it Is pointed out that the usual principle of 
invariance under isotopic spin rotation is not 
consistent with the concept of localized fields. 
The possibility is explored of having invariance 
under local isotopic spin rotations. This leads 
to . ..the existence of a 4 field which has the 
same relation to the isotopic spin that the 
electromagnetic field has to the electric 
charge....The quanta of the h field are particles 
with spin unity, isotopic spin unity, and 
electric charge, e+ or sero." 

Most of the current concepts of theories invariant under local 

gauge transformations, including the three-point and four-point 

"gauge-gauge" couplings are realized in this paper. They 

A x 
3 point and 4 point gauge-gauge couplings 

visualized, however, a field coupled to strong isospin multiplets 

such as (p,") and (R:H:Ir-). We now believe, of course, that there 

are gauge fields coupled to "weak-isospin" and to "color," but not to 

strong isospin. 

In detail one proceeds in close analogy with QRU. If we let y 

represent an isodoublet, e.g.,(p,n), then the most general, local 

isospin rotation of vis given by 

As with QED, we find that the free Lagrangian 

(13) 

(14) 

is not invariant under this transformation, but that a Lagrangian 

obtained by replacing 

d u---I&- igBH (15) 

is invariant if we demand 

Br-DBr' = UBJJ-' - -+a,u)u-' 
% 

(16) 

Since Yis a two component spinor, BA and of course the terms 

depending onu in eq. (16) ate 2 x 2 matrices (simply linear combina- 

tions of 't;,r,,r,). The first term in eq. (16) is simply the 

transformation of an isospin operator under an isospin rotation and 

hence should not be surprising; the second term is completely 

analagous to the corresponding tern in eq. (12). 

Again proceeding by analogy with QED, Yang and Mills constructed 

,:_ 
-. . : .; . . , .: 
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a gauge field tensor given by a”alogous for example to 

The latter term is, if you like, also present for QED, but vanishes 

because the rotation operatora U(e) commute (as do the field opera- 

tors AA,. It is the latter term which, when the kinetic energy 

F ,,,,FA,,i8 constructed,leads to the cubic and quartlc terms 

corresponding to the three-point and four-point gauge couplings 

characteristic of all non-Abelian gauge theories. 

.Generalization of Yang-Mills Trick -- 

There is just one mire step in our discussion of local gauge 

theories, that is to understand what is required, and what the 

consequences are, for the general case; this was first realized in 
.4 

an elegant paper by Gell-Mann and Glashow (1961) in which they 

discussed “generalizations of the Yang-Mills trick.” 

“the description of all possible straightforward 
generalizations of the Yang-Mills trick. We are 
interested in such generalizations because we do 
not know for either the strong or the weak 
interactions. exactly how many intermediate 
vector fields way be involved (if any).” 

They proceed by analogy with the Yang-Mills procedure in imagining 

multiplets of N fields 

P n-f 

(’ 0 
h or n-0 

Jr- 

which transform among themselves under some symmetry operation: 

(18) 

The Eli are N x N matriCeS Which will describe the transformation Of 

the N fields belonging to-+%). We don’t know a priori how many such 

matrices will be required, so we assume that there are n of then. 

There will in general then be n gauge functions n;(x) required to 

represent the most general local transformation. Eq. (18) is for 

simplicity the infinitesimal transformation and it is exactly 

analagous to the infinitesimal form of eq. (13) for isospin. 

~W-w(x) =-VW - i/2g~i+)~x) 

Since there ate II independent gauge functions,/!i(x), one must 

introduce n gauge fields Ap;(x). Again by analogy with the isospin 

case, they are assumed to transform according to 

ti 
A&i-A;;(X) - A~i(X) ’ J,~~(~) + g~c’. (19) 

From the requirement that the Lagrangian be invariant under 

these transformations (see Ref. 6 for the details), one obtains a 

number of relatively simple, and very powerful conclusions: 

(1) [M;,MJ = iCijkMk Cijk antisymmetric and real (20) 

:. : 

.: -: 

:: 
I.. .-, ;. . . .,: 
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(the latter condition is just the Jacobi 

identity) 

That is, the multiplets which we didn't know 

anything about before, transform according to the 

N-dimensional representation of a group S; 

satisfying 

Csi ,'il * "ij* Sk 

and the Jacobi Identity. These are just the 

conditions which define a Lie Algebra. 

(2) the n gauge fields A#Fransform as a multiplet (the 

adjoint representation) of S. 

(3) All the u fields, 4; , couple to as particle 

multiulets with the same strength. --- 

(4) The ALi couple to one another. 

These results are particularly powerful since all the Lie 

Algebras have been categorized; e.g., one has the series 

W(2), SLl(3)...SU(n) 

O(7), O(8), 

Sp(V/Z) V- 4,6,8 

Exceptional Groups 

Hence, in trying to develop a local gauge theory one has a specific 

list of groups, and hence symmetries, to choose from. Point (3) 

implies that we are not allowed to tune, or turn off, any of the 

couplings between gauge bosons and particle multiplets; they are 

fixed by the requirement of gauge invariance. 

In picking a particular group, it is important to know its 

"dimensionality" which corresponds to the number of gauge fields n, 

and its "rank" which is simply the number of simultaneously- 

commuting generators of the group, and hence the number of observable 

quantum numbers which describe the members of particle multiplets. 

For W(V), the dimensionality is n -Ua- 1 and the rank isv - 1. 

Consider, for example, multiplets of strong isospin such as (p,n) and 

(~i,~~~-) which transform under isospin rotations as multiplets of 

SU(2). Since the rank of SU(2) is 1, we expect the members of any 

particle multiplet to be classified by a single quantum nunber, which 

is just the third component of isospin. Similarly, SU(3) flavor- 

multiplets such as the meson nonet, baryon decuplet, etc.,should be 

classified by 3 - 1 = 2 quantum numbers which are usually taken to be 

hypercharge and the third component of isospin, 4. 

T& Electroweak Interaction aA Quantum Chromodynamics g Examples 

(a) Electroweak 

While it is clearly beyond the scope of this talk to discuss 

in detail the electroweak interaction or quantum chromodynamics, 

let us see how, armed with our new knowledge, one might proceed. 

I!+agfne we are trying in 1965 to apply the concept of local gauge 

invariance to the weak interaction. At this point it was of course 

known that leptons appeared to come in pairs or doublets 

: .:. :: : : 
: -: : --: : ..I’ 

., 

.: 
.- .._;. ; .: 

.-. .: :. 
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where the L indicates that the charged current weak interaction 

couples only to left-handed leptons (or right-handed antileptons). 

This is very reminiscent of isospin,and if we assumed that the weak 

interaction were invariant under rotations in this "weak isospin" 

space, that would tend to imply a symmetry under SU(2). It was also 

known at this time (mostly by trial and error) that at least four 

fields are required if one wants to simultaneously explain both the 

weak and electromagnetic interactions. The two simplest group 

structures corresponding to four gauge fields are U(1) x U(1) x U(1) 

x U(1) Of W(2) x U(1). Hence the motivation to try the latter is 

quite strong. 

(b) Quantum Chromodynamics 

With regards to quantum chromodynamics, we recall first the 

motivation (or one of the strong motivations) for the introduction 

of color. The total wave function of a fermion state must be 

antisymmetric. But consider the simplest quark model wave function 

for the A++ which is expected to consist of three u-type quarks 

with their spins aligned and with relative angular momentum 1; 0. 

i ii i 
quark model 

wave function for 
A’+ 

In this case the isospin, spin, and angular momentum wave functions 

are all symmetric and hence the total wave function would be 

symmetric, contrary to the usual requirement for fermions. This 

problem was "solved" by assuming that there exist three different 

types or "coIors" of quarks (e.g.,red, blue and green). This 

additional degree of freedom then allows one to make the color part 

of the wave-function (and hence the total wave-function) 

anti-symmetric: 

A++ -I- (“R”6”B + u6uBuR + “8”R”= 
‘l-z 

US& IbR -““” -uuu - “%%e, 
(22) 

The existence of three colors of quarks also eliminated a 

discrepancy in the calculated and measured value of the ~"lifetime, 

and of course, it is now known that three colors of quarks are 

required to explain the value of R =F(ete--,hadrons)/(ete--r~+~-). 

Given the existence of this color degree of freedom, it is 

reasonable to hypothesize that the strong interaction is invariant 

under local, color rotations. That would imply the existence of 

massless gauge fields coupled to color; if we furthermore assume 

that the three colors of quark transform among themselves as a 

fundamental triplet representation, we would be led to try SU(3) 

implying the existence of eight colored "gluons." 

fw=totic Freedom 

There is one other theoretical development which is crucial 

for.grand unification: that is the concept of asymptotic freedom. 

Again we proceed by analogy to quantum electrodynamics with which 

we are more familiar. If we consider electron-electron scattering 

we have, in addition to the lowest order diagram, higher order 

-8O- 



diagrams such as vacuum polarization. 

)--I i- 
lowest 

order polarizatio" 

If we sum the higher order diagrams in a consistent fashion (keeping 

the leading logarithms), their effect can be expressed by writing 

the cross section in terms of an effective& which changes or 

"evolves" as a function of Q' according to 

i.e., if we know the effective& at Q. the" we can determine the 

effective value of4 at Q= according to eq. (23). A similar 

analysis for QCD, and also for the SIJ(2) and U(1) couplings, leads 

to three evolution equations: 

&, = -c;to,J 

where g,, ga, g3 are the coupling constants for U(l), SU(2) and 

SU (3) respectively, di = gF/4Tra"d NC is the number of generations 

or families. A significant point is that the couplings for SU(3) and 

SU(2), both of which are non-Abelian theories, decrease while the 

effective coupling for U(l), which Is a" Abelian theory, increases. 

f&sent Experiments dficotion 

Fig. 1. Variation of the running fine structure constants 
+,oc,, and .(, of the SU(3), SU(2). and U(1) subgroups of 
G. Above the scale Mx of spontaneous symmetry breaking 
they approach a cnmmon value. It is assumed that there are 
only two scales (N,,,and Mx) of symmetry breaking and fhat 
there is a plateau or desert with no new thresholds in 
between. 

The fact that the coupling constants evolve in such a way that 

at Some value Of Q' they may all have the sane value is critical to 

rhe concept of grand unification. 

Hotivation for Grand unification 

We have then our Standard Model: 

su (3) 

D’ 

SU(2) x U(1) 
< 

* 

u+,w-,ze, 
-l 

gauge symmetry under SvmmetrY buhep by 
color rotations Higgsr) W+,W',Z*massive 

unbrokenz+ssless g1uons 
co"pll"g: g5, strong coupling: g,, g, weak 

: 
,._... .’ 

-: -. : 
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In spite of the spectacular success of the Standard Model, there 

ere a number of questions which have not been answered, questions 

which motivate one to search for a still "grander" theory that 

incorporates the Standard Model Into a single framework. 

(1) Are g,, ga, g3 really unrelated? Is the value of sin'& 

(which relates the g, end g, coupling) really arbitrary? 

(2) Why is the electron charge equal to the proton charge (to a 

few parts in lOa')? 

We are now in a position to understand better the 

significance of this question. You recall that 

where g end g' are the usual "electroweak" definitions of 

the SU(2) and U(1) coupling constants. The coupling 

constant g must be the sane for quark end electron doublets 

since we sew that all non-Abelian gauge theories have 

universal couplings. In general, there is no reason for g' 

to be the same for quarks end leptons; however, if SU(2) and 

U(1) ere imbedded in a larger group they would have to be 

the same. 

(3) Can we understand why the weak coupling is left-handed, 

and why the Via msssless (if it is)? 

(4) There exist a very large number of coupilng constants to 

describe our standard model. 

54, ,I&,.%3 

m*,m,,mc ,mb’me,mb,me,mA,m,. 

3 Cabibbo angles Q,i 

1 Kobayashi-Eisskawa phase,& 

% .mw 

2 non-perturbative vacuum parameters 

It seem unlikely (unaesthetic?) that a theory should have 

so many fundamental constants. The hope is that by inbedding 

SLJ(3) x N(2) x U(1) into a larger "grand-unified" group one 

may obtain relations between many of these constants. 

(5) Our "religion" doesn't allow global symmetries. Rigorous 

baryon number conservation (or lepton number conservation) 

would appear to imply a global symmetry since there doesn't 

seem to exist any long range gauge fields coupled to these 

quantities. 

What are the clues to the gauge group? We now try in the same 

manner es we did for the electroweak and QCD to obtain clues as to 

the correct group structure for grand unification. If we wish to 

imbed SU(3) color which is rank two, and SU(2) and U(l), each of 

which is rank one, into a larger group, then we must have a group 

of at least rank four. 

SU(3) x SU(2) x U(1) 
rank 2 rank 1 

rank 1 + group of rank 4 minimum 

weak T 
3 weak 

hypercharge 
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We can then simply write down all the Lie groups of rank 4 and 

examine their suitabillty in the light of the knowledge we currently 

have. 

G xG, O(8), O(9), Sp(S), F 

SU(5) 

do not contain 
SU(3) 

would require 
u, d, s in triplet 

have only reel 
representations 

just fine 

The first two possibilities do not contain SU(3) es s sub-group. 

SU(3) x SU(3) would require the u, d and a quarks to be in e triplet 

which does not seen to be in accord with what we currently know. The 

next set of groups have only reel representations. While some of 

these groups do contain SU(3) x SU(2) X U(1) as a sub-group. they 

lead to “vector-like” theories, which sre parity conserving. While 

adjusting the masses of the quarks or intermediate vector bosons that 

couple in a left- or right-handed fashion can yield theories with 

parity violation et present energies, it may at least be said 

that these models do not naturally yield the maximal parity violation 

that is observed. Also the use of real representations allows addi- 

tional mass terms in the Lagrangien which permit the masses of the 

femions to be srbitrary. The fins1 choice, SU(5), satisfies all of 

what we currently know as we see below. 

Let us now consider the possible multiplet representations. 

Our basic family consists of 15 particles. 

x 3 for color 
I I 
U 

0 
vc “RdR; _ 

d, b 1 

9 % 
0 

=R 
= I. b 

e+ 4. 

The left-handed up end down quark occurs as a weak isospin doublet 

while the right-handed up and down quark we assume in the usual 

electroweak model to be isospin singlets. We also know that we 

consider the left-handed coclponent of the ii end a quarks to be week 

isospi” singlets. Now since any gauge theory conserves hellcity, we 

may consider all the left-handed helicity states together or all 

the right-handed helicity states. It will therefore prove 

convenient to work with the states iiL and d, in place of uRor dR 

Each of the quarks, of course, comes in three colors. In addition, 

we have a lepton doublet which contains the left-handed Vesnd e-, 

and the right-handed cooponent of the electron which we assume to be 

an isospi” singlet. We will again work with the state et instead of 

=R- 

Now let us ask how these states are classified under SU(3) x 

SU(2) x U(1). We know that the up and down quarks ere e color 

triplet end e weak doublet. Similarly, we know that the u and d 

anti-quarks transform as a color antitriplet and as a weak isospin 

singlet. Similarly, ss we already noted. the (VG c)Ltransforms se s 

color singlet and a weak isospin doublet. Finally, the et is a 

singlet under both color end weak lsospin. 

- 
., ‘. .: ‘., 
., .I. 
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(u,d) + ii,. + ciL + (V,,e-), + e’; 

(3.2) 

fl2 

Z(T.1) (1.2) Cl,11 

Color weak etc. 
triplet doublet 

Now what are the possible representations of SU(5) and in 

particular, how sre they classified under SU(3) x SU(2) x U(l)? 

That is, if we look at the elements of a particular representation 

one can ask what the classification of those elements is under 

SU(3) x SU(2) x U(1). I will not list all the possibilities, but 

two of them are of particular interest--the so-called 7 and the 10. 

The classification of these two multiplets under SU(3) x SU(2) x 

U(1) corresponds precisely with what occurs In reality. 

5 - G,l, + (1.2) 

10 -py+ (3,l) + (1,l) 

color weak 
triplet doublet 

Specifically, the observed particle states can be placed in these 

representations in the following fashion: 

uG 

dG 

0 ’ I -II 
----A-8 

“*I 0 

d,., j et 

-%a 
-% 
-dB .---- 
-et 

0 
! 

Now in SU(5) we expect to have 24 gauge bosons and we can again 

ask how these gauge bosons are classified according to SU(3) x SU(2) 

x U(1). We obtain 

24 - (8,l) + (1,3) + (1,l) + (3,7 ) + (5 ,2) 

G; W*,WO B f4 x4 

octet 
colored 

gluons 

Hence we have a” octet in color which transforms as e singlet in 

weak isospin that corresponds to our octet of color gluons. In 

addition, we have three bosons which transform as a singlet under 

color, but as s triplet in weak isospin, and a single gauge boson 

which transforms both ss a singlet under color and under weak 

iE.OSPi”. Clearly these four correspond to the Wr,Wd and B bosons 

which we require for the standard electroweak model. In addition 

we obtain twelve additional bosons, six of which transform ss a 

color triplet and a weak isospin isodoublet, and six of which 

transform as a color antitriplet and a weak doublet. These twelve 

bosons carry both color and flavor, and will connect quarks to 

entileptons and quarks to antiquarks. They will, therefore, mediate 

baryon number and lepton number violating processes. Recall that 

the fact that we have local gauge invariance prohibits US from tamPeri% 

with these couplings. They must exist if our theory is to be 

invariant under local gauge transformations with SU(5) as the gauge 

group. 
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We may now go on to consider the possible groups of rank 5. 

Groups Qf Funk 5 

SU(2) W(2) SU(2) SU(2) SU(2) 

SO(l1) 

SP(10) 3 

W(6) 

SO(10) 

no SU(3) factor 

only real representations. 
Also no 15 or 16 dimensional 
representation 

15=~3,2~+~3,1~+~~,1~+~1,2~+~~,1~ 
Does”’ t ag%%%?bserved 
breakdown 

Looks OK 

Analogous to our treatment of the group of rank 4 there is really 

only one group which appears conpletely satisfactory--that is 

SO(10). Depending on the Higgs structure, there are two possible 

ways in which SO(10) can break down. It may contain SU(5) directly 

as a subset or alternatively it may break down first to SU(4) x 

SU12) x SU(2) and subsequently to SU(3) x U(1). 

~su(5)--su(3) x SU(2) x U(l)\ 

s”(lo) LSlJ(4) x SU(2) x SlJ(2) ’ 
SU(3) x U(l) 

While we will not discuss the SO(10) model in any detail, it is 

useful to note one or two things concerning the structure of the 

gauge bosons in the particle multiplets. In the simplest scheme 

one has at least 45 gauge bosons 

45 = 24+1O+i7i+l 

These Include the onas discussed above in connection with SU(5) as 

well as more heavy bosons which can mediate proton decay. The 

simplest particle representation in this case is irreducible 

16 -10+3+1 
colorless isosinglet, Qe,,, - 0 

9 ideal candidate for vR. 

and includes in addition to the 10 and the 5 a state which is a 

singlet under both color and weak isospin, and which has charge 

equal to 0. This is then an ideal candidate for a right-handed 

neutrino. Thus a V, and hence massive neutrinos fit naturally into 

SO(10). In this case the simplest particle representation is also 

irreducible which, although perhaps not necessary. is at least 

aesthetically more satisfying. 

Reoercussions of Yniflcatioq 

Let us now go on to consider some of the repercussions of grand 

unification. Here we consider specifically the SU(5) model. 

(a) The sum of the quantum numbers of the particles in a 

representation must ba equal to 0. Thus, since Qcmis one of the 

generators of SU(5) the sum of the charges of the particles in any 

representation must be equal to 0. In particular this then Implies 

where the charge is expressed in units of the electron charge. But 

::. I, .I 

.: ::,. 

:: 
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We al.90 know that Q,, = Qd + 1 since the same W boson couples to 

lepton doublets and to quark doublets (the W boson must have a charge 

equal to that of the electron). Thus it must be true that Q, - 2/3 

and 

Q,,= 24u+ Qd’ 1 

SUfS) then explains why the charge of the proton is identically equal 

to the charge of the electron. 

(b) As we have already seen, there Is no room in either the 5 

or the IO for Y,‘(i.e.,a+). Such a state could occur as a singlet. 

Thus the existence of a right-handed neutrlno or similarly massive 

neutrinos is allowed in SU(5), though it does not occur as naturally 

as would seem to be the case for SO(10). 

(c) There exist new heavy bosons usually denoted by X,Y which 

carry both color and flavor and consequently couple quarks to 

anti-quarks and quarks to anti-leptons. The interaction terms in 

the Lagrangian are of the form 

Here the indices ot,p,&‘are color indices and repeated indices are 

to be summed over. These interaction terms may be schematically 

represented as shown in Fig. 2. 

(d) One of the most significant results from grand unification 

is the prediction for low energy couplings, and in particular for 

the value of sin”6,,. The two fundamental parameters of our grand 

Fig. 2. Typical vertices of the gauge bosons. The II 
bosons carry flavor but no color, the gluons carry color 
but not flavor, and the X and Y carry both. The X and Y 
bosons are referred to as lepto-quark bosons because of 
the vertices on the second line and as diquark bosons 
because of the vertices on the third line. 

:. : : : : : : .., : 
: 
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unification model are the mass scale of the X and Y boson, M and % 

the coupling constant g(Mx). Grand unification of course implies 

that the coupling constants for the separate groups SU(3). W(2), 

W(1) must be the same when evaluated at momentum transfers 

corresponding to the mass scale My 

o(, (M,J - 0(.&M,) * -f3(Mx) "i = g:/47r 

Using our definition of sin'9wwithin the electroweak model 

*1*%, ‘T - eL * 3 

and the fact that correct normsliration of the U(1) operator implies 

that 

g’ - @g, 

we obtain 

Hence we expect sin%,at momentum transfers corresponding to Mx to 

have a value of 310. In order to compare this prediction to our 

measurements at lower energies we must now evolve this prediction 

for sina6"to lower Q'. We do this using our expressions for evolu- 

tion derived from the renormalisation group equations (eq. 24). It 

is then a few line derivation to show that 

sina& -sp-$(v)l" $]+ ~:~~~r 
corrections 

This result corresponds to using the one loop renormelisation group 

equations and does not include the effect of thresholds. If we 

include higher order corrections and threshold effects (still 

assuming, however, that there are no new thresholds between Muand 

W,), we obtain 

I Higgs(light) 

i 
sina@,&,) - 0.208 + O.O04(NH-1) + 0.006 

where the uncertainty due to the number of light Higgs bosons, NH, 

and the value of A, has been explicitly included. For the usual 

assumptions of NH = 1 and A,- 100-200 MeV we obtain 

sin%,(M,) - 0.2142 0.002 

This may be compared with the most recent experimental value obtained 

from an analysis of deep inelastic neutrino scattering and the 

measurement of parity violation in electron deuterium scattering 

where the effect of both weak and electromagnetic radiative effects 

has been Included. The biggest effect is simply the radiation of s 

hard photon by the outgoing muon in deep inelastic charged current 

neutrino scattering. The value of sina&determined is correlated 

with the value of f - Mt /< cos'8w Including an estimate of the 

statistical and systematic errors one obtains 

sin*eu(M,) - 0.223 - 0.49(1-p=) f 0.010 f -004 

The value of? is expected to be 1.0 for any model in which the Hlggs 

bosons are either weak isospin singlets or doublets. This naive 

..: . . . . 
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value of 1.0 is, however, renormslieed top 
a 

- 0.983 by the higher 

order corrections. Assuming this value one then has 

sina8w(Ms,) - 0.215* 0.014 

The agreement of the theoretical prediction with the experimental 

value is certainly excellent, and it is this agreement which really 

motivates the ides of the desert; that is, if there existed "any new 

thresholds between M,oand My the prediction for sin"&would be 

different. 

Let us now consider baryon number violation and to begin with we 

consider several ideas to help break down our prejudices against 

baryon number violation. 

(a) First of all, our new religion tells us that "The only exact 

symmetries are gauge symmetries." Since the long-range interactions 

which would be implied by a gauge field coupled to haryon number 

do not appear to exist. one can conclude that there is no reason for 

baryon number to be rigorously observed. (It should be noted, 

however, that the SIJ(5) theory yields exact B-L conservation, which 

one would have to object to also, if one is to be fully consistent.) 

(b) Secondly, an argument is given by Hawking'that black holes 

conserve only quantum numbers associated with long-range gauge 

fields, in particular, the "ass m, angular momentum J, and the 

charge Q. In the vicinity of a black hole one may then expect to 

get baryon number violation by the following process: 

(c) There is an argument by Zeldovichq that one can obtain an 

effective AB + 0 interaction fro" the existence of virtual black 

holes with mass ;r Planck mass (10 IP GeV). Such an interaction 

would yield a rather? long proton lifetime 

1oq5 - 10Coyears 

but again gives an existence proof that baryon number may not be 

rigorously conserved. 

The interaction for baryon decay (Fig. 3) becomes, for momentum 

transfers much less than 
51 

an effective four fermion interaction in 

exactly the same way as the weak interaction becomes an effective four 

fermion interaction for momentum transfers much less than Mh 

The effective grand unification coupling constant, G6u, is related to 

the actual coupling constant g and to My 

Gnu g= g’ 
g=8n:- an; 

in exactly the same way as GF is related to the coupling constants 

g and M,,,. 

5LL Ii 8f-c 

-:.. :. . . . 
_. .: -. . . . ._ 

. . . . ;:‘y“ 

p + BH(",J,Q)-cBH(m'. J +&,, Q + 1)~BH(",J,Q) + e+ 
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?J d d . d 

Fig. 3. Diagrams for p-e%" or e*zd. The qq pair can 
form into neutral mesons such a~-ir~,p~,w,? ,1T*u; 
etc. The first three diagrams also contribute to the 
decay of bound neutrons if the spectator u quark is 
replaced by a d. 

The amplitude for proton decay will therefore be proportional to l/Ml 

and the lifetime will therefore be proportional to M: . 

Now how do we determine the unification mass I$? Again we use 

the relation between the coupling constants 

and the evolution equations (24) to show in a few lines that 

If we then plug in the values of?;(Q), (dS(Q)) and-!(Q) which we 

measure at low Qa, we can determine Mr. Again there are a few 

subtleties; namely, we must include the threshold effects at MUand 

M,, we must evaluated at MW 

and we should obtain a somewhat more accurate prediction if we use 

the "tvo loop" renormalisation equations. We then obtain 

Mg(GeV) - 2.4 IC~O'~X 

.- : .; ^ .- 
. . ..’ -.: 

_-’ :.. -. _’ . 
._’ 

where the uncertainty due to higher order terms, the treatment 

of thresholds, existence of heavy Higgs, etc.,is explicitly shown as 
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well as the dependence onA%, the number of light Higgs NW and the 

number of families of particles, F. 

Given M, and g(Y,), what are the uncertainties in the proton 

lifetime? One of the largest uncertainties arises from the mixing 

between the different generations of fermions which is In general, 

relatively arbitrary and unknown. In the event that the light quarks 

which exist within the proton are strongly coupled to heavier quarks 

or leptons, the nass of which exceed the proton mass, the effective 

amplitude for proton decay would be strongly suppressed. In the case 

of minimal SU(5) (i.e., with the simplest Higgs schemes), however, 

this problem is enormously simplified; the only allowed mixings are 

expected to be of the same order as the Cablbbo angle. 

The other large uncertainty in the proton lifetime has to do 

with estimates of the hadronlc matrix elements. That is, gfven, for 

example. the fact that two quarks within the nucleon couple to an 

outgoing anti-quark and anti-lepton, we must know the probability 

that the outgoing anti-quark joins with the remaining quark in the 

wij meson 
B 

nuclecn to form a meson. A number of different theoretical 

approaches have been used to estimate the hadronic matrix elements. 

If we make an estimate of the combined uncertainty arising from our 

lack of knowledge of the mixing angle, the hadronic matrix elements, 

and Ml, and if we assurre 

niG = 0.16 
+&%I 
-o.oe GeV 

we then obtain for our estimate of the proton lifetime 

ta.1 
r, = 3.2 x 10 a9-a*5 years 

The fact that this lifetime Is substantially shorter than the values 

typically quoted a year or two ago results from the fact that 

currently the most popular value of A,? is closer to 0.2 than to 0.5. 

What can we say about the branching ratios expected for proton 

decay? These will again depend on the matrix elements, the nixing6 

between light and heavy quarks, assumptions concerning phase space, 

and treatment of the pion recoil and the spin of the quark. Table 1 

presents the results of calculations of the branching ratios by a 

number of different groups using a number of different techniques. 10 

Of particular interest, perhaps, is the fact that the branching ratio 

into e'rra, which Is a very important decay mode for the water 

Cherenkov experiments, Is expected to be reasonably large in most 

calculations, though a large value is not guaranteed. Other points 

of interest are that the branching ratio to neutrinos is of the order 

of 10% and that the branching ratio to muon or kson is expected to be 

of that order or smaller. Particularly important branching ratio 

measurements are the ratio of the decay probability to et versus i&, 

to p+wrsus e ( -I- and to final states which contain strange hadrons. 

:. .-. 
1: ,. :. _. 

. . : 
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:: ^ .-:. .. .: :_ . . . . . : 
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Table 1. Predictions for branching ratios for proton decay into the 
major two body modes in the SU(5) model. (a) - (f) correspond to 
different theoretical assumptions concerning the hadronic matrix 
elements, phase space, quark spins, etc. See reference 10 for a 
discussion and references to the original papers. 

Node EL (b) Cc) Cd) (e) (f) 
NR R R R NR REC R 

.+lr ” 
e+ $ 

e+n 

e+ld 

v=lr+ 
e 

v;p+ 

!J+K" 

up+ 

31 37 

15 2 

11 7 

18 18 

12 15 

6 1 

1 19 

2 0 

9 13 31 36 40 38 

21 20 21 2 7 11 

3 .l 5 7 1.5 0 

56 46 19 21 25 26 

3 11 14 16 15 

8 8 1.0 2.6 4 

-- 

-- 

.5 

-- 

18 8 5 

0 .2 .6 

It is useful to say a few words concerning the general 

classification of models and selection rules. We may consider three 

rather broad categories of grand unification models. 
II 

1. filan&dGILTS BY "standard" grand unification models we 

mean those which are non-supersymmetric and which involve only one 

new mass scale, that is, the superheavy mass scale of the grand 

unification. It is interesting to note that all "standard GUTS" 

models predict the following selection rules and decay modes: 

AB-OL 

AS/4B - -1,o 

AI -5 for AS - 0 

N - e+X,, , e+x J 

+ 
r *us,r +X s 

t x"s, 5 xs 

where B, L. S are the total baryon number, lepton number and strange- 

ness of the initial or final state end X,,,sindicates that the hadrons 

in the final state have S = 0, and Xe is a final state with S f 0. 

Of particular interest is a subset of these standard models, those 

in which the grand unification group G breaks down to SU(3) x SU(2) x 

U(1) directly at a mass scale Hx. 

G-W(3) x SU(2) X U(1) 

All such theories include the prediction for sina&presented above 

and are referred to as the "3-2-l desert theories." 

2. Suoersmmetrif m For this class of theories the 

dominant decay modes are generally K+tand K*p% Predictions for 

sina&', though not as unambiguous as in the 3-2-l desert theories, 

are consistent with experimental data. Predictions of the proton 

: .: .-.. : 
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lifetime are much less certain, however, though values can be 

obtained which are consistent with the present lower limits. 

3. Low Mass &&&I. In this category one generally includes 

all models with more complicated interactions such as 

wlf~, wlf 1’ f# 
f 

Hias Higgs 

Because the decay rate for these "higher dimensional" interactions 

is suppressed relative to the simpler interactions, for example in 

SU(S), these models can tolerate gauge bosons and Higgs bosons with 

lower masses than the scale of 10" GeV. In general, these models 

have little predictive power for either sin'8wor for the proton 

lifetime. 

&2&3H Decav Hxoeriments 

Now let us go on to look at the arsenal of experiments which are 

preparing to attack the question of whether protons decay or not. We 

will discuss these experiments in the order of those that are 

presently operating, those which will become operational in the near 

term, and those experiments which have been proposed for the future. 

In fact, the Irvine-Michigan-Brookhaven experiment has just recently 

become fully operational,and it should be noted that of the future 

experiments, only the Frejus experiment is approved and under 

construction. 

Presently Operating 

Homestake 
Soudan I 
Kolar Gold Fields 
Mt. Blanc 

Irvine-Michigan-BNL (now operating) 
Harvard-Purdue-Wisconsin 
Ksmioka, Japan 

Frejus Tunnel (approved) 
Soudan II 
Honestake upgrade 
Pennsylvania 
Gran Sasso 

The first two experiments I will cover extremely briefly. The 

Pennsylvania-Brookhaven experiment, Ia which is located in the 

Homestake Nine, is the original water Cherenkov nucleon decay experi- 

ment. It comprises approximately 150 tons of water, doped with wave 

shifter, and the detector is composed of an array of 2 m x 2 m x 1.2 m 

modules (Fig. 4). The experiment is located at a depth of 4500 mwe 

(meters water equivalent) and is therefore quite deep. They have 

obtained three apparently-contained muon decays where the muon or 

pion yielding the decay was traveling either horizontally or upwards. 

It csn not be excluded that these events come from background sources. 

From this observation they obtain a lower limit on the lifetime of ?!ppZ 

1.5 x 10y' yr. 

A second small experiment 13 which has been operating for some 

time is a prototype for a baryon decay detector constructed and opera- 
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TYPICAL MODULE 

Fig. 4. Schematic of the Homestake proton decay 
experiment operated by a Brookhaven-University of 
Pennsylvania collaboration. Each module is filled with 
water doped with wave-shifter. The detector includes 
end walls which are not shown. 

ted by a Minnesota-Argonne collaboration and located in the Soudan 

Mine (depth 1700 nwe). It consists of 35 tons of iron ore interlaced 

with proportional tubes as shown in Fig. 5. They have observed one 

neutrino event and no candidates for baryon decay leading to a life- 

time limit of r$l x lOSo yr. In sddition to studying the back- 

grounds relevant to a proposal for a larger experiment, they have 

made some nice measurements of events with multiple muons. It should 

be noted that they record the pulse height from each proportional 

tube as well as whether a hit occurred or not. A typical event from 

a single muon is shown in Fig. 6. 

The two other operating experiments I want to talk about in some 

detail, because they have some rather interesting results. The first 

is the experiment in the Kolar Gold Fields, a collaboration of the 

Tata Institute, Osaka and Tokyo. IY 
This detector (shown in Fig. 7) is 

140 tons and consists of iron plates approximately 1.2 cm thick with 

10 cm x 10 cm proportional tubes (effective thickness .5 cm Fe) 

between each plate. The detector is roughly 4 m x 4 m x 6 m and is 

located very deep, 7600 mwe, where only two muons per day are 

incident. It has been operating for approximately 500 days. The 

statistics for the events observed to date are shown in Table 2. 

Of particular interest is the fact that they attribute 11 events in 

the detector to neutrino interactions and 6 events are considered as 

nucleon decay candidates. Three of nucleon decay candidates are not 

fully contained,rendering them perhaps somewhat dubious. However, 

three of the candidates are fully contained, and it is interesting to 

examine these candidates. Fig. 8 provides an overview simply 
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ABSORBER 
l/2” FI 

4m 

35’ 
22 
31 
29 
27 

25 

ii] i0cm x 1Ocm PROPORTIONAL TUBES 

Fig. 7. Schematic of the 140 ton baryon decay detector 
operated by a Tokyo-Osaka-Tata Institute collaboration 
In the Kolar Gold Fields. The effective sampling 
thickness between each layer of proportional tubes in 
1.7 cm Fe. 

1 
3.7m 

1 

Table 2. Event statistics for the Tata, Osaka, Tokyo experiment in 
the Kolar Gold Field. 

Atmospheric Muons 708 

Parallel Muons 9 

v interactions in rock 
with tracks in detector (B > 55') 

28 

V interactions in detector 11 

Nucleon decay candidates 
(3 fully contained) 

6 
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867 

(b) 

877 

Fig. 8. Overall view of the three, confined baryon 
decay candidates observed in the Kolar gold field 
detector. 

illustrating the nature of the confinement within the detector. 

Since a paper now exists describing these events and since time is 

limited, I will not describe each of them in detail. However, it is 

interesting to examine one of them to obtain a feeling for the 

quality of the event, the capabilities of the detector, and the 

extent to which the event can be excluded as having been produced by 

a neutrino interaction. I simply repeat the discussion as presented 

by the Japaese-Indian collaboration in their paper. Fig. 9 presents 

EVENT NO. 877 
COUNTERS - 

39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 

2013W70clu!nrrlulm 

A 

4 M VIEW 

COUNTERS - 
19 3l 21 22 23 214 

‘9clomcln 

6M VIEW 

Fig. 9. Expanded view of a baryon decay candidate 
observed in the Kolar gold field detector. The numbers 
in each cell indicate the ionization energy loss in 
unite of minimun ionizing tracks. 

:... : 
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a blown-up view of event No. 077. The numbers in each box are the 

pulse height wasured in units of ninimum ionizing particles. The 

lines drawn show their interpretation of the trajectory of the 

particles. The trajectory B-C is interpreted as having been produced 

by a non-showering particle while that along BA is taken to be a 

shower-like configuration. The motivation for the latter interpreta- 

tion is both the topology, which is not consistent with a single 

track, and also the existence of energy depositions nuch larger than 

minimun ionizing. (Recall that there does exist an additional hit 

shown in Fig. 8 that is not reproduced In Fig. 9.) The kink at 

point B (the angle between the two tracks is ~157~) is believed to 

be consistent with having been produced by the Fermi motion. The 

total energy of the event is estimated as zl GeV, the energy of the 

shower having been estimated to be ~400 NeV, and the energy of the 

non-showering track to be ~450 MeV. The event is considered to be a 

strong candidate for N-r e * n”. 

One may now consider the probability that the event was produced 

by a neutrino interaction. Possible interactions are 

C-1 
Y, f 2 --+p*7rv 

C-1 
Ye + 2-m e”liFZ’ 

CM at B 

The overall rate for the first two reactions assuming an er;ergy 

interval of 1 f 0.4 GeV is approximately l/yr according to their 

estimation. Assuming the vertex to be at point B, it would be quite 

unlikely for a neutrino interaction to yield such a back-to-back 

configuration. The experimenters also consider a neutrino inter- 

acting at point A with a large angle back-scatter occurring at point 

B. This configuration is also deemed to be unlikely and the experl- 

mentere thus estimate a total rate from these sources of 4.05 

events/year. The other possibility considered is a single pion 

produced a point C which then charge exchanges at point B. However, 

the very low probability for charge exchange leads the experimenters 

to conclude that this background is essentially negligible. 

A summary of the estimated energy, the expected background from 

neutrino interactions, and the interpretation of the three events as 

nucleon decay candidates are presented in Table 3. The experimenters 

consider these events to be completely inconsistent with having been 

produced by neutrinos and they are therefore tentatively considered 

as evidence for proton decay. If true, then these three events 

would correspond to a proton lifetime of r;r 7 x 10sb years. The 

general conclusion of Perkins I5 , Fiorini” and others who have 

reviewed these results is that these are very intriguing events, that 

they are not easy to explain as background, but that the coarseness 

of the detector makes it difficult to conclusively exclude the 

neutrino interaction hypothesis. 

We now go on to discuss a very nice experiment which has just 

recently becorre operational, the so-called Nueex experiment 16 which 

is operated by a Fraecati-Milano-Torino-CWN collaboration and which 

is located in the Mt. Blanc Tunnel. This experiment has the advan- 

..; 1 ..y. .__ .,_ 
. . . ::.- 
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Table 3. Summary of contained Nucleon Decay Candidates in the 
KGF experiment. 

Event 
DeCFZY Energy 
Mode Estimates 

V 
Background 

m=V) 

587 ell +0 Ee 5 500 < 0.5 

E,+z 500 

867 VTI -+ E* = 435 < 0.5 

rage of being very fine-grained, quite deep, and extremely well- 

calibrated. It consists of 150 tons, has 1 cm iron plates, and uses 

conductive plastic tubes with cathode strip readout to obtain two 

coordinates per sampling as show" in Fig. 10. In total, the experi- 

ment has 90,000 channels of electronics which yield a spatial 

877 e+lT- Ee J 400 

E = 450 
II 

< a.5 

Fig. 10. Schematic of the track chamber construction 
utilized in the NUSM experiment. Operated by a 
Frascati-Milano-Torino-C~ collaboration, the 140 to" 
fine-sampling iron plate calorimeter is located in the 
Mt. Blanc tunnel. 

resolution of =1 cm. There is, however, no measurement of the 

ionization loss of the particles. The experiment is located at a 

depth of 5000 mwe which corresponds to a muon flux of = 20 muons/day. 

The experiment has been calibrated in a neutrino beam as well as 

in a pion bean and an electron beam. Fig. 11 presents the response of 

the detector to a 500 MeVjc pion, while Fig. 12 shows the signature 

corresponding to 500 MeV electron. Clearly the identification of 

pions and electrons in this detector is far superior to that of the 

Kolar Gold Fields detector which has much coarser sampling. Show" in 
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Fig. 11. Response of the NUSM detector to a 500 MeV/c 

Fig. 12. A 500 MeV/c electron in the NUSM detector. 

Fig. 13 is a fairly typical neutrino interaction. In the calibra- 

tion of the detector with neutrino interactions, the results of 

which I show you in more detail In a moment, the experimenters use 

a 10 CeV beam and a bare target to simulate as closely as possible 

the atmospheric neutrino flux. A comparison of the neutrino flux 

they used with that calculated for atmospheric neutrinos is presented 

in Fig. 14. The main uncertainty is that the PS beam has 99% VA’s 

while the atmospheric neutrino flux is expected to consist of 

approximately one-third We’s. The experiment has been running for 

several months and has observed numerous events of muon bundles and 

stopping muons. Fig. 15 presents what appears to be a rather well 

defined neutrino interaction, a very preliminary interpretation of 

which would be one of the following two possibilities: 

c-1 
&N-we*I?N’ 

(-) 
Y,N-s/ T” N’ 

The experiment also has another event obtained the Friday before 

the Paris conference which is by now quite fanous since it does not 

resemble a typical neutrino interaction. This event is well-contained 

within the detector and is presented in Fig. lb. While a detailed 

ivterpretation of this event in terms of neutrino background has not 

been completed, the potential significance of the event is made clear 

by an examination of the topology of the neutrino events obtained 

when their prototype detector was exposed to the PS neutrino beam; 

210 events were obtained with the plates of the detector orthogonal 

. . . 
-_ : : :. 
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Fig. 15. An event recorded during operation of the 
NUSM detector in the Mt. Blanc tunnel. The topology of 
the event is consistent with a neutrino interaction. 

60 
. 

65 a---s - --” 

X-VIEW 

0 
60 

65 woo.. -. 

T 
7 . . 

\ \ 
B 

75 

Y-VIEW 

Fig. 16. A proton decay candidate observed in the WSEX 
detector. It is not conclusively excluded that a 
neutrino interaction is the source of the event, though 
such a topology appears somewhat unlikely. 
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to the "eutrino beam while a" additional 154 events were obtained with the actual detector will be almost isotropically distributed. The 

the plates rotated by 45 . The event statistics in terms of 1 prong, event show" in Fig. 16 is consistent according to a preliminary 

2 prong, and 3 prong events are: interpretation with either of the decays 

1 prong 58% 209 + 19 with shower 

2 prong 27% 96 + 6 with shower 

3 prong ax 32 

The experimenters than define what one night call a nucleon decay 

topology in which 2 prong events nust have a" angle between the two 

tracks of <60° (as defined below), and for 3 prong events one of the 

tracks must have an angle of <90°with respect to the direction 

opposite the resultant momentum of the other two tracks 

2 prong 5<6Os 9eV 

Only 3X of the total observed neutrino interactions in the test 

run satisfy these topological constraints. If, in addition, one 

demands that the observed energy lie within 20% of that of the proton 

tnass, the experimenters estimate that only 0.5% of neutrino inter- 

actions will simulate nucleon decay (for their detector). Hence the 

event show" in Fig. 16 Is very interesting and can not be readily 

Interpreted as a neutrino interaction. Reasons for caution include 

the fact that, as noted above, there are only 1% ve's in the neutrino 

test beam and that while the calibration was performed with two 

different configurations of the iron plates, neutrino interactions in 

- WC p-rYK 
Lr+t+ *- 

p--re+Ar- 

p--L/c*+ K0 

However, I repeat once again that the experimenters are not at this 

time making any claims for the observation of baryon decay. Clearly, 

their detector Is sufficiently sophisticated that one may hope to 

learn a great deal in the near future. 

The biggest of the water Cherenkov experiments is being built by 

the Irvine-Michigan-Brookhaven collaboration at the Norton Salt Xine 

in Ohio!' Its real strength is that it has a total of 9000 tons of 

water with a fiducial volume of ~4000 tons. A potential weakness is 

that it is located only 1700 mwe below the surface and therefore must 

contend with %108muons/year; one must, therefore, do a" excellent 

job rejecting these muon events if one is to be sensitive t" only a 

few proton decays per year. The accuracy to which the angle of a 

particle may be determined, based on the reconstruction of the 

Cherenkov ring, is r7O for a non-showering track (limited by 

multiple scattering) and 12 o for a shower; in addition the Fermi 

m"me"tum smears the actual angle of the track by Z 20-. The posi- 

.,.: :;_: :; _., :- 
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tion resolution of the vertex is estimated to be 70 cm, and the 

energy resolution is estimated to be X 20% per track (dominated again 

by the effects of Fermi momentun), though if one sums the energy of 

the two tracks, one expects an energy resolution of about 10%. The 

detector is particularly sensitive to decays to purely electromagnetic 

final states, such as e+T’. The detector is now completely filled, 

with all the photomultipliers installed and operating. A schematic of 

the detector is shown in Fig. 17. I now show you a few typical events 

Fig. 17. Schematic of the Irvine-ilichigan-Brookhaven 
(IMB) proton decay experiment located in a Norton salt 
mine. Approximately two thousand 5” photomultipliers 
mounted on the faces of the cube view Cherenkov light 
produced in the pure water. 

obtained last spring when the detector was filled with 23 feet of 

water. At that time, only the botton photomultipliers were 

installed. Figs. 18a and 18b show events In which two muons traverse 

the detector. Each dot corresponds to a photomultiplier which 

produced a signal, the size of the dot being proportional to the 

nunber of photoelectrons. In Fig. 18~ is shown a stopping muon as 

evidenced by the fact that the circle of hits is not filled in the 

center. Shown in Fig. 19 is an event observed when the detector was 

filled with all photonultipliers installed. In this event, the muon 

traverses just 8 corner of the detector entering through one side and 

exiting through the other side just a short distance away. Each line 

represents a single photoelectron. Finally we show in Fig. 20 a Konte 

Carlo calculation of the expected pattern of hits for an e*rr’event. 

The sides of the detector have been unfolded onto a plane, and the 

Cherenkov rings corresponding to the e+ and the YYare visible. Both 

pulse height and timing information nay be used to reconstruct the 

event topology. 

A second large water Cherenkov experiment is being built by a 

Harvard-Purdue-Wisconsin collaboration to be located in a mine in 

Utah. I6 It will have 800 tons of water with the 800 five-inch photo- 

multipliers uniformly distributed throughout the volume, In 

addition, the experiment has mirrors along the inside of the tank to 

increase the amount of light detected, and shielding and an active 

veto along the edge. A view of the detector is shown in Figs. 21 

and 22. The conbination of the volume distribution of the photomul- 

tipliers plus the active shielding is expected to yield a much better 
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.‘.. . ..- .. 

-‘. 

-103- 



. . 
.... . ....... ....... . : ......... : .. ............ .......... .... .: ... ......... --* *-*-. .......... ........ . ...... .......... ... .......... 

a / \ \ 

vb / \ \ 

z 

Fig. 19. An event observed in the IMB experiment with 
all photomultipliers Installed. Each line represents a 
single photoelectron (approximately). A muon traverses 
a corner of the cube. 

Fig. 18. Three events observed in the IMB experiment 
with 23 feet of water and only the bottom photomultipliers 
installed. Each dot indicates a photomultiplier with a 
signal above threshold, the size of the dot being propor- 
tional to the pulse height. (a) and (b) Events with two 
muons traversing the detector; Cc) A stopping muon. 
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Fig. 20. A Monte Carlo representation of a p- etHC decay 
in the IElB detector. 

Fig. 21. Cutaway view from the side of the Harvard-Purdue- 
Wisconsin (HPW) water Cherenkov counter. Photomultipliers 
mounted on colmns are distributed throughout the volume. 

tl s’. ,. 
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Fig. 23. Schematic of the KM-Tokyo-Tsukuba water 
Cherenkov detector to be located at the Kamioka mine in 
Japan. The 20" diameter hemispherical photomultipliers 
are mounted on the surface of the cylinder and cover a 
full 20 per cent of the area. 

Fig. 24. Monte Carlo representation of a p+ e+=Oevent 
in the Kamioka detector. (Left) A dot represents each 
photon; (Right) Signal observed by the photomultipliers. 

Future Fx~erm 

We now go on to talk about future experiments which have been 

proposed to study baryon decay. The first of these, a collaboration 

by Orsay, Palaiseau, Saclay, and Wuppertal to build a detector in the 

Frejus Tunnel between France and Italy, has been approved and is 

currently under 2o construction. As show" in Fig. 25, it will use 

flash chamber planes to measure the location of the track every 3 mm 

of iron. Since, however, each measurement is one dimensional, the 

effective tracking sensitivity will be one x-y measurement/6 mm of 

iron as compared to one x-y measurement/l0 mm of iron for the Nusex 

detector. Since the flash tubes must be triggered, Geiger tubes are 

included at periodic intervals. The detector will be 1500 tons total 

with an anticipated fiducial volume of = 1000 tons. It will be 

located at a depth of 4200 mwe comparable to that of the Nusex 

experiment. Excavation of the hole to house the experiment is 

proceeding well,and it is anticipated that in approximately one year 

500 tons or more of the detector will be installed. Given a 

tracking sensitivity similar to or possibly slightly better than 

that of the Nusex experiment combined with the total tonnage of more 

than 1000 tons, this experiment will clearly be an important element 

in the search for baryon decay. A Monte Carlo event for the reaction 

p-+eT-rDls show" in Fig. 26. 

Another fine sampling Iron plate detector has been proposed by 

a Argonne-Minnesota-Oxford-Rutherford 
21 

collaboration. This detector, 

nicknamed Souda II,would be located "ear t0 where the 35 ton 

Soudan I prototype is currently operating. It proposes to “se 5 mm 
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Fig. 27. Schematic representation of the proposed 
construction of a 50 ton Soudan II module from 5 mm 
thick iron plates and 5 m x 0.5 m x 1 cm planar drift 
chambers. Note that the horizontal and vertical scales 

are different. The nodule would contain 500 chambers 
and be read out by 500 anode wires and 500 cathode 
strips on the two external 5 m x 5 m faces. The 
Minnesota-ANL-Oxford-Rutherford collaboration has 
proposed building a 1000 ton detector in the Soudan 
mine. 
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NEED TRACK DIRECTIONAL INFORMATION 

Fig. 28. Illustration of a p-v?%+ decay in the proposed 
Soudan II detector. Information on the direction of the 
tracks, obtained statistically in this detector by an 
analysis of the dE/dx along the track, would be required 
to interpret such events. 
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THE HOHESTAKE TRACKING SPECTROMETER 

A ONE-MILE DEEP IUBB-1ON 

LIOUID SCINTILLATION NUCLEON DECAY DETECTOR 

UNIVERSITY OF PENNSYLVANIA 

8ROOWAVEN NATIONAL LABORATORY 

<------------ 26 METERS --------------------> 

Fig. 29. Schematic representation of the Homestake II 
detector proposed by the Pennsylvania-BNL collaboration. 
Crossed rectangular cells filled with liquid scintillator 
would allow excellent total energy measurement and some 
information on dE/dx and topology. 

approximately 1000 tons which would be located near to where the 

Homestake experiment is currently operating. 

The second liquid scintillator experiment is being proposed by 

another University of Pennsylvania group and is based on a scale-up 

of a neutrino experiment currently operating at Brookhaven. " The 

detector would consist of liquid scintillator planes separated by 

proportional drift tubes which would measure both the x and y coordi- 

nate of the track and also provide ionization information. An 

overview of the experiment is shown in Fig. 30 while Fig. 31 

presents a detail of the liquid scintillator cells and the propor- 

tional drift tubes (here the scale is that proposed for the baryon 

decay experiment). An indication of the type of sensitivity that 

could be obtained with such a detector is obtained from Fig. 32 which 

shows a real neutrino interaction in the the neutrino detector, and 

from Fig. 33 which shows the response of the proportional drift tubes 

to pions, electrons and protons. Finally, Fig. 34 shows a typical 

electron shower also observed in the neutrino experiment. This 

detector, in addition to being almost entirely active, and hence 

giving excellent information on the total energy of the event, has 

excellent tracking and dE/dx capabilities for particle identification. 

A final virtue not realized in m0st other tracking detectors is that 

the use of the timing information from the scintillator should allow 

relatively unambiguous determination of the track directions. 

Finally, I should mention that there is a plan to build a very 

large underground international facility at the Gran Sssso Tunnel in 
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Fig. 32. A typical neutrino interaction in the BNL E734 
detector. The neutrino beam enters from the left. Only 
the PDT hits are shown in this view. 
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Fig. 33. The mean energy loss observed as a function of 
monentum for pions, protons, and electrons, in a single 
test plane of proportional drift tubes from the BNL E734 
neutrino detector. 
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Fig. 34. A low energy electron shower observed in the 
BNL E734 neutrino detector. Each star indicates a PDT 
hit and the numbers indicate the energy deposited, in 
NeV in the calorimeter cells. Not shown is the energy 
loss measured in each of the PDT cells. 

Italy which Is nearing completion. The current plan is to provide 

three large underground halls each with a volume of = 30,000 cubic 

meters. Designs for a new baryon decay detector similar in principle 

to that of Nusex but using techniques which would allow more 

economical mass construction of a detector as large as 10,000 tons 

24 
are currently under way. 

peutrino Oscilla~ 

Next we go on to talk about a mass scale which is approximately 

26 orders of magnitude smaller than the one we have just been talking 

about, that is, a scale of a few eV where experiments attempting to 

measure directly the mass of the neutrino and also experiments 

searching for neutrino oscillation are currently sensitive. 

We presently believe that electron neutrinos, muon neutrinos, 

and tau neutrinos are eigenstates of the weak interaction. But let 

us suppose that the electron neutrino or the muon neutrino is massive 

and let us further suppose that separate lepton number is not con- 

served. that is, 

<Y&+!A> f 0 

In this event, vcaand Y,will in general mix and will not be mass 

a5 
e.igenstates. Note that in our present theoretical framework which 

assuc~es that only those quantum numbers which are coupled to gauge 

fields are rigorously conserved, the violation of electron number 

conservation or muon number conservation is not so outlandish as it 

might have been considered a few years ago. 

..: : 
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Let the neutrinos which are mass elgenstates be denoted by v, 

and va. Then the electron and muon neutrinos nay be expressed as a 

linear combination 

IV+ -sin@lY,) + coselVa> 

IQ- cosbJY8) + sin81Ya) 

Thus, when aB?neson decays, for example, to e+Vc orj4’Y, the Ve orY& 

IS a linear combination of the mass eigenstates Y, and VS. 

ve-Tfee+ 
-u-t 

Y.A-9-p + 

We>- -sinBIY,) + coseIV,) IQ- coselv,) + sinewa) 

This is exactly analogous to what happens when a W-decays to ii and 

d or F and s quarks. 

w- w- 
dcr--cu s-*-c 

d d coSe,h Sin& s -6 co&‘,-d sin& 

Given a Y&at t-0, what is the probability of finding aV= at a 

later time t? The tw” mass eigenstates evolve in time according to 

-;Et 
the characteristic e , vhich, if the particles were at rest, 

would be eimt ; the” the neutrino state at a later time is 

Y(t) -iE,t 
- CoselvSe 

-; !E.t 
+ sinelV.)e 

and the amplitude for finding a Ye in the final state at time t is 

The probability of observing a I/cat time t is then 

Now suppose that we are observing the neutrino in the lab frame and 

that it has a momentum p,,z> m, or rnC Then we 

by the expression 

may approximate E,-E, 

and hence obtain for the probability of finding 

initially a Y&at time 0 

a y,at time t, given 

P(Ye,t; Y,,O) = sina2e(l - co~(M~;vM:) t) 

Putting In* and c explicitly, the time for the neutrino state to 

oscillate through one complete cycle is 

Now it should be noted that this derivation while correct is a slight 

cheat in the sense that the question of whether the two eigenstates 

of slightly different masses really have the same q ooentum or not 

has.been ignored. To understand this subtlety correctly it is 

necessary to do a wave packet treatment of neutrino oscillations 

2t which has been done by Boris Kayser. One does indeed obtain the 

same expression. 

If the neutrinos are traveling close to the speed of light, 

-114- 



which presumably they are, the" the oscillation length observed in 

the laboratory is approximately 

L esr- ~o,ec 

If we the” measure AZ= ID: -m; in aA+, p,c in MeV, andY C.J) in 

Deters , the probability for finding a Ye at position x given a.94 at 

position 0 is 

P(Va,x;Y,O) -+ina2e(1 - CO6 WAS ) 
PV 

To conform with the perhaps most popular notation, I will henceforth 

write 1 instead of x, and use the approximate identity E,r pp to 

obtain the standard expression 

with an oscillation length 

Lost = 
a-n- EI, 
I.17 A* 

Before discussing specific experiments, it is useful to consider 

three different regimes of Lr,e, the oscillation length, andl, the 

distance of the detector from the point at which the neutrino was 

initially created. 

1. L *=-7P ; "Low 11ass Limit" --- 

In this case., the argument of the second sine function is much 

less than one,and we may use the small angle approximation to replace 

the sine by its argument. Then we obtain 

Since the probability of observing a Vcis very snail, the 

probability that the initial state is still a Y-is approximately 

1. The ratio for the probabilities of observing a Yc or aY~is 

then 

If we perform an experiment and are able to establish a" upper limit 

mnx 
R.+ on the ratio of the number of Ye to Y!, the" we obtain the 

following limit on the mixing angle and the difference in the masses 

sin28 A= < .8 yq- 

Of course, if we wars to observe a number of electron neutrinos which 

uas inconsistent with either the expected number of Vein the initial 

beam or with the expected number of Yh interactions misidentified as 

having produced an electron , than one would claim evidence for 

neutrino oscillations. It should be clear that EvvlL is a good figure 

of merit of the sensitivity of the experiment. The smaller the 

value of .i?,,/lfor a particular experiment, the smaller the value of 

sin26’or hato which one is sensitive. It should also be noted that 

for this type of experiment, the finite source length D which is 

inevitably present in any experiment is not very important as long 
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as DCd.a! which is usually the case. Furthermore, variations in the 

neutrino energy Ev are also not very important as long as they are 

not too large. 

2. L,,,“P ; w Mass Limit -- 

In this case, if we sum over the entire length of the detector, 

we are simply observing the average number of neutrinos of each type. 

( sina \.17A=l 
Ev ) 

-k 

P(V&;Y, 0) -4 sina2e 

Pw; V, 0) - I -&dn*2e 

If we furthermore assume that the mixing angle is small (which in 

general it is since otherwise it would have already been observed), 

the” the ratio of the “umber of electron neutrinos to the number of 

muon neutrinos is 

R+= e r+i”=28 
A.4 

and we see that experiments searching for neutrino oscillations in 

the high mass limit are effectively measuring the mixing angle. 

sin’28 = 2R 
=+ 

It should be noted that in this case the finite source length 

or variations in the energy of the neutrinos will prevent one from 

observing the individual oscillations taking place throughout the 

detector. Since it is In general hopeless to observe the individual 

oscillatio”s, the actual size of the source or the actual magnitude 

of variations in E,/are therefore not very important. 

3. LLDLC*~ 

The third case obviously corresponds to oscillation lengths 

approximately equal to the distance of the detector from the source 

of the neutrinos. In this case, very large effects can be observed 

depending on whether the exact values of Ev andi are such that the 

detector is located at the point of maximum oscillation probability, 

or at a 0, or at some other point. I” general, experiments will thus 

have significant “wiggles” in the sensitivity as a function of Ev 

depending on the exact energy composition of the neutrino beam and 

the distance .f f ram the detector. 

Aopearance Experiments 

In addition to categorizing experiments according to their 

sensitivity in the high mass region or low mass region, it Is useful 

to consider two different types of experiments. The first is the 

so-called appearance experiments, that is, one takes a beam of a 

particular type of neutrino, as pure as one can nake it, and searches 

for a different type of neutrino not initially present in the beam. 

This kind of experiment Is in general very sensitive to snail values 

of Axand nixing angle because one is looking for something which is 

not supposed to be there. One can often use a single detector for an 

osc 
experiment of this kind. Let us represent by Vr the actual number 

BEAM of neutrinos oscillating from V, to Ve, by Ye the contamination of 
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FAKE 
v&initially in the beam, and let us represent by% the fraction 

of Yawhlch, if they interact in the detector, are incorrectly 

determined to be UC (for example, by giving a signature which mey be 

interpreted es an electron). The" the observed ratio for the number 

of electron neutrinos to the number of muon neutrinos is 

where R,+= Ve "/YA,, and s represents the contribution fron the beam 

contamination and the misidentification probability. 2 then 

essentially sets the limits as to how sensitive an experiment one can 

perform. So one would like to make 6 very small by using a very pure 

beam. One of the ways of doing this is to use a narrow-band beam. 

In addition, one would like to use a very good detector so that the 

probability that an apparent VAevent is due to a V~is es snail as 

possible. Bubble chambers and fine gralned electronic experiments 

are generally very good in this respect. In the event that Rz.525, 

then one in principle has observed oscillations. In the case, which 

06s 
is much more likely, that R+ea, then one can obtain e limit on Ar 

and sinX', (though the sensitivity of the experiment can be 

increased by using two detectors, es discussed below). For the low 

mass limit, one has simply 

sin2eAa3 .S h 
PC 

For sin28- 1, we have the so-called "maximun mixing angle" limit for 

A": 

For the high mass limit one has simply 

It is convenient to represent these limits es shown in Fig. 35 where 
6. 

we have plotted the log of sin32@versus the log of A . The region 

of sensitivity may be characterized by the high mass limit sin'2812s 

which Is independent of A %, by the maximum mixing angle limit A 24 

.8 BE, and by the line which connects these two which has a slope 

of 112. 

Typical values for a broad band beam of the ratio of electron 

neutrinos to muon neutrinos are between .5% end 1X, whereas for e 

narrow band bean one believes that one can obtain a ratio of VetoVw 

-Y 
in the energy region of interest of <5 x 10 . The ratioYe FAr6/VA 

might be typically 1% for a counter experiment for the case where one 

does not know the energy of the Incident v.to as good as perhaps .l% 

for the case where the energy of the incident v&is known. Bubble 

chambers can do much better 
17 with e miside"tification probability, 

-Y 
even for a broad band beam, of 22 x 10 . 

l&Detector Appearance E?iperimeq& 

One can also perform appearance experiments using two detectors 

to try to beat down the limitations of&. In this case one compares 

_:._ : ._ ,:. .-.:.. ,_ _ 
., 
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In 

Fig. 35. Schematic of the limits from 8 typical 
neutrino oscillation experiment. The region to the 
upper right of the dashed lines (which are described in 
the text) is excluded. 

the observed number of electron neutrinos in detector 1 with the 

observed number in detector 2 end performs a subtraction. One can 

then eliminate, in principle, the contribution resulting from the 

contamination In the beam (although in practice this is not always 

so simple since one must verify that the%'6 andY&'s are produced 

In such a way that their ratio is the same in both detectors). 

Similarly, the first and second detectors should be as similar as 

possible so that the misidentification probability is the same for 

each measurement. In practice, one should be able to improve the 

sensitivity by approximately e factor of 10 in this way, although it 

is clear that high statistics is then required. 

In the second type of experiment, the so-called "disappearance" 

or "survival" experiments, one measures the number of neutrinos of a 

given type at two different locations to see whether any have dis- 

appeared. This is clearly a much more difficult type of experiment. 

It requires, in general, either (1) an absolute knowledge of the flux, 

or (2) variations in the observed energy dependence of the flux, or 

(3) an observed departure from a l/Rlfalloff. 

The ability to calculate e oriori the absolute flux of neutrinos 

at accelerators is in general not sufficiently good to allow experi- 

ments of this kind utilizing a single detector. The knowledge of 

neutrino fluxes from reactors is perhaps better determined and 

results of Yeoscillation experiments using a single detector have 

been reported (see the talk by F. Boehn at this conference as well as 

: . _ ._ .,. 
.:- _.) :: . . ._ . . ; 
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: 
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the discussion below). A second possibility is to measure the flux 

of neutrinos es a function of energy and to search for deviations 

from the expected energy dependence. Since uncertainties in the 

calculated flux as a function of energy may well be less than the 

uncertainty in the absolute flux, single detector experiments of this 

type are more feasible than those which yield no information on the 

energy of the neutrinos. Nonetheless, the results from such experi- 

ments are still apt to be dominated by the systematic uncertainty in 

the calculated flux. The third type of experiment, which is by far 

the most suitable for disappearance experiments, utilizes either two 

detectors or a movable detector to measure the flux at different 

distances L in a way that is es free as possible from systematic 

uncertainties. This type of experiment requires a careful under- 

standing of the beam, since one must know the ratio of the fluxes 

expected as the function of position in the absence of any neutrino 

oscillations. In general, the dependence of the flux on L is more 

complicated than simply l/La because of the effects of the finite 

source size. 

Let us now consider a two detector experiment shown schematically 

in Fig. 36. For the case of an accelerator experiment (the prin- 

Target ney 
Petpn 

LL 

rxtec+or Yact<rtor 
1 2 

--- 

_____---- 
-- --- ----- __----- 

P- ~==r +D+ I -------------- ___________ u- a-- 

Fig. 36. Experimental layout of a typical two-detector 
neutrino oscillation experiment. 

ciples are essentially identical for reactor experiments) we have 

protons hitting a target which is followed by a decay region of 

length D in which the pions and K mesons decay. For these experi- 

ments, the finite source size, which is in general of order, D is not 

negligible. We assume the first detector is located et a distance L, 

from the source and the second detector et a distance La. We then 

measure the number of V,interactions at the first detector N&CL,) 

and the number of interactions et the second detector N#(L,). The 

ratio of the number of neutrino interactions at the two detectors 

after Integration over the finite source size may be expressed es 

/v, (La> 
R=N,IL,) = 1 - K(Ey)sinaZe 

where K(E,) is given by 

K(E ) - S;n(lrD/Lmc) 
HO/L,, 

sin 

A schematic example of the behavior of K(Ey) and hence of the ratio R 

is shown in Fig. 37 for the case of no oscillations and for the case 

Fig. 37. Schematic illustration of the behavior of the 
function K(E,,) which is related to the oscillation 
probability as a function of Egfor a two-detector 
disappearance experiment. 
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assuming oscillations are present. In general one would like to 

measure the number of neutrinos as a function of energy either by 

using a detector which can reconstruct the energy of the neutrinos or 

by using a narrow-band beam which can be run at several different 

energies. 

Exneriments & Results 

We now go on to talk about results on neutrino oscillations from 

existing experiments and also about experiments which are likely to 

take place in the relatively near future. I will make no attenpt to 

give a comprehensive list of such experiments (such a list has been 

recently compiled by R. E. Lanou 18), but will concentrate primarily 

on those experiments which currently give the best limits or which 

pronise to expand our knowledge the most in the near future. An 

outline of these experiments, and hence of the rest of the talk is 

shown below. 

(1) Present Results 

(a) Limits on V&eve 
(b) Limits on &-rg, 

FNAL Bubble Chamber 
Reactor experiments 
(CALTEC-SIN-TUti) 

(2) Future Program 

CERN 

CDHS 
CHA?EM 
BEFX 

JUBA 

PS Beam, existing detectors 

SPS Beam, new detector 
(not yet approved) 

BNL 
BNL-Brown-KEK- 
Osaka-Penn-SB- 
Tokyo 

BNL-Col-Ill- 
JR-NRL 

FNAL 
Col-FNAL-NW- 
Chic 

LAMPF 
ANL-CIT-Lampf- 

VA&--V< NB, existing detector, 
small mixing angle 

VA--vi4 (not yet approved) 

new NB, new detector, 
lJa -ye small 

YAa 4% (not yet approved) 

VC-)%Z new detector, existing 
Louisiana-Ohio St. Y&a -=Te stopped beam 

A very nice experiment presenting limits on the oscillation of 

g&to any other type of neutrinos has been performed by the CALTEC- 

SIN-TUM collaboration at the Osgen reactor in Switzerland. SO In this 

experiment they use a liquid scintillator target shown in Fig. 38 to 

detect the reaction %+ p-e+n. The energy of the positron is 

measured and in addition the neutron, which is moderated by the 

scintillator, is detected i&e chambers. These chambers have a 

very large cross-section for detecting the neutron and have positional 

information. Hence, the signature for an event includes both a time 

coincidence and spatial coincidence of the positron and the neutron. 

The. detector is heavily shielded and, as we will sea below, the back- 

grounds have been suppressed very effectively. The figure of merit 

Fv/L %.06-.2 which is a rather small value compared to current 

accelerator experiments. I will not discuss the experiment in any 

more detail since a detailed discussion will be presented at this 

.: 

: ..j... .. . . . . . . 
; 
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conference by F. Boehm; however, I will present the results. Shown 

in Fig. 39a are the measurements of the positron spectrum for reactor 

on and reactor off; the first thing to notice is that there is a large 

difference between the reactor on and reactor off rates yielding a 

much cleaner signal than has been available in previous reactor experl- 

--' .; i .;.:. _. 
._ :- _. 

:.. 

Fig. 38. mperimental arrangement for the CALTEC-SIN- 
TUM reactor experiment. The neutrino detector 
consisting of 30 liquid scintillator target counters and 
four3He wire chambers is at the center. Bach target 
counter is viewed by four photomultiplier tubes. Six 
veto scintillation counter planes surround the detector. 
Four umbrella veto6 help reducing the cosmic-ray 
background. Lead and CHA shieldings are shown. 

-_ :I _:- 
. 

.: 

merits. The subtracted spectrum is shown in Fig. 39b. The game now 

is to take the calculated neutrino flux and to compare it with the 

one that is observed. While there are. of course, uncertainties in 

the calculated flux, knowledge of the primary fission chains within 

the reactor combined with measurements of the positron spectrum at 

much closer distances to the reactor yield a knowledge of the flux 

which is accurate tox5X. Shown in Fig. 40 is a bin by bin compari- 

son as a function of energy of the positron yield observed compared 

to what would be expected in the absence of any oscillations. The 

three curves show the expected behavior for AZ- 0 (i.e., no oscilla- 

tions) and also for two cases of neutrino oscillations with the para- 

meter Aland sin"2Bjust at the limit of the sensitivity of the experi- 

ment. The forbidden domain fat 90% confidence level) of oscillation 

parameters A'and sin'2elies to the right of the solid line in 

Fig. 41. Oscillation parameters to the left of this line are allowed. 

The limit Aa<0.16 eVa at maximum mixing angle is a big improvement 

over the results of a year ago. In particular, previously reported 

results indicating the presence of v' L oscillations are inconsistent 

31 with the results of this experiment. 

Another experimenta searching for oscillation of muon neutrinos 

to electron neutrinos sets much better limits on the mixing angle in 
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0.02 
0.0 0.5 

sin' 2l3 

Fi g. 41. Limits on the neutrino-oscillation parameters 
Dm (A’, VS. sin*2 Bgiven by the CALTEC-SIN-TUM 
experiment at the Gosgen reactor (labelled GO). The 
regions to the right of the curves are excluded at the 
confidence level indicated. 

1.0 

the higher mass region A'= 1 eVf This experiment used the 15' 

bubble chamber at Fermilab to search for Y&+Yctransitions in normal 

wide-band beam running. The detector was located =t 1200 meters from 

the decay region as shown in Fig. 42. The bubble chamber was filled 

HY 
----_--_-_____-------- ---- 0 J 

Fig. 42. Schematic layout of the neutrino beam and 15' 
BC at FNAL. 

with a mixture of 64% neon and 36% hydrogen which has proven to be a 

good combination if one desires both relatively large mass but at the 

same time wishes to identify electrons rather cleanly. The mean value 

of E,,/L for the oscillation experiment is ~16 MeV/m. The experiment 

observes 595 events with Ee ) 1 CeV which, after corrections for 

scanning efficiency,etc., corresponds to an initial sample of 

942 t 82 V&interactions. For the same fiducial volume they obtain 

68,500f 4000 Y.interactions; this together with a calculated ratio 

&/Y&l,= 1.5 &.3% would imply that they should observe in the absence 

of any neutrino oscillation 1027-t 210 v'einteractions. The .3X 

represents the experimenter's estimate of the systematic uncertainty 

in the calculated ratio X&/Y,. Comparison of the observed and 

expected rates for veinteractions then yields 

-3 
R +< 3 x 10 90% confidence level 
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and hence the limits 

(sidZl9 - 1) AadO. eVa 

sin’28(largeA=) 4 .006 

Note that the sensitivity to small mixing angles is much better in 

this experiment than in the previously discussed reactor experiment. 

It is almost invariably true that appearance-type experiments are 

much more sensitive to small mixing angles than the diseppearance or 

survival experiments. I will show the detailed sensitivity es a 

function of &land sin'28 at the end of the talk after I have 

discussed each of the experiments. 

The CERN program includes three approved experiments each using 

existing detectors. 
33 This Includes the BEBC, CDHS ?'1 and CHARM3s 

experiments which will expose their detectors to e new neutrino beam 

from the PS. The location of these detectors ~900 meters from the 

new neutrino area (Fig. 34) combined with a mea" "eutrino energy of 

~1 GeV yields Q/L ~1 MeVIm. The CHARM and CDHS experiments will 

install a piece of their detector at a new location -140 meters from 

the neutrino eource, and by measuring the rate of lJ~c interactions at 

the two detectors will be sensitive to the oscillations of L)+,into any 

other types of neutrinos. A bare target will be used to allow as 

clear en understanding of the neutrino flux es possible. Each of 

the experiments essentially emounts to counting the number of muons 

produced in the two detectors es a function of range, though some 

additional sensitivity is anticipated by comparing the observed 

number of neutral current interactions to the number of charged 

CHARM a CDHS 
NEAR DETECTORS 

/‘I ) PBEBC 

SPS 

Fig. 43. Layout for the neutrino oscillation experiments 
at CERN showing the location of the existing detectors 
(labelled CHARM, CDHS and BEBC) and the site of the new 
neutrino beam and near detectors for CDHS and CHARM 
(labelled 1983). 

; ,‘. -. 
; . . . . . ;. . . .,, . . . . . ,__. .:. 

-_:. .: 

-. . _ .j 

.‘.I_. 

-124- 



current interactions. In addition, the CHARM experiment hopes that 

measurements of the hadronic energy present. slthough crude, will 

allow some determination of the energy of the neutrino which lnter- 

acted. Flg. 44 is to remind you of the nature of the CDHS detector 

which consists of steel plates with samplings provided primarily by 

scintillation counters though drift chambers are also present to 

better define the angle end momentum of the muon. Much of the detec- 

tor, which has recently been rebuilt now, has 2.5 cm iron plates to 

allow finer sampling. An indication of the layout of the two experi- 

ments is presented in Fig. 45 which shows a schematic of the two 

CHARM detectors. The CHARM detector, es you recall, consists of one 

radiation length thick marble plates with sampling provided by both 

scintillator end proportional drift tubes. An estimate of the sensi- 

tivity of the CDHS experiment is provided in Fig. 46 which presents 

the ratio of the number of events observed in detector 2 compared to 

that of detector 1 es a function of A'and sin'2S. An indication of 

the systematic error is also present, and corresponds to a maximum 

mixing angle sensitivity to A'of x .25 eV3 and e sensitivity to 

sina2Bin the "high mass regime" of cO.12. The sensitivity of the 

experiment is of course cut off once the oscillation length becomes 

short compared to the distance of the first detector from the neutrino 

source. 

A Padova-Pisa-Athens-Wisconsin 33 collaboration will use a horn- 

focused beam and the excellent electron identification of the BEBC 

bubble chamber to improve the limits on 7/y-)Y,zoscilletions. They 

anticipate a sensitivity to A'at maximun mixing of approximately 

FPOfJT VIEW 

a) 

Fig. 44. Schematic of the CDHS detector. (a) Front and 
side views of the iron toroid nodules. The near 
detector for the neutrino oscillation experiment will 
consist of two modules with 2.5 cm Fe plates, two 
modules with 5 cm plates, and two modules with 15 cm 
plates. The far detector has similar segmentations. 
(b) Front view illustrating the placement of the 
scintillation counters. 
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Dclcciorr at IOOm , SOOm 

Fig. 45. Illustration of the placement of the near and 
far CHARM detectors relative to the neutrino beam. The 
orientation of the CDHS detectors is similar. 

t I 1 , 

0 I 
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Fig. 46. Ratio of the number of y,interactions at the 
far and WXU- detectors for the CDHS experiment as a 
function of p&and sinR28. 
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.09 eVaand a sensitivity to mixing angles of x.03 in the high mass 

region. 

Now we consider the neutrino oscillation program at Brookhaven. 

Two groups have proposed experiments each consisting of a phase 1 

which would "se a single detector to provide sensitivity to Vadh 

oscillations and a phase 2 in which two detectors would be used to 

perform a ~,survival experiment very similar to the ones at CERN 

which we have just discussed. 

The first of these, proposed by a BNL-Brown-KEK-Osaka-Pennsylva- 

nia-Stony Brook-Tokyo-UC1 collaboration (E775):' would use the large 

existing detector at 110 meters (built by that group for experiment 

E734) and the existing "arrow-band beam t" try to set a limit on the 

-3 
nixing angle si"'2Bwith sensitivity of ~10 . Fig. 47 shows a 

schematic of this detector which has already bee" discussed briefly 

in connection with the baryon decay experiment. Fig. 48 shows the 

location of this detector as well as the sites for the proposed new 

detectors. It is hoped that the excellent sensitivity of this de- 

tector to electrons combined with an anticipated z/a/Y&ratio of 

5 x 1o-q will allow a sensitivity to mixing angles In the vicinity 

-3 
of10 . The flux distributions from the existing narrow-band beam 

* are presented in Fig. 49. 

The second experiment is based on the proposal by a BNL-Columbia- 

JHU-Illinois-NRL collaboration t" build a detector similar t" the one 

described above at a distance 850 meters from the neutrino s"urce. 

The scintillator would be replaced by inactive material to allow a 

significantly cheaper construction. The initial detector (Fig. 50) 

would be 175 tons, though In phase 2 it would be upgraded to ~350 

BNL- BROWN-PENNSYLVANIA 
SB- JAPAN 

E 734 

. 

. 

. 
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PROI? DRIFT TUBES 

t t t 
LIPUID SCINTILLATOR 

CALORIMETERS 

170 TONS 
4WOPM 
14000 PROPORTIONAL 

TUBES 

lPdE/dr MEASURED 
PER RAD. LENGTH 

EXCELLENT e IDENT. 

Fig. 47. Schematic of the E734 neutrino detector 
constructed by the BNL-Brown-KEK-Osaka-Pennsylvania- 
Stony Brook-Tokyo collaboration at BNL. Photomulti- 
pliers at each end of the liquid scfntillator cells 
determine the time of the event and the energy loss in 
the scintillator. X and Y planes of proportional drift 
tubes after each scintillator determine the track 
positions and provide additional dE/dx information. 
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Fig. 40. JJlagram showing the locations of the existing 
(E734) and proposed detectors at BNL. 
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Fig. 49. Neutrino flux distribution from the existing 
BNL narrow-band horn-focussing system. 
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SCHEMATIC OF A SECTIOM --- 

Fig. 50. Schematic of the 175 ton neutrino detector 
proposed by the BNL-Columbia-Illinois-Johns Hopkins-NRL 
collaboration. The proportional drift tubes are very 
similar in design to those of the E734 detector, but the 
liquid scintillator is replaced by inactive material. 

tons. A new narrow-band beam would be constructed to try to obtain 

a higher neutrino flux at a lower energy (Fig. 51). The sensitivity 

of this experiment to A" for maximum mixing angles would not be as 

good as that of the reactor experiment, "or would the sensitivity to 

small mixing angles in the higher mass region be as sensitive as that 

of the other Brookhaven experiment just discussed. However, its sensi- 

tivity would be superior to both of these experiments in the regime 

A= 
where both/and si"aZeare reasonably small. 

In phase 2, each of the groups at Brookhaven would build a 

second detector and perform a two-position measurement of the v&flux 

to obtain limits on the oscillation probability of V&into other types 

of neutrinos. Neither of these experiments is, however, currently 

approved. Fig. 52 gives a" indication of the sensltivlty of one of 

these experiments, the particular selling point of which would be the 

ability to reconstruct the neutrino energy for quasi-elastic events 

and also to perform rather precise measurements of the neutral current 

to charged current ratio. The latter capability provides a" alterna- 

tive sensitivity to neutrino oscillationswhich is largely independent 

of the ability to measure either the flux as a function of energy or 

the absolute rate of Y,interactions. 

I now discuss much more briefly experiments under way at two 

other laboratories. At Fermilab, the CIFRR collaboration 37 is 

currently performing a neutrino oscillation experiment with detectors 

located at 743 meters and at 1080 meters, using a narrow-band beam at 

multiple energies to search for oscillations V&d&in the same 

manner as discussed for the CERN and Brookhaven experiments, but with 

. . . . . 
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Fig. 51. Design neutrino flux for the new narrow band 
horn to be constructed at BNL. 
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Fig. 52. Calculated ti,,, flux at the far detector of the 
proposed BNL-Brown-KM-Osaka-Pennsylvania-Stony 
Brook-Tokyo-UC1 oscillation experiment for maximum 
mixing angle and A% = 0 or f?= .5 e?. For larger A' 
(a few eV') very dramatic alterations of the ti spectra 
are obtained. 

-130- 



1 
a sensitivity which is optimized for still larger values of A . It 

is anticipated that the experiment will be sensitive over the domain 

a sir?28=0.2 for ZO<A~LT900 eV . Results should be available from 

this experiment within the next few months. 

An ANL-CIT-LANPF-Louisiana-Ohio State collaboration 40 is cur- 

rently constructing a detector to search for Vcdisappearance, using 

the reaction Ve+ n -ep + e-, and for oscillations of the type= -7~ 

by searching for the reaction Ve + pae++ n et LAIG'F. They 

accomplish this by the neat trick of using a detector very similar 

to the existing neutrino detector at Brookhaven. but which would use 

water Cherenkov counters instead of liquid scintillator as the active 

target (Fig. 53). In this way the detector can be filled either with 

heavy water or with light water depending on whether one wants 

neutrons and protons or only protons available as a target. At LAMPF 

energies interaction of the neutrinos with nucleons in heavier nuclei 

such a6 oxygen are very strongly suppressed. The detector will be 

mounted on wheels so that measurements nay be made at multiple distan- 

ces from the neutrino source. 

There are at least two additional proposals for ambitious 

neutrino oscillation experiments which might be carried out in the 

more distant future. Unfortunately. I do not have time to discuss 

either of these other than to briefly note them. One proposes to 

construct a detector in the Jura Mountains at a distance of 17 km 

from the SPS. YI It would concentrate on UXdisappearance as well as 

providing a" explicit search for v&-Ye and W.,-.&ttransitions. 

43. 
The second experiment would take advantage of a new proposed "eu- 

Fig. 53. Schematic of the detector for the ANL-CIT-LAWF- 
Louisiana-Ohio State experiment at LAKPF. The detector 
may be filled with either light or heavy water, and is 
mounted on wheels so that measurements uay be made at 
multiple distances from the source. 
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trino facility at LAMPF to obtain more precise limits on Yasurvival 

as well as Vu-c~~transitions. 

Finally, we are in a position to compare the sensitivities of 

the experiments we have discussed. The last two figures rely heavily 

on a summary prepared by R. E. Lanou at the recent Snowmass Summer 

20 
Study. 

Shown in Fig. 54 are the sensitivities for Ym-rVeas well as 

some results for Fe or Vrsurvival experiments. The results of the 

FNAL 15' bubble chamber experiment and the reactor experiment of 

F. Boehm et al. are shown by solid lines, while the anticipated 

results of experiments expected to be completed at BNL, CFRN and 

LAMPF in the next 2-3 years are indicated by a dashed line. Also 

indicated are the limits of sensitivity which might be obtained 

towards the end of the decade in experiments utilizing new low energy 

facilities such es an AGS upgrade or LAMPF II combined with very 

large (500-1000 ton) detectors of the type currently employed at BNL. 

Experiments employing large detectors underground which observe the 

43 interactions of atmospheric neutrinos, or experiments employing large 

quantities of gallium to detect the PEP neutrinos from the suny%ay be 

sensitive to very small values of CI*provided that the mixing angle is 

reasonably large. 

Finally, we show in Fig. 55 the anticipated results for survival 

experiments. Curve(a)sh the approximate existing limits while the 

dashed curve just to the left of it indicates the anticipated sensi- 

tivity of Experiment 701 currently running et Fermilab. Curve 6) 

presents the combined sensitivity that could be obtained by the CDHS 

N 
2 

“a \ 
‘1 

ALSO LAHPF. 

\ 
‘. 

AGS UPGRAdE OR LAMPF +-, / 
8 LARGE SOPHIST. DETECTOR , REACTORS 1993 

‘1 

Fig. 54. Summary of the sensitivities for Vu-&and 
i?~;--rY,experiments. The existing limits from the Gosgen 
reactor experiment and the 15' BC experiment at Fermilab 
are shown by the solid lines. Results from experiments 
to be completed at BNL, CERN, LAh?F and the Gosgen 
reactor in the next two years are shown by dashed lines. 
Also shown are possible future results from deep mine 
experiments fusing baryon decay detectors, for example) 
and from ambitious experiments at upgraded low energy 
accelerators. The sensitivity shown for the latter is 
quite optimistic. 
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Fig. 55. summary of se"sitivities for VU * Ir x 
experiments. The present limits are shown by curve (a), 
while the dashed line just to the left shows the results 
expected from E701, which has recently finished running 
at Fermilab. Curve (b) is an envelope of the results 
expected within the next two years from CERN and BNL. 
A" optimistic estimate of the results that might be 
achieved by ambitious experiments at future low energy 
facilities is given by curve (c). Deep mine experiments 
may be able to probe to small A' for relatively large 
mixing angles. 

end CHARM experiments at CERN as well as the phase 2 experiments 

proposed at Brookhaven. Again, an indication of the sensitivities 

which might be obtained by very ambitious experiments utilizing new 

accelerator facilities is indicated by curve(c) the possible 

contribution of deep mine experiments is also show". It is apparent 

that with e sustained effort using many different facilities and 

types of experiments, our search for neutrino oscillations may be 

extended by orders of magnitude in both the sensitivity to small 

masses end to small nixing angles. 
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These lectures discuss e+e- interactions at very high energies with a particular 

emphasis on searching beyond the standard model which we take to be SU(3),,~, A 

ScI(2) r\ fJ( 1). The highest e+e- collision energy exploited to date is at PETRA where 

data have been taken at 38 GeV. We will consider energies above this to be the “very 

high energy” frontier. The lectures will begin then with a review of the collision 

energies which will be available in the upgraded machines of today and the machines 

planned for tomorrow. Without going into great detail, we will define the essential 

elements of the standard model. We will remind ourselves that some of these essential 

elements have not yet been verified and that part of the task of searching beyond the 

standard model will involve experiments aimed at this verification. For if we find the 

standard model lacking, then clearly we are forced to End an alternative. So we will 

investigate how the higher energy e+e- collisions can be used to search for the top 

quark, neutral Higgs scalars, provide true verification of the non-Abelian nature of 

&CD, etc. 

Having done this we will look at tests of models involving simple extensions of 

the standard model. Models considered are those without a top quark, those with 

charged Higgs scalars, with multiple and/or composite vector bosons, with additional 

generations and possible alternative explanations for the PETRA three jet events which 

don’t require gluon bremsstrahlung. 

From those simple extensions of the standard model we will move to more radi- 

cal alternatives, alternatives which have arisen from the unhappiness with the gauge 

hierarchy problem of the standard model. Technicolor, supersymmetry and composite 

models will be discussed. In the final chapter we will summarize what the future holds 

in terms of the search beyond the standard model. 

We will be considering many different theoretical models in these lectures. The 

descriptions of the models will intentionally be brief (and non-rigorous); the main 

emphasis will be on the experimental implications of these models. 

. 
_. 
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2. The e+e- Machines of the Future 

The e+e- storage rings have been invaluable tools for the discovery and study of 

new thresholds. The fourth quark Ravor was discovered at SPEAR as was the third 

lepton family. The clean environment provided by the e+e- storage rings SPEAR 

and DORIS permitted detailed study of charm spectroscopy and provided a wide 

variety of tests all of which pointed to the fact that the r was in fact a universal 

lepton. The bottom quark was not discovered in e+e- interactions. However the 

study of bottomonium at DORIS and CESR has provided a wealth of information 

about the bottom quark. The PETRA and PEP storage rings were built. with the hope 

of discovering the top quark. Alas top has not yet shown itself and the present PETRA 

limits indicate that the top quark is more massive than 18.5 GeV/c*. However PETR.4 

did bring striking confirmation of QCD as evidenced by events containing hard gluon 

bremsstrahlung. Also clear evidence for the electroweak interaction is apparent in the 

muon pair asymmetry measurements, the magnitude of the asymmetry confirming the 

predictions of the Weinberg-Salam model. These are only a few of the striking examples 

of how fruitful the investment in e+e- machines has been. With new thresholds to be 

tested, wbat energy ranges in e+e- interactions will be available to the experimenters 

of the future? We will concern ourselves here mainly with the parameters of the 

machines - the physics opportunities which go with these machines will be discussed 

in later sections. 

In the next few years, PETRA will undergo a continuous energy upgrade’ in search 

of the elusive top quark. By the end of 1982, PETRA will have doubled its complement 

of rf and will achieve a maximum energy of 40 GeV. This will be followed by the 

addition of new accelerating structures which will provide for a maximum energy of 

46 GeV. The latter upgrade should be completed by April 1983. If the top quark has 

a mass below 43 GeV/c2, we should have evidence of this from PETRA before the end 

of 1983. It will become apparent in these lectures that toponium will provide many 

important tests of the standard model aside from the obvious confirmation that there 

indeed exists a sixth flavor. This exciting prospect might not be too far OK. 

If toponium still eludes PETRA, DESY may choose to install superconducting rf 

cavities in PETRA which would give them a maximum energy of 60 GeV. Two tests* 

with two different superconducting cavities have been performed at PETRA. Both 

tests were most promising - a - 9 GeV beam of electrons was stored in PETRA 

using a single superconducting cavity. Certainly no decision has yet been made to 

continue beyond 46 GeV. However, the means to achieve energies of - 60 GeV at 

PETRA appear in hand. The time scale for such an upgrade is not clear, but if DESY 

were committed, PETRA could be operating with superconducting rf by late 1985. 

Estimates of the luminosity at these higher energies are uncertain at this time. 

A conventional e+e- storage ring, TRISTAN, utilizing warm rf is presently un- 

der construction at KEK in Japan. This machine fills the KEK site and will have 

a maximum energy of - 60 GeV. The design luminosity for the machine is 4 X 

1031 cme2 set- l. The present schedule calls for turn-on in early 1986 with at least 

two of the four interaction regions instrumented with general purpose particle detec- 

tors. A more complete description of the project can be found in Ref. 3. If PETRA 

stops its upgrade at an energy of 46 GeV, the TRISTAN machine will cover the terri- 

tory up to 60 GeV with good luminosity. 

Tire next big jump in available energy will come with the completion of the Stan- 

ford Linear Collider (SLC) at SLAC. The present schedule shows the SLC delivering col- 

liding beams in late 1986. The design luminosity of the machine is 6X lo”’ emw2 see-* 

and the maximum energy at turn-on will be 100 GeV. A complete description of the 

SLC can be found in Ref. 4. However, since the SLC is not a conventional e+e- stor- 

age ring, we provide here a short description of the machine referring to Fig. 1. The 

existing linac will be upgraded to 50 GeV using an extension of the SLED ideas which 

enabled SLAC to raise the linac energy from 22 GeV to 34 GeV. An electron bunch 

is diverted out of the linac and collided with a target to produce positrons. These 

positrons are then fed back into the front end of the accelerator. Following passage 

through damping rings, which provide cooling for the electron and positron bunches, 

a bunch of positrons immediately followed in the next linac bucket by a bunch of 

electrons, is transported down the accelerator to the colliding arcs. The positrons and 

electrons are switched to different arcs and are brought into collision by an elaborate 

system of optics, termed the final focus. Following the collision, the beams are dumped. 

--,: 
.-’ 

-. 
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So unlike a storage ring, the SLC operates as a single pass collider. The repetition 

rate of the linac is 180 Hz, many orders of magnitude less than that of typical storage 

rings. To produce a usable luminosity, this slow collision rate must be compensated 

for. This will be done using an intense electron gun capable of producing 5 x 10” 

electrons per bunch and by designing the final focus optics such that the transverse 

dimensions of the colliding beams are a few microns as opposed to conventional storage 

rings where these dimensions are typically a few millimeters. The expected luminosity 

as a function of collision energy is shown in Fig. 2. The SLC is optimized to run at the 

Z”. However, the luminosity remains good down to energies of 60 GeV. If toponium 

should be above TRISTAJ’J, the SLC could, in principle, be used to study it. The SLC 

has the distinct disadvantage of serving only one detector at a time. 

The SLC project is an adventurous one to say the least. The linac must be upgraded 

to 50 GeV. High intensity, low emittance beams must be transmilted faithfully to the 

final focus which has the difficult task of focusing the beams down to micron spot 

sizes. It has the advantages of being cheap to build (M8 109 for the machine) and 

will provide Z” physics in the very near future. Even at a luminosity of 10B the SLC 

will be an interesting machine in 1987, providing - 200 Z”‘s per day. The physics 

goals of the SLC are clear - study the physics at the Z”. In addition, the SLC is an 

important step into the future providing the first high energy test of the concept of 

linear colliders. The cost of a conventional storage ring goes like the square of the 

center of mass energy (Ec.m.), whereas the cost of a linear collider goes linearly with 

E c.m.. It is entirely possible that LEP ( see below), with its initial phase providing 

E c.m. = 100 GeV at a cost - M% 500, will be the last frontier e+e- storage ring 

which we can agord to build. 

Another feature of the SLC is the promise of longitudinally polarized beams. As 

we will see later, longitudinally polarized beams are a powerful tool for the study of Z” 

physics5 Polarized e!ectrons are produced by shining circularly polarized laser light on 

a galium arsinide cathode. Such an electron gun exists and has been successfully tested. 

Polarized electrons have already been transported down the linac and simulations 

of transport through the SLC arcs indicate that the transmission efficiency for the 

polarized electrons is 2. 80% The sign of the laser polarization can be reversed on a 

linac pulse by pulse basis yielding successive beam pulses of opposite spins. Hence it 
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appears that, with very high probability, beams with polarizations of 2 50% will be 

available at the SLC. 

If the linac could be raised beyond the 50 GeV beam energy, a second phase of the 

SLC will be possible providing maximum collision energies of - 140 GeV. 

While the U.S. high energy e+e- program is putting its money into the SLC, the 

European program for very high energies centers around the LEP project. LEP is a 

conventional e+e- storage ring which will be built at CERN. In its first incarnation 

- which we term LEP I - it will achieve a maximum collision energy of IOO GeV 

and a iuminosity of 10 3i. The project’ is vast - requiring a tunnel with a 27 Km 

circumference - but the machine uses conventional storage ring technology and hence 

one should feel fairly confident that the design goals will be met. LEP I is slated for 

turn-on in about the middle of 1988 at a cost of - MS 509. LEP will have eight 

experimental halls of which four will be instrumented for LEP I. 

The strength of the LEP program resides in its potential to go to _< 250 GeV col- 

lision energies. This is achieved in two different steps. By the addition of conventional 

rf, the machine will yield a maximum collision energy of 170 GeV (LEP II). By the 

application of superconducting rf the machine can go to E,.m. 5: 250 GeV depending 

on the accelerating gradient which is achieved (LEP III). Gradients of 3 MeV/m corre-. 

sponding to EC.,,. = 220 GeV have already been achieved in the PETRA tests.:! The 

parameters of these two routes are summarized in Table 1. Time scales and costs for 

these upgrades are not known yet. As a guess LEP II could be available in early 1990. 

Table 1. Summary of Performance With Room-Temperature rf. 

Installed rf power (MW) 16 

Length of rf structure (m) 271.5 

Number of experiment 2 
areas with rf (partial) 

Maximum energy 
(zero luminosity) (GeV) 

Maximum current required (mA) 

59.0 65.5 78.0 93.0 

2.8 3.1 3.8 4.7 

Maximum luminosity (AQ = 0.02 
(x 103’ crne2 8ec-l) 

Energy of maximum 
luminosity (GeV) 

0.9 

51.5 

l/6 of rf 
installed 

l/4 of rf 
installed 

l/2 of rf 1 rf 
installed installed 

24 48 

407.2 814.4 

(fu21l) (,I& 

96 

1628.8 

(fu8l) 

1.3 1.8 

70.0 

2.7 

58.5 85.0 

Maximum Energies With Superconducting rf. 

.-_-__- ---1-.. _ 

Eight experiment 
areas with rf 

Lc = 1628.8m 

99.4 

110.0 

118.2 _~ .- 

125.0 
: . 

I 
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Beam polarization at LEP is much less certain than at SLC. A considerable amount 

of work is being done in this area, but there are still many hurdles to cross. These 

hurdles are discussed in Ref. 7. Conceptual designs for very high energy colliding linacs 

exist both at SLAC and NOVOSIBIRSK. The Russian VLEPP project is described in 

detail in Ref. 8. The motivation for linear colliders was stated earlier, namely the 

cost grows linearly with EC.,,,. whereas the cost of circular machines grows as &?,.. 

Taking into account the constants of these equations, one finds that the crossover 

point is roughly at EC.,,,. = 150 GeV. This assumes of course, that in both cases 

one starts from scratch. Hence it would seem that to go beyond LEP III, one will 

require a colliding linac machine. The general consensus seems to be to build a first 

phase machine capable of 300-500 GeV cohision energy followed by a second phase 

in the 1 TeV range. Much will depend on what is learned from the SLC. In addition 

luminosities of 2 1O32 are needed to test current ideas at the 2300 GeV energy scale. 

I include this terse discussion here to emphasize that the intellectual effort and research 

and development is going on in many areas so that the door to e+e- collisions in the 

1 TeV region may be opened in the 1990’s. 

This section concludes with Table 2 which summarizes the machine possibilities 

for e+e- collisions for the foreseeable future. 

Where 

PETRA, DESY 

PETRA, DESY 

PETRA, DESY 

TRISTAN, KEK 

SLC I 

SLC I1 

LEP I 

LEP II 

LEP III 

VLEPP I 

VLEPP II 
- 

Table 2. The e+e- Machine of the Future. 

When 

October 1982 

April 1983 

By late l&35? 

January 1986 

October 1986 

? 

June 1988 

? 

? 

1900’S 

1990’s 

.EY’ GeV c.m. 

40 

46 

60 

60 

loo 

140 

100 

170 

220-250 

300 

1000 

1maz dessgn cm 
-2 -1 

“= 

1.5 x 1031 

- 1.5 x 1031 

? 

4 x 1031 

6 x 10% 

4 x 1030 

1031 

3 x 1031 

? 

1032 

1032 

. ..- “... 

. . 
..I- : 
: 
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3. The Standard Model 

We take S’U(3),,~, A SU(2) A U( 1) as the standard model. To describe this model 

in detail goes way beyond the scope of these lectures. Instead we need to characterize 

the main features of the model so that we can catalogue those features which are still 

not verified. No attempt has been made here to be complete or rigorous; rather we 

have in mind compiling, in as brief a manner as possible, the lit of essential elements 

which appears at the end of this section. 

The class of “locally gauge invariant theories” form the theoretical framework for 

the standard model. Since their use is so pervasive, we will take some time to remind 

ourselves of the terminology. We use the U( 1) gauge group of electromaguetism as an 

example. 

Consider the matter field of an electron. If we change the phase of the field by the 

same amount in all space we will find that the physics remains invariant. The reason 

for this is clear - the physics is determined by differences in phases and the global 

transformation discussed above will leave all phase differences fixed. We say that the 

electron matter field is “globally gauge invariant” with respect to phase rotations. 

Suppose, however, that we perform a local gauge transformation, namely we change 

the phase at one point in space only. Clearly this will change all relative phases 

and hence all physical messurables. To preserve the local symmetry we must add 

an addit,ional new Eeld, which is designed to compensate over all space for the local 

disturbance. As is well known to the reader, one adds to the free electron matter 

Eeld a vector field whose quantum is the photon. Since compensation for the local 

disturbance is required over infinite distances, the photon must be massless. The 

order of successive local gauge transformations (successive photon emissions from an 

electron for instance) does not aRect the physics since, in all cases, the phase change 

resulting from the transformations is the same. Because successive transformations 
commute, the theory - namely QED - is termed Abelian and the reason that QED 

is Abelian is that the photon does not carry the property which is conserved, that is 

the photon is “chargeless.” To summarize, QED is a locally gauge invariant Abelian 

theory, and the local gauge invariance was ensured by the addition of a new field. 

By direct analogy with QED, SU(3),,~,, is described by a locally gauge invariant 

theory. The conserved quantity is color. In the standard model quarks come in six 

flavors - U, d, s, c, b and t - and each quark has three color degrees of freedom. Since 

hadrons do not exhibit color, they are color singlets. Baryons are composed of three 

quarks and mesons of a quark anti-quark pair. In QCD local gauge invariance is 

ensured by the addition of sixteen fields. The quanta of these fields are eight gluons 

most of which, in order to preserve the local gauge invariance, must carry color. In 

general, successive local gauge transformations (successive emissions of gluons from a 

quark for instance) will not commute because the gluons carry color. Hence &CD is a 

non-Abelian theory. The non-Abelian nature of &CD has some important experimental 

consequences. 

In QED the vacuum becomes polarized by the presence of virtual e+e- pairs. This 

leads to the screening of bare electric charge. In QCD the vacuum contains both virtual 

quark pairs and virtual gluon pairs. This combination conspires to anti-screen bare 

color charge. This leads to the notion of asymptotic freedom and the accompanying 

features that (a) quarks and gluons are confined by the color field (i.e., we should 

not see free quarks) and (b) the strength of the strong (color) coupling constant, 08, 

depends on the distance scale of the probe. The notion of a running coupling constant 

is expressed, to leading order in logs, ss 

1 1 
‘uJo=o,o 

where n, is the number of quark flavors. 

Since the gluons carry color, they can couple to themselves a9 well as coupling to 

a quark anti-quark pair. This self coupling is a consequence of the non-Abelian nature 

of QCD and hence any evidence for this self coupling constitutes a test of this very 

important feature of &CD. (Notice that there is no analog of the gluon self-coupling 

in QED.) 

Consider Fig. 3 in which a gluon is shown emitting a gluon (a) and a quark is shown 

emitting a gluon (b). If the parton energies are high enough, then this perturbative 

picture makes sense and one finds that the probability for 3(a) is 9/4’s larger than 

for 3(b). The fact that the gluon-gluon coupling is about twice as probable as the 

quark-gluon coupling implies that gluons should fragment to roughly twice as many 

hadrons as quark jets of the same energy. The average transverse momentum of the 
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Fig. 3. The pcrturbative representation of the processes 
whereby a gluon radiates a gluon (a) and a quark radiates a 
gluon (b). 

decay products should also be different for quark and gluon jets. This QCD prediction 

holds only if you believe the perturbative picture described above. In all likelihood 

this picture is sound and we will treat this fragmentation difference between quarks 

and gluons as an important prediction of &CD. 

In the standard model, leptons are point-like particles which carry no color. Hence 

they are unaffected by the strong interaction. They couple to the gauge bosons of 

X42) through their weak charge (helicity) and to the photon of U(l) through their 

electric charge. There are six leptons - e, p, r, ue, v,, and vr. The left-handed fermions 

of SU(2) are arranged in flavor conserving doublets: 

The primes on the quarks indicate that the flavor conservation in the quark sector is 

not perfect. This generation mixing is summarized by the elements of the Kobayashi- 

Maskawa matrix, the most familiar component of this matrix being the Cabibbo angle 

which tells us that the d quark has a 5% strange quark admixture. The right-handed 

fermions occur in singlets UR, dR, SR, cR, bR, tR, eR, PR and 7~. In the standard 

model we have three generations. Associated with each charged lepton is a neutral 

massless lepton. Since the neutrinos have identically zero mass, there are no right- 

handed neutrinos. 

We have now specified the particles of SU(2) A U(l) At this time it is a gauge 

invariant - with respect to weak isospin - theory with four massless bosons. This is 

problematical because (a) we have too many massleas (long range) fields and (b) the 

local weak isospin symmetry implies that fermions are massless. Enter the cunning 

of the Higgs mechanism which is used to spontaneously break the symmetry. In this 

scheme, while the Lagrangian of the theory remains invariant, the vacuum (ground 

state) does not. The fact that the vacuum is not invariant implies that there exists 

stored energy in the vacuum. This stored energy is used to give mass to the bosons 

and the charged fermions. In the standard model the minimal scheme is used to 



spontaneously break the symmetry. This is achieved using a doublet of complex fields: 

We add a term to the Lagrangian: 

LHiggs = THiggs - VHigga 

where VHipgs = - $2 4+4+$J (#+4)*. If u* > 0, one Ends the vacuum expectation 

value of 4 is < 4 >n= (F) where V* = q. When the symmetry is broken, three 

of the boson fields acquire mass, eliminating three of the Higgs &Ids. These massive 

bosons are the familiar W’ and Z”. The fourth Higgs Iield remains as a physical 

scalar particle - the Higgs particle Ho. The mass of the ffn is given by M,p = 
21~21 = ‘AV*. Since the theory does not specify X we have no prediction for the Higgs 

mass. However, we do get some guidance from the theorists which indicates that 7.5 < 

MN0 < lo3 GeV/$. The lower limit comes about from considering u2 s 0 with the 

symmetry breaking arising purely from radiative corrections. A very massive @ is 

not likely when the mass scale which it is generating is - 100 GeV/c”. The lack of 

a crisp prediction for the Ip mass, makes searching for the Ho very difficult indeed. 

Fermion masses are generated by Yukawa couplings of the Higgs field. An interaction 

term is added to the Lagrangian: 

In N(2) A U(l) the two neutral quanta are not the physically observed particles. 

Rather the photon and the Z” are orthogonal admixtures of these neutral quanta with 

the relative amount of mixing speciEed by the Weinberg angle, Bw. In terms of this 

angle, one obtains predictions for the W’ and Z” masses: 

Mj, = Mw/cos2t$+t (2) 

where cr is the Ene structure constant and $i~ is the Fermi coupling constant. 

The quantity sin2ew has been measured in many diKerent experiments and 

Kim et al9 derive an average of 0.23 f 0.015. One cannot use this value directly 

in Eqs. (1) and (2) to yield the boson masses because of the effects of radiative 

corrections. The bare mixing angle of the theory is given by sin280w = f where 

e and IJ are the U(l) and SIJ(2) coupling strengths. The renormalized, physically 

measurable sin*Dg is related to ein2flW by a radiative expansion: 

8in*& = t&*0$(1 - G{(sin2eR,) + O(a*). .) . 

Marciano and Sirlin have studied this problem” and find that sin2flW is roughly 

7% larger than the measured value. Hence they predict 

MW =(82 f 2.4)GeV 

MzO =(93.0 f 2.0)GeV . 

Notice that a precise measurement of Mz and an independent measurement of 

sin2BW permit one to test the validity of the radiative correction calculations. 

We will see later that this can be done. 

In the standard model the weak left- and right-handed fermion couplings are 
L,R speciEed by gL,R = T3 - Q sin*f?ty where Q is the fermion charge and T3 is 

the third component of the weak isospin. A more commonly used notation is 

g=(gR+9L) -- 
2 

,,-(BR-90) . 
2 

Table 3 summarizes these values for the fermions of the standard model assuming 

sirr2flw = 0.23. 

M$ = ~sin*r?w 
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Table 3. Vector and Axial-Vector Fermion Couplings 

Fermion Axial Vector 

u -0.25 

e,hr 0.25 

u,c,t -0.25 

48,b 0.25 

Vector 

0.25 

$(-1+4sin*tj+~)= -0.02 

i( 1 - $ ein20w) = 0.10 

+(-I •k $8in*ew) = -0.17 

The coupling of the neutral Higgs to a pair of fermions is given by 

where MJ and ,Mp are the fermion and proton masses. The important thing to notice 

is that the Ho will couple to pairs of the heaviest fermions available. This fact will be 

used in searches for the Ho. The Higgs coupling to bosons is given by 

M* 
N 7.6 --!L 10-s ( 1 Mp 

where Mv is the boson mass. So while the standard model does not predict masses 

for the fermions and the Ho, it does specify the couplings. 

We have now covered sufficient ground to arrive at the catalogue of characteristics 

which we will need to discuss high energy tests of the standard model. 

1. The fundamental fermions are six quarks and six leptons: u, d, 8, c, b, t, and 

e,vt!,AqJ,r,h. 

2. There are nine massleas bosons: eight colored gluons and the photon. 

3. There are three massive vector bosons: Z”, W+, W-. 

4. There is one neutral scalar: @. 

5. QCD is non-Abelian and hence: (a) particles which carry color are confined; (b) 

gluons couple to gluons; (c) the strong coupling constant, cr8, runs. 

As we contemplate this catalogue we realize that the t quark and the r+ have not 

been seen, we should review the evidence for the existence of gluons, none of the heavy 

vector bosons have been seen, the Ho has not been seen and there is no evidence for 

the essential feature of QCD - namely it is a non-Abelian theory. 

Before we embark upon considering to remedy these untested features using high 

energy e+e- interactions, we should remember that the standard model, both QCD 

and the electroweak sect,or, is an outstanding success at low energies. There is consid- 

era.ble verification from all areas of experimentation and there exist no well established 

conflicts with any experimental data. There is no reason then, aside from aesthetics 

like the unhappiness surrounding procedures like the Higgs mechanism, to expect that 

the standard model is an incorrect description of nature. We will have the means in 

the next few years to make many interesting and important high energy tests. And, 

as usual, e+e- collisions will play a major role in these tests. 

. . 
: . . 
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4. Testing the Standard Model in e+e- at Energies Beyond 

Those Currently Available 

4.1 SEARCHING FOR THE TOP QUARK 

The charge two-thirds top quark has not yet been seen. There is indirect evidence 

(see Sec. 5.3) from the absence of flavor changing neutral currents that there must 

be a top quark at some mass. There exists only one rather perverse “topless” model 

which has not been ruled out. It is then fairly certain that the top quark exists. 

The present limits coming from PETRA are that the top quark mass, Mr, is below 

18.7 GeV. These limits are set using either event shapes, high transverse momentum 

leptons arising from weak decays of heavy quarks and measurements of R the ratio of 

the hadronic cross section to the muon pair cross section. 

In anology with the $ and T systems, one expects to see several t f bound states 

below the threshold for open top. Energy scans have been done at PETRA to search 

for the IS (toponium) state. Using - 20 MeV energy steps, the energy ranges (a) 27 

< &,,. < 31.6 GeV and 33 < I?~.~. < 37 GeV have been exhaustively scanned. For 

each scan point, R is determined. To get an upper bound on the width of a possible 

I7 bound state, each measured point is fitted to a Gaussian plus a constant term. 

Radiative effects are also included in the Ets and the width of the Gaussian is taken 

to be the machine energy resolution of 20 MeV. The resonance parameters are related 

to the data via 

where A4rJ is the assumed resonance mass, F ee the partial width for the decay to 

electrons and Bhad is the hadronic branching fraction. Fig. 4 shows the combined data 

from the four PETR.A experiments of JADE, MARK J, CELLO and TASSO. Table 4 

shows the values of M(7 where the fit yields a maximum Fee Bhad for each individual 

experiment and for the combined data (M,7 = 33.34 GeV) for which Fee B&d < 0.61 

keV (90% confidence limit). 

I I I I 
33 34 35 36 

4-83 E c.m. (GeV) 

Fig. 4. R = ffhadrons/g/q, in the region of the PEW 
toponium energy scan. The data of all experiments (CELLO, 
JADE, MARK J and TASSO) are combined. 

49.8 50.0 50.2 50.4 

Fig. 5. The hadronic cross section in the region of 50 GeV 
assuming toponium is at a mass of 50 GeV. 
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All Experiments 

Table 4. Results of the It-Resonance Search 

JADE 33.34 1.22 

MARKJ 35.12 0.97 

TASS0 
I 

33.34 
I 

1.33 

33.34 < 0.61 

All Q ij resonances (p, (J, 4, $J, T) have the common feature that ‘$ - 10 keV where 

e is the quark charge. If we assume that this is true for the tI system and that Bhed 2 

0.7 then one would expect F,, Bhad > 3 keV for toponium. Thus the PETRA data 

rule out the existence of toponium up to a mass range of 37 GeV/c2. 

The PETRA measurement of R has also been used to demonstrate that the open 

top threshold has not yet been reached. I3 In the simple quark parton model R is given 

by 

where ei are the quark charges and i runs over the Bavors which are below threshold. 

For the five known flavors, R = 3.67 in this model. There are small modifications to 

the simple picture from &CD of the order of 5. The prediction14 of QCD for five 

flavors is R = 3.88 and for the inclusion of a sixth charged two-thirds flavor R = 5.31. 

Averaging over E,.m. from 12 to 37.6 GeV, a value of < R >= 3.84CO.04 is obtained 

from the PETRA data. This error is statistical only and to be conservative a 10% 

systematic error should be assigned to < R >. Clearly the I’ETRA data rule out 

open top production up to 37.6 GeV. 

The standard model does not calculate fermion masses and so the absence of the 

t quark does not imply an essential problem. Box diagrams would contribute to the 

KL --KS mass ditIerence and the decay rate for KL -+ p+p-. Bums,” using such an 

approach, consoles us with the bound that Mt 5 46 GeV. What prospects exist for 

Ending the top quark? 

As we have seen, the most straightforward way of looking for top is to measure 

R. If one assumes one is above the top threshold then a 6R = $ should be seen. If we 

require a 3u effect in R, we must measure to an accuracy 2 21 8% Typical PEP and 

PETRA experiments achieve 5 5% for the systematic contribution to the error in the 

measurement of R and we will ignore these in this discussion. Allowing for statistical 

errors in both the luminosity measurement and the counting of hadrons, s = 8% 

requires a sample of < 200 hadronic events. If N is the number of days to accumulate 

M hadronic events in a detector, with an efficiency of c, then 

N= 
E:.,, x 10” 

86.8R < f > ~(3.6 X 24 X l@> 

where E,., is in GeV and < L > is the average 1nminosit.y measured in units of 

cm-2 .9ec- r. Typically c = 0.7 and referring to Table 1, < L > can be taken as 

5 x 103om-2 8tx -‘. One Ends then 

ILm. (GeY Who, When Number of Days for 
(= 21Lfr) - 10% Measurement of R 

41 PETRA, December lQ82 2.5 

45 PETRA, June 1082 3.0 

60 TRISTAN, March 1886 5.0 

Hence the measurement of R is a fast way of finding top if one is above the open 

top threshold. If the results of this search are negative, then one can begin scanning 

down in energy looking for the 1.9 state. This state wili be narrower than the machine 

width which is 20 MeV at PETRA and projected to be 60 MeV at TRISTAN. One 

scans therefore in steps comparable to the machine energy. As an example of how long 

such a scan would take, consider Fig. 5 which is the hadronic cross section (see Ref. 

3) expected at TRISTAN given that toponium is at 50 GeV. The toponium resonance 

has been corrected for radiative effects and the beam energy spread. Remembering 

that one would scan in - 60 MeV steps, one sees that almost independently of one’s 

initial choice of energy for the scan, one will reach a scan point within QO% of the 

best possible resonant yield. The non-rnonant cross section is approximately equal to 
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this resonant yield and therefore one would run long enough to see - 25 events in the 

continuum. The on-resonance response would then be 50 events, and one would have 

a significant effect with these statistics. At < f >= 5 X 1030cm-2 set-* it takes ten 

hours to accumulate 25 events nt a cross section of u = .15nb. Hence one could scan at 

a rate of 1 GeV/week. Having established that one was not above open top threshold 

first, one would then scan down from this energy, Eo. If the 1S state were not found 

within - 4 GeV below Eo - four weeks running - then in all probability top will be 

at a n energy above I?& Clearly we have not chosen the best optimization strategy 

here since adjacent points in the scan can be added together. But the Bavor of the 

discussion is correct - it would take seve:al weeks of scanning to look for hidden top at 

TRIST4hr given that open top was not at the maximum machine energy. For PETRA 

the number of events required to establish toponium is about the same. However, here 

the machine width is smaller and the luminosity uncertain. By the time these lectures 

are published, the scan rate for PETR4 will have been established. I would guess that 

it will take about twelve hours per 20 MeV step. 

lf IIfr >30 GeV, then the next place to look in e*e- collisions will be the SLC 

and solon thereafter LEP. A shape analysis of the hadronic events or the yield of large 

transverse momentum (wit.h respect to the thrust axis) leptons will be a very clean 

and rapid signal for top at the Z”. These tests are discussed fully in SLAG REPORT 

217 (see Ref. 5). Figure 6 shows the yield of events as a function of the aplanarity for 

the 1 quark and separately for the five iighter quarks. A 30 GeV/c2 mass was assumed 

for the 1 quark. The curves are normalized to a one-week run at the SLC assuming 

< L > = 3 x 10m cme2 aec-I. The aplanarity12 measures the amount of momentum 
out of the event plane as it is defined in a spheric&y analysis. As the t quark mass 

is raised, the mean aplanarity for the t quark grows. A short run at the SLC would 

readily establish the presence of a t quark if !+4r >30 GeV/c2. Figure 7 shows the 

transverse momentum of muons, relative to the produced quark direction, for different 

quark parents. The top quark maSs was assumed to be 25 GeV/c’. A clear separation 

between top and all other species is seen. So if 30 GeV < hft < A4&2 the SLC 

and/or LEP will easily find top. 

How is the top quark mass measured at the Z”? The aplanarity distribution 

and the lepton transverse momentum distributions are strongly dependent on fifr. 

T 

Z”- Hadrons M t = 30 GeV 

I 

One week run ot SLC 01 
(b) = 3x1029 

u,d,s,c a b Ouarks 

0.1 0.2 
APLANARITY 4519A12 

Fig. 6. The aplanarity distribution for cvcnts of the type 
ZO + Q 8. The distribution for t i(nlr = 36 GeV/c’) is shown 
scparatcly from the lighter quarks. 

: 
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Fig. 7. The distribution of transverse momentum squared, 
with rcspcct to the quark direction for all muons in the event. 
Contributions from the different flavors are indicated in the 
figure. 

Certainly a rough estimate (probably f 5 GeV/c’) would result from such distributions 

but the result would depend heavily on the Monte Carlo assumptions for t quark 

fragmentation, etc. The jet mass does not prove to be a reliable measure 01 Aft,. The 

jet mass distributions for t quark events selected by a cluster ansIy~is~~ and aplanarity 

cuts appears in Fig. 8. The cluster algorithm in conjunction with an aplanarity cut 

2 0.04 yielded, in this study, a Z” -+ tZ event sample with 80% purity (see Ref. 5b, 

pages 93-100). For Aft = 19 GeV/c2 (Fig. ga) the mean jet mass is about 16 GeV/c2. 

For Mt = 30 GeV/c2 (Fig. 8b) the mean jet mass increases to only 19 GeV/?. Thus 

the measured jet invariant mass is not linear in Mt; the nonlinearity becomes most 

marked for Mt 2 20 GeV/c’. The reason for this behavior is that as Mt increases the 

events become more spherical and the assignmeut of the numerous soft particles to 

the jets becomes somewhat arbitrary: the jets are not distinct clusterings of particles. 

The determination of Mt from jet masses appears too dependent on Monte Carlo 

simulations to be of much use. 

A more promising methodI does not depend at all on the Monte Carlo simulation 

of the fragmentation process, but on the rate of hadron production at the Z”. It is 

based on the fact that in the standard electroweak theory the partial width for Z” -+ 

t7 is given by 

I-f(B) = 3(Z) I!$ 8(3 - P2) + 29: P31 . 

where p is the 1 velocity in units of the speed of light, and go and 0~ are the t quark 

weak axial-vector and vector couplings, function of sin2& only. For sin?& = 0.23, 

gi >> g$ and the threshold factor for Z” -+ tf is predominantly cubic in p. Hence 

the rate for Z” - If is strongly modulated by the threshold factor, and the overall 

rate for Z” --+ hadrons is correspondingly reduced by the t mass effects provided 

Mt < M,o/Z. Figure 9 shows the ratio 

p - r,(p) 
I-” 

as a function of the t quark mass. Here TU is the partial width for Z” -+ uo (i.e., 

9-a massless & = i quarke). With the present lower bound on Mt of 18.5 GeV, 

there would be 22% less hadrons from massive tt production than from massless t 

.’ :. .:. 

‘. 
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quarks. Since 14% of Z” -+ hadtons is in the uli channel, an overall reduction of 

3% of the badronic rate is expected for Mr = 19 GeV/c* as compared to Mr = 0. 

Within the standard model p can be expressed in terms of the ratio tof the number 

of hadronic events (Nh) to the number of muon pair events (Npp) produced at the Z”: 

rllP rh p=l+r r-;;., 

where Fh is the badronic width calculated for three quark generations of massless, 

colored weak isuspin doublets, Fsr is the calculated /1+~- partial width and FU is the 

calculated partial width into u quarks. Hence, in principle, the experiment is simple: 

it consists of counting the number of hadronic and muon pair events. There is no 

need to measure the luminosity, and the error of the t mass estimate depends on the 

ability of counting hadron events and muon pairs with small systematic errors. If one 

assumes lo6 ZO's, Np+@- = 31,000, Nh = 730,OOG and b(sin*tiw)= 0.001,'7 the 

t quark mass resolution, in the absence of any systematic error, is given in Fig. 9. 

The resolution is adequate and independent of t quark mass. Inevitably, there will 

be some systematic effects; the resolution degrades by - 1 GeV per 1% systematic 

error in r. It should be pointed out that to apply this method one needs independent 

evidence that (a) the tf events are being produced at the 2’ and (b) that there are 

no processes contributing to Nh beyond those of five known quarks. Nonetheless, this 

method looks very promising for estimating the t quark mass. 

If Mt > Mp/2, we will have to rely on LEP II, LEP III and SLC II to find the 

top quark. This will constitute a search in the continuum similar to that described for 

TRISTAN earlier in this section. 

4.2 SEARCHING FOR ANDSTUDYING TmZ"AND W* 

It is entirely possible that the Z” and/or W* will be discovered soon at CERN 

in the pp collider experiments. We still need to discuss the e”e- option because (a) 

CERN might not tind them and (b) the copious, background free production in e+e- 

for the Z”, in particular, will permit tests of the standard model far more thorough 

and precise than offered by the pp collider. 

If the Z” is found at M,o = (93 f 2) GeV/e2, this will be yet another triumph 

for the standard model. If a Z” is found either higher or lower (or both) than the 

I ’ I ’ I ’ 

. . 
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and for < L >= 5 x 10”’ cm-2 xc-* one would obtain 20 W+W- events/day. A 

topology which would be readily observable would be 

e+e- --+w+ w- 
i i;,, (3) 

1 + e+v, 

where e refers to a charged lepton. The events would have a single lepton in one 

hemisphere and a hadron jet in the other. Further confirmation of the process (3) 

would come from the measurement of the hadron jet mass which would reconst,ruct 

to the lY* mass. The W coupling strength to fermions is democratic and hence for 

N = 3 generations 

qw --* ev) 11 =-=- 
r(W-+ALL) 4N 12 

r(w-+qp) 3 1 
r(W+ALL)=ZV=4 

Summing over the possible quark final states and assuming either the Ed, or u,, 

possibility of the leptonic decay, the topology of (3) would yield 5 W+W- events/day. 

This signal could not be missed. 

The measurement of a(e+e- -+ WfW-) is an important test of the gauge structure 

of SU(2) A U(1). If ~z~~+w- were zero, some of the cancellations occurring in the 

contributions from interference terms (see Fig. 12) wouid vanish, and a(e+e- --t 

I+‘+%‘-) would roughly double. In this way e + - e interactions would ofJer a unique 

test of the standard model unavailable at the pp collider. 

4.3 SEARCHING FOR THE NEUTRAL HIGCS PARTICLE, Ho 

The Biggs mechanism is probably the most controversial part of the standard 

model because it requires very precise fine tuning to work. (See the leclures of Susskind, 

these proceedings.) Because the mass of the Ho is not predicted by the theory it is also 

one of the most difficult areas of the theory to test. The two most promising places to 

search for the If0 in e+e- interactions is at toponium and the Z”. 

Consider the decay of a heavy QQ(l--) state, V, into Ii07 as shown in Fig. 15a. 

This process was first discussed by Wilczek. lg For M,o < Mv, the decay rate for this 

process is given by 

r(v -+ Hod N $Ff$ 
qv - e+c-) 

1 _ Mio 
4\/2rcr 1 1 Yiq’ 

Considering then the two upcoming toponium sources, we find 

/ 
I E c m. <L> 

I- ~~ ~~~ 

j #V / 
GeV ~rn-~aec-~ per day % per day 

IPETRA 40 1.6 X 1031 400 0.14 6 3.4 

‘TRISTAYY 60 2 x 103’ 
/ 

220 0.32 1 6 4.2 I 
I 

where we have used the estimates 2c in Fig. 16 to obtain the rates above. The 

production rate for toponium -+ Ho7 at both PETR,4 and TRISTAN is quite favorable. 

What about the event shapes? The photon in the decay of toponium -+ Ho7 will 

be monochromatic with its energy given by 

The decay of the Ho wiil be predominantly to the heaviest fermion pair available and 

estimates for Ho branching fractions as a function of MHo are given in Fig. 17. The 

event shape will depend on MHo but in essence the events will have a monochromatic 

photon in one hemisphere and a hadron jet in the other hemisphere (see Fig. 1Sb). 

The main background will come from the process shown in Fig. 15c, V -+ 997, where 

the symbol 9 is used to denote a gluon. From Fig. 16 we see that 

r(v - 94 
r(v + Ho?) 

N 7 at I&J = 40GeV/c2 

~3 at MV = 60GeV/c2 

This background is distinguishable from the signal when we use the property that the 

photon from the signal is monochromatic. Roughly speaking the photon spectrum 

.Z’ ,: 

‘. 
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from the background in linear 

dn .wx -- 7 
6 

for v + gg-f . 

Assume that the photon is measured in a calorimeter whose energy resolution UE/E = 

uxfX = .1/G. For X, > 0.5 ox, 2: 2% As an example consider that Mv = 

MtI = 60 GeV/c2 then for 

M p = 20GeV, X7”” = 0.88 or E7 = 27GeV 

= lOGeV, XT = 0.97 or E7 = 29GeV 

Figure I8 depicts the experimental problem, namely with a resolving width of 2% 

and X7 = 0.89. Can we sort out the signal from a background which is three times 

as copious? The Egure is drawn so that the relative areas of the Gaussian (signal) and 

the triangle (background) are 1 : 3 and the Gaussian has a width of 2% One sees 

that indeed the signal would readily be seen. With enough data one could remove the 

background by requiring the H” + r+r- decay. For MHs = 10 GeV/c2, B(H” -+ 

r+r-) = 30% and one pays an acceptable price. For MHo = 20 GeV/c2, B(H” -+ 

T+T-) = 5% and a long run would be needed to establish the Ho if one required the 

HO -+ r+r- decay mode. 

Having established the signal, how well could one measure Me? One could either 

measure the jet mass or obtain the mass from the measured photon energy. It is hard 

to estimate how well one would do using the former method because it will depend 

on the characteristics of the detector and on Monte Carlo corrections. For the latter 

method 

M& x1= l-- 
( 1 

M8 

e 
* @Mara = fMHoux, 

For Q/E = .l/ fi and Mp = 20 GeV/c2 and Mu = 60 GeV/c2 one finds cr~“~ = 

1.8 GeV/c2. 

We can conclude that for MHo 5 MJ2, toponium should yield the Ho via the 

decay toponium - Hay. Suppose that either Me > MtI/2 or the SLC turns on at 

about the same time as TRISTAN. Can one search for the Ho at the Z”? Bjorken21 

I I I I I I I I 

Photon Sectrum from V- H”y 

for ~$~~~)GeV/cZ 7, 

Approximate Photon Spectrum 

4 

1 
I 1 

-r 

0.2 0.4 0.6 0.8 

Fig. 18. The photon spectrum from V + B”7 assum- 
ing MHa = 2 - GeV/c2, Mv = 60 GeVJc2 and UE/E = 
10% / fi. Also shown in an approximation to the photon 
spectrum for the background V + gg+I. The relative areas 
of the two curves are chosen to simulate the expectations for 
these two processes. 

: 
-. 
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pointed out that indeed one could utilize the process Z” -t virtual Z”+Ho -t Ho@!- 

as shown in Fig. 19. Here e* are charged leptons. The production rate** for this 

process is shown in Fig. 20. Also shown is the rate for Z” - 97 which vanishes 

in first order because the photon and the Z” are “orthogonal.” The Z” + Hot?!- 

event rate is not large and will require that the SLC and LEP obtain their promised 

peak luminosity. For a < L >= 3 X 103’ cmm2 aec e-1 the event rates for each lepton 

channel are I.P/day for MHO = 10 GeV/c*, 0.4 events/day for Mm = 20 GeV/c* and 

0.3 events/day for MHo = 30 GeV/c*. This signal must be observed in the presence 

of a hadronic event rate of -9,000 events/day. The key to extracting a signal is the 

event topology. The dilepton pair take most of the energy in the process, leaving the 

Ho close to rest. Figure 21 shows the dilepton invariant mass spectrum for different 

values of MHo. The slow Hn is assumed here to decay to a pair of quarks. What 

results then is an event with two quark jets which are roughly back to back and a pair 

of high energy leptons whose direction is not correlated to the hadronic sphericity axis. 

Figure 22 shows this topology schematically. There have been numerous studim of the 

detection of these Hotit event,s at the various Z” workshops; we have used the study 

done for the SLC workshop. 5* Hadronic events at the Z” were produced using a Monte 

Carlo simulation program. Events were selected which had two electrons (muons will 

look essentially the same). Figure 23 shows the dilepton mass spectra which arise from 

the signal and the Z” -+ hadrona background. In order to reduce the background, 

each lepton is required to have an augle > 209 mrad relative to the sphericity axis 

of the hadronic system. This will cause virtually no loss (- 2 X 200/2 X A X lo3 = 

6% ) of signal events because the leptons have no correlation to the hadronic system. 

However, the background is substantially reduced because the main source is Z” - 1I 

where both t’s decay semileptonically and in this case it is rare to get two high energy 

decay leptons which have in addition large transverse momentum. It appears then as 

if the hadronic background can be handled. 

In order to establish a signal, one must look for a peak in the spectrum of the mass 

recoiling against the dilepton pair. This recoil mass is shown in Fig. 24 for Mffs = 10 

GeV/c* assuming that one detects electrons in an eiectromagnetic calorimeter with 

an energy resolution of cr~/E = 10% /@. A clear signal is seen with a mass 

resolution of roughly 1 GeV/c*. The mass resolution degrades approximately linearly 

.+*fi- 

e- 

Fig. 19. The process e+e- -+ Z” -+ H”l+t-. 

to-2 k I I I 3 \ 
1 
\ \ \ ‘4 \ 

l - 4 -1 I 1 I 

IO3 I I 
0 0.2 0.4 0.6 0.a 

Fig. 20. The decay rate for Z” -+ tl’e+e- or Z” + 
H’p+p- relative to Z” -+ p+p- which has a branching frac- 
tion of 3% . 
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10 OQJ 
0 IO 20 30 40 

M recoil (GeV) 4171A210 

Fig. 24. Scatter plot of M(e+e-) versus recoil mass calori- 
meter with resolution UE/E = 10% / fi. 

v-r-- v-r-- 
M,o= 10 GeV M,o= 10 GeV 
c&)/E= 10%/z c&)/E= 10%/z 

Q Higgs Q Higgs 
: Jets : Jets 

0 O 0 O 

with the calorimeter resolution and, particularly for a high mass Ho, one would not 

want to do this measurement with a calorimeter having an energy resolution worse than 

26% / @. If the muon channel is chosen the muon momentum resolution required 

which corresponds t.o UE/E = 20% /&is op~p = 0.1% I’ assuming that the typical 

lepton momentum is 30 GeV/c. Eecause the rate is so small an optimal detector should 

have good solid angle coverage and be able to detect both the dielectron and dimuon 

modes. The requirements for leptoo/hadron separation are not too taxing. A rejection 

of 50 : 1 would be more than adequate. 

We can summarize this discussion by saying that searches for the H” will be possi- 

ble at the SLC and LEP provided that these machines achieve their design luminosities 

of 2 5 X lo” cm-? net- ‘. Experiments will have sensitivity to the mass range 5 5 

MHe 5 40 GeV/c2. The upper limit comes from rate and hadronic background limi- 

tations and the lower limit from backgrounds arising from two photon processes which 

were not discussed here. 

Assume nature is unrelenting and MHo > 40 GeV. Searches will have to be per- 

formed at LEP II, LEP III and SLC IL and possib!y at the high energy colliding linacs. 

The Ho can be pursued using the reaction e+e- -+ H”Zo where the dominant con- 

tribution to the process comes from an intermediate virtual Z” as shown in Fig. 25. 

The cross section for this process is given by23 

o(e+e- -+ Z”@) = q,(S, Mzo, Mp)(1 - 4.v'n20W + 8sin40w) 

where \/S = EC.,. and 

and 4 = y@+&oHo)*, B = WHO-M I2 
d (I r%. Figure 26 shows the ratio of a(e+e- -+ 

Z”Ho) to the point cross section as a function of EC.,,,. and M,,s. The cross section 

for e+e- + Z”Ho is comparable to the point cross section and therefore the event 

rates will be favorable. For fixed EC.,. the cross section remains independent of M,,s 

until one comes close to threshold. As Ec.m. is increased, the relative rate decreases 

quite rapidly. 
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Fig. 25. The process e+e- --t Zoo ---t Z”Ho. 

101 , , , , , I I , 

5- .A-=I00 

2- 
l- 140 

0.5 - 200 

0.2 - 

0.1 I_-- ' ' 
I IO 100 

a-* M,a (GeV/d r519**9 

Fig. 26 The rate for the process e+e- -+ Z”Ho is shown 
as a function of EC.,,,. and &{,a. The rate is normalized to the 
point cross section which has the value SF.S/&,, nb. 

Running at the highest LEP II energy of Ec.,,. = 170 GeV the event rate for a 

Ho with a mass of 40 GeV/c2 is - 3 events/day. This assumes a < L >= 1.6 x 

1031 cmm2 set-r. The final state Z”Hu must be extracted from a hadronic background 

of - 15 events/day. In general these two processes will not easily be separated. One 

could guarantee separation by requiring that the Z” -+ e+e- or p+p- or T+T- or v n. 

This constitutes 3% of the Z” decays per charged lepton pair plus 6% for the UD 

channel. In the lepton decay channels one would have an extra handle on the process 

by calculating the dilepton invariant mass which should be the Z” mass. The Ho mass 
would have to be reconstructed from the Ho decay products. 

The search for the H” at LEP II and LEP Ill will be possible for Ho masses < 

%A provided that th ese machines achieve their design luminosity. For very heavy 

Ho’s, those which would be found at the colliding linacs, a luminosity of 103* - 

lO= cm-’ aec-1 is needed. 

4.4 TESTSOF THENON-ABELIAN NATURE OF QCD 

We first consider the evidence which exists for gluons. Such evidence comes from 

efe- interactions at PETR& PEP and CESR and from deep inelastic lepton scat- 

tering. For an excellent review of this topic see Ref. 24. In all respects the data are 

in good agreement with the predictions of QCD and no contlicts exist. In particular, 

QCD predicts the presence of three jet events in e+e- at Ec,r,,. 2 10 GeV and indeed 

such events are seen. Let us review the evidence for the three jet events as obtained 

by the PETRA groups and confirmed recently by the PEP experiments. 

The first striking property of the hadronic events at PETRA is that the mean 

transverse momentum of particles relative to the thrust or sphericity axis grows with 

increasing EC.,. The growth oi the average pt occurs in the plane containing most of 

the momentum, the < pt > out of this plane is almost independent of Ec.m.. These 

effects are shown in Fig. 27. II one looks at the high energy hadronic events clear 

three jet structures are seen. A model in which e+e- - qp in which the quark mean 

pr in the fragmentation process is allowed to grow with EC.,,,. does not account for the 

growth of < pr > in the event plane. The interpretation of the data is that the 

growth of < pt > in the plane occurs because of the emission of a gluon(s) namely 

e+e- -+ qqq. This process can be thought of as bremsstrahlung of a gluon off a quark 

(antiquark) line. The process is shown pictorially in Fig. 28a. QCD predicts, to first 

:_ . 

1 
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Fig. 27. The mean transverse momentum squared per 
event as shown both normal to the event plane (< pf >out) 
and in the event plane (< pi >in) at Ec.m. = 13, 17 and 27.4 
- 31.6 GeV. These data are from the TASS0 group. The pre 
dictions of the quark model (e+e- -+ q 9) are shown assuming 
the quark fragmentation process is characterized by a cr( = 
306 MeV/c (solid line) or = 450 MeV/c2 (dashed line). 

Parton Kinematics 

/ 

Xh 

‘B --- - 

x: .Ir,.,z 

Fig. 28. (a) The kinematics for the process e+e- --t qpg 
where Xi = Ei/E,,,, and Ei are the p-arton energies. (b) The 
dcfraction of the Ellis-Karliner angle, 0. 
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order m os, the distribution of the parton momenta 

+ 0,2,3) 
cyclic permutations I 

where zr = 2& and Ei is the parton energy. The analyses performed at PETRA 

constitute tests of the above Dalitz plot distributions (CZi = 2). For example the 

measured distribution of zr in clear three jet events is shown in Fig. 29 along with 

the prediction of the QCD Monte Carlo. These tests have been performed by all the 

PEZTRA groups25 and the MARK II at PEP% and in all cases the data are well rep- 

resented by the QCD Monte Carlo simulation programs. We omit here the discussion 

of how the three jet events are obtained. There are many methods for doing thisz7 

and suffice it to say that for the conclusions above all these methods are reasonable. 

Besides checking these Dalitz plot distributions, the spin of the assumed gluon has 

been measured. The method employed by the TASS0 and MARK II group is that 

suggested by Ellis and Karliner 28 in which one transforms to the rest frame of the 

(22, za) system using the measured direction and velocity of the fastest parton (~1). 

This is shown pictorially in Fig. 28b. 3 is the decay angle in this (22,23) rest frame 

and e0 can be thought of as the decay angular distribution of the gluon which will 

be sensitive to the spin of the gluon. If one assumes that the partons are massless 

Figure 30 shows the co8 e distribution for clear three jet events as obtained by 

TASS0.25 The prediction of QCD for spin 1 and spin 0 gluons is also shown. The spin 

1 hypothesis reproduces the data well, the spin 0 hypothesis is a poor representation 

of the data. To quantify this, TASS0 finds 

< COB e >d& = 0.3391 It 0.0079 

< cos 3 > data - < cos e >&CD = 0.0019 f 0.0084 and 

< cm3 s >&:a - < co8 i >acnlor gluon = 0.0411 f 0.0084 

and hence the scalar gluon is ruled out at the four standard deviation level. This result 

is confirmed by the MARK IfB and all the other PETRA gr~ups.~’ 

Fig. 29. The parton thrust distribution as measured by 
the TASS0 group. The solid curve is the prediction of QCD 
to leading order in ad which is taken to be 0.17. 
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Fig. 30. The distribution of the Ellis-Karliner angle, 2, for 
th,e three jet events with Xr < 0.9 obtained by the TASS0 
group. The solid curve is QCD with ad = O., 17, the dashed 
curve is the prediction for a scalar gluon. 
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The groups running on the T first at DORIS3’ and more recently at CESR”’ have 

shown that the event shapes of the hadronic events agree very well with the QCD 

prediction that the T decays to three gluons. As an example, the data of the PLUTO 

group for thrust is shown in Fig. 31. 

We can summarize by saying that in all these studies, the predictions of the first 

order QCD, as they are incorporated in Monte Carlo simulation programs, do an 

excellent job of accounting for the experimental data. QCD makes predictions for 

parton distributions and the experiments observe hadrons. The gap is bridged by 

models for this fragmentation process. The simulation programs have many adjustable 

parameters which give the experimenters some freedom when the comparisons are 

made. So some of t,he arguments become somewhat circular. 

In the light of this criticism we should ask whether there are competing theories or 

models which can account for the observed data. We know that at energies < 10 GeV, 

e+e- + qp plus fragmentation of the quarks into hadrons account very well for the 

e+e- data. Can one make simple extensions to such models to account for the 30 GeV 

e+e- data? There are a wide variety of these extended Q ij models and in general one 

is able to arrange the parameters of the models to reproduce the < pt > distributions 

both in and out of the event plane. However in doing so the zr distributions never 

agree with the data. We borrow Table 5 directly from Ref. 25 to show the kinds of 

models which have been tried. The notation q~ is the quark transverse momentum, 

ran is the average of this quantity and zr is as discussed earlier in this section. Figure 

32 indicates how the first and third models in Table 5 fail to account for the data. The 

other models fail in a similar way. 

There is a model which is not a simple extension of e+e- -+ qij whose proponents 

claim accounts well for the PETRA data. The model,which goes under the name 

of Quantum Geometrodynamics, is due to G. Preparata and coworkers at Bari. The 

model has the somewhat uncomfortable feature of evolving with the evolving data and 

so a clear and complete reference is hard to find. However, the interested reader can 

start with the references given in Ref. 32. 

IO I I I I . 
- (a) PLUTO - 
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- -- Feyomon F,eld MC 
6- 0 
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Fig. 31. The tl trus ( f rr u rons as mcasurcd by PLUTO t l’st ‘b t’ 
for V and the coutinuum. 
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Fig. 32. The (TASSO) data in (a) and (c) are the same 
namely the distribution of transverse hadron momentum 
squared with respect to sphericity axis. For the high energy 
data, the parton thrust distribution is shown in (b) and (d). 
The fits to (a) and (c) are for the model described in column 
one of Table 5, and those to (b) and (d) are for the model 
described in column four of Table 5. 

Table 5. Comparison with Two Jet Models. 

Mode! 

oq = 320 GeV/c for u,d,s, 

(rq = 800 MeV/c for c, b 
..- 

d.7 
q 

- ezp (y$) 

&g - ezp 
dql. 

a 9i4 

Result 

P~sP~hlsPq>out 

=1 

4 w.r.t. 3 axes 

Pt t < Pf >in f <Pi >out 

21 

PIT <Pt>inf <Pt>out 

21 

good 

too low 

too broad 

good 

too low 

good 

too low 

1 

I 
QGD differs greatly in motivation for QCD and in its Monte Carlo formulation it 

has far less parameters than QCD plus fragmentation. !n particular the mode! does 

not have gluons and hence, while it predicts three jet events, it also predicts that the 

three jets should a!! fragment identically. This being a leading issue, we proceed to 

look at this model. The model is not easy to describe but we do our best in this limited 

space. At the heart of the mode! is an object called a “fire sausage” or “tire string” 

which is a bag in spacetime. The concept is that one starts off with geometry -simple 

domains in spacetime which contain a qq pair - and then, using a wave function for 

this domain and a set of physical boundary conditions, one generates dynamics. The 

dynamics comprise a particle spectrum and perturbative bag interactions. The particle 

spectrum which evolves is a set of Regge trajectories. 

Multiparticle states originate from the decay of well defined q p structures - the 

fire strings (FS). These FS’s are tubelike structures - see Fig. 33 - which contain a 

coherent superposition of Regge trajectories of diUerent orbital angular momentum. In 

three space you can visualize this object as containing qp waves moving freely inside a 

cylinder of length R( - msss and a radius RI - log(mass). There are two ways that 

the FS can decay and in both cases the process is specified by QGD without freledom 
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Fig. 33. A schematic reprcscntation of a firestring (FS). 

(a) 

SI s2 s3 pn 

4-81 

Fig. 34. The chain (a) decay and the tree (b) decay of a 
fire string. 

of param&ers. The two decay mechanisms, chain (a) and tree (b), are shown in Fig. 

34. The kernels for these decays are predicted by QGD and the only parameter in the 

model is (I which is the relative amount of chain and tree decay required by nature. 

From this brief discussion it probably hasn’t been clear, but the decay process 

outlined above is akin to hadronization plus perturbative &CD. In QGD, a FS is 

produced in e+e- with the quark content specified by the quark charge squared. The 

angular distribution of the axis of the FS is taken to be I+ cos28 in the usual manner. 

A Monte Carlo simulation program, called EPOS, has been written incorporating the 

ideas outlined above. It has only one parameter (I (or two if one adds in baryons as 

decay products of the FS). Using the TASS0 data from PETRA, Preparata et al.,32 

have fit (I and Bnd it to be a = 1.05 f 0.3. Having fixed this parameter, they then 

compare their Monte Carlo predictions with QCD and data. Figure 35 shows the 

comparison between QCD and QGD for the three jet kimenatics. At the parton level 

the agreement is good. Fig. 36 shows the comparison between QGD and the TASS0 

hadron inclusive spectra. QGD agrees well with the data and even predicts the correct 

amount of scaling violations. More comparisons are given in the references. The reason 

for including this mode! was that in the eyes of its proponents a mode!, quite digerent 

than &CD, does account for the observed data and hence offers an alternative to the 

motion of gluons. The mode! is also distinguishable from &CD in that it predicts 

that all jets should fragment identically, whereas QCD predicts that gluons should 

fragment differently than quarks. QGD offers an interesting straw man and it would 

be nice if the experimental groups could make direct comparisons between EPOS and 

their data. 

The verification of first order QCD as discussed earlier in this section is most 

impressive. It is also nontrivial; we have seen only one (of many) alternative model 

achieve any measure of success. However to some extent the evidence in favor of QCD 

is circumstantial and we should have higher standards if we are to say that QCD is the 

“theory of the strong world.” In particular we should demand more direct evidence 

that QCD is a non-Abelian theory. 

The most natural place to look for the proof is at toponium because If decays to 

hadrons via three gluons. Since toponium is heavy (> 37.5 GeV/c’) the three gluons 

will show up in most cases as three well defined jets. Application of a cluster algorithm 

: .: . . 
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Fig. 36. Predictions of the QGD Monte Carlo simulation 
program EPOS are compared with the hadron inclusive spectra 
of TASS0 (a) and with the scaling vioiations implied by the 
data (b). 

., . . . _ 

-168- 



will result in a large fraction of well-defined three cluster (jets) events. A study of this 

type was done15 some while ago for M,f = 30 GeV/c’. (The conclusions of this study 

are only strengthened by the fact that we know now that M,I > 30 GeV/c*). Monte 

Carlo events were generated at 30 GeV for toponium and the continuum. We will 

characterize toponium as ggg and the continuum a~ qg + qqg, where q and g stand 

for quark and gluon respectively. The cluster frequency distributions obtained using 

the cluster algorithm are shown in Fig. 37. One se= that in the case of ggg the 

cluster algorithm reconstructs half the eveuts as tbrce jet events. It is shown in Ref. 

15 that the assignment of particles to the jets by the cluster algorithm reproduces 

the produced jet assignmenls very well. Those eve& which are reconstructed as two 

jet events are those in which two of the jets overlap. Iu the continuum the 

reconstructed number of three jet events is much smaller because only about 25% of 

the events are qqg (i.e., have a gluon of sufficient energy to warrant calling the final 

st,at,e a three parton state) and many of those have a large overlap between the gluon 

and the quark which radiated the gluon. These will be reconstructed as two cluster 

events. We then propose the following procedure to test whether quarks and gluons 

of the same (high) energy hadronize differently. Suppose one is running at EC,,, z 

40 - 60 GeV. In this case the continuum correction is the same as the peak cross 

se&on for toponium (see Fig. 5). The first step in the teat is to run at the peak of 

toponium and accumu1at.e three jet events. Assuming < f >= 1031 crnm2 secm2 and 

the cluster finding efficiencies from Fig. 37, one would get 18 ggg three jet events/day 

and i qijg three jet events per day; one would have a sample of three jet events in 

which the &test jet had an energy of 1418 GeV and was 70% “gluon rich.” The 

second step is to run below toponium and accumulate three jet events. These would 

accumulate at 7 even&/day and the fastest jet would again have 1418 GeV and be 

100% quark. One would now compare the decay properties of the fastest jet on and 

off the toponium resonance. The obvious variables to test are the multiplicity and the 

< it > for the jet particles relative to the reconstructed jet axis. The multiplicity 

should be - t,wice as large and < pt > should be appreciably larger for the gluon jets 

relative to t,he quark jets. One would immediately be able to tell if gluons fragment 

di5erently than quarks. The advantage of this test is that one needs no corrections, 

no Monte Carlo simulations - one merely compares observed distributions. 

, -83 # CLUSTERS .51wn 

Fig. 37. The cluster frequency distributions for e*e- -+ 
ggg (a) and e+e- --, q p + qg g (b) at Em. = 30 GeV. 
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One could argue that a somewhat more formal test of the gluon self-coupling might 

be preferable. Such tests have been proposed and we choose as an example the method 

proposed in Ref. 33 by Keller et al. It involves looking at four jet events produced at 

toponium. In this case one would have dominant contributions from the two diagrams 

shown in Fig. 38. The authors argue that (a) is about four times more copious than 

(b) and hence an absence of the 9 -+ 99 coupling required for (a) can be detected. We 

estimate that 5 10% of the toponium hadronic decays will reconstruct as clear four 

cluster events. For < L >== 103’ cme2 set-I, this corresponds to a signal of three 

events/day. A one-year run under these conditions would suffice. 

There are two distinct four jet topologies which result and these are shown in Fig. 

39. The authors suggest focusing on the Class B events which are about twice as 

plentiful as Class A events. Define the two jet group which has the smallest invariant 

mass as the slim jet side. The choice of the slim jet favors strongly the side where the 

9 ---* 39 or g -+ qp branching occurred. Several variables show measurably dilferent 

spectra for (a) and (b) and we show in Fig. 40 the distribution of COSSij for the two 

possibilities. The angle 13ij is the angle of the slim jet with respect to the overall for~r 

jet thrust axis deEned in the rest frame of the slim jet. One sees that the 9 + gg 

process favors CO86ij + 1 whereas the g + qq is relatively flat. If the gluon self 

coupling were not present one would see it both in the yield and shape of the cos8ij 

plot. This method would seem promising. Other proposed probes for the gluon self- 

coupling include tests at the Z” (Ref. 34) and tests in the continuum (Ref. 35). 

Why not use PETRA/PEP gluon jets to study the difference between gluon and 

quark fragmentation? There are several problems with this approach. In general the 

three jet events do not have the softest jet well separated from the intermediate energy 

jet. This overlap of jets makes the measurement of jet energy, jet multiplicity and 

mean pt very difficult. One only has a statistical assignment of the “gluon rich” jet 

and most of the gluons are soft. One would like to have high energy jets which were 

well measured with reliable particle assignments. Unfortunately, with PETRA/PEP 

type events one has a situation where the “gluon rich” jet is the softest and is the 

most poorly measured. If one asks for a high energy gluon one moves towards t,he 

configuration in which each parton carries E,.,,./3. However, in this configuration 

the assignment of any jet to the gluon bypothtsis is a purely statistical one, namely 

4-62 (a) (b) 4119*34 

Fig. 38. The two dominant diagrams for producing four 
jet events at toponium. 

Fig. 39. Iiincmatic contigurntion for the class A and B 
ev<:nts. In (a) tbc thrust axis will be along the momentum 
vcetor of one of the jets and the tbrce other jets will be in 
the opposite hrini~phcre. In (b) there are two jets in each 
hcmisphcre. 
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Fig. 40. Angular distribution of the two-jet system on 
the “slow” side of the event relative to the thrust axis. This 
angular distribution is evaluated as the two-jet center-of-mass. 

the odds are l/3 for any jet you choose. It is the author’s opinion that it will be 

very difficult at the present PETFtA/PEP energy range to conclusively demonstrate 

that gluons fragment differently than quarks. Perhaps if PETRA can get a very large 

(IOOpb-‘) data set at 2 40 GeV it can be done. 

Luckily there are people who disagree with the author’s personal opinion! The 

JABE group3a claim that they do see diaerences in the mean pr between the soft jet 

(gluon rich) and intermediate energy jet (quark rich). There are, however, analyscsm,37 

which claim to see no effect and the JADE results require confirmation or in the words 

of Braunschweig (Ref. 25), “. . the effect seen by the JAJIE group needs further 

study.” 

4.5 DOES a8 RUN - AND, IF So, How DO WE “CLOCK” IT? 

The question posed above seems somewhat akin to measuring the progress of a 

snail using a watch calibrated in femtoseconds - the point being, of course, that (I* 

runs very slowly. Remembering the formula given in Sec. 3 and taking nf = 3 and 

o.,[(30 GeV)2] = 0.17 one finds 

E c.*. = (GeV I d, ( Qa) 

: : . 

30 .170 

93 (2’) ,156 

140 (LEP II) .I50 

300 (VLEPP I) .140 

1000 (VLEPP II) .130 

In order to understand how hard it is to see these small changes iu o, one should 

keep in mind that the typical errors in od coming from PEP/PETRA measurements 

are 0.02 statistical and 0.03 syst,ematic. The present level of systematic errors is the 

difference in od at 30 and 300 GeV! So it will be very hard to measure the running 

coupling constant by raising EC.,.. 

Is there an alternative at present. energies ? Could we investigate the process 

whereby a quark evolves into a jet of hadrons and sample different values of &” in the 

sense that early times + short distances 3 large &‘? An analysis along these lines 
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has been performed by the MARK II group. 38 The discussion is complicated and the 

interested reader is encouraged to consult the reference. 

4.6 QUARK CONFINEMENT 

Confinement was a direct consequence of the non-Abelian nature of &CD. The 

Fairbanks et a13’ results indicate that free quarks exist and while this result needs 

confirmation we cannot ignore it simply because it makes us uncomfortable. What 

evidence do we have from e+e- experiments on the existence of free quarks? None 

have been seen and the limits taken from Ref. 13 are shown in Fig. 41. Searches are 

done for quark pair production and for inclusive quark production. Figure 41 shows 

the limits obtained for the cross section for these processes normalized to the point 

cross section. As we probe still higher energies, we must always remain vigilant and 

ensure that the new detector designs do not preclude searching for free quarks. 
lOOr , , , , , I 

e+ e-- 
I , I , I , I 

s;ix e+e-- qi 

- Pointlike 
J 

-----_ - I 
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Fig. 41. Results from the e+e- quark search experiments 
is shown for the inclusive channel (a) and the exclusive chan- 
nel (b). Shown are the upper limits for the production cross 
sections at the 00% confidence level. The two options I and II 
represent alternative models for obtaining corrected cross sec- 
tions. 
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5. Simple Extensions of 5743) A N(Z) A U(l) 

5.1 MODELS WITH MORE THAN ONE HIGGS DOUBLET 

The minimal version of the Weinberg-Salam model has a complex doublet of Higgs 

fields (Sec. 3). There are no theoretical reasons for excluding the introduction of more 

than one doublet of Higgs fields in the standard model. There are many instances of 

models which use two complex doublets. This alternative offers a possible solution to 

the strong CP problem, and is used in both supersymmetry models and SU(5). In such 

models one has 

where VI + V2 = 1’ = fi$F. When the spontaneous symmetry breaking occurs, 

three of the right fields are eaten by tbe R’* and Z” while five remain as physical 

fields. These result in two ueutral bosom with scalar couplings to quarks and leptons 

(II’,“, @), one neutral boson with pseudoscalar couplings (ho) and two charged scalar 

bosom (Hf). !n some models ho is associated with the axion. In order to avoid flavor 

changing ueutral currents, it is arranged that 61 gives mass to the charge 3 quarks 

and & gives mass t,o the charge A quarks. The couplings, as in the minimal model, 

are specified: 

However the ratio X E 2 is not known. Since A& > Ma and Mr > &fb it is surmised, 

but not necessary, that VI > Vz. We will assume for discussion of searches that X 2 1 

and that the charged Higgs scalars like to couple to the heaviest fermion pair available. 

By direct analogy with the IV* sector, Kobayashi-Maskawa t,ype mixing can occur in 

the Ef* sector. W’e have no knowledge of how large this mixing might be but we will 

assume here that tbe mixing is small. 

Why do WC choose only isodoubiets for the Riggs fields? There are several reasons 
- t.wo are given here. Higgs fields with weak isospin # .$ (triplets, etc.) cannot partic- 

ipate in the generation of fermion masses. They also upset the successful theoretical 

prediction of the standard model for the ratio of the strength of charged and neutral 

currents. Suppose we introduce a triplet of Higgs Gelds 

rl+ 
v= Do 

0 
<q>o=Y . 

v- 
Following the symmetry breaking one finds that < q >u contributes extra mass to 

the I+‘* and 

-h$* 4Y2 
P= M;,coszOw 

-=1+v>1. 

In the standard model p = 1 and this is well confirmed by all the data.’ 

We have no theoretical guidance for the H* mass. We expect that 

H’ - cllorc z 

I 
MIIi < Aft 

-7-V 

fff - t6 hl,,, > Ml 

Pairs of charged lliggs particles will be produced in e+e- interactions, e+e- -+ HfH-, 

with a cross section characteristic of scalars: 

do 1 
- - UBP &sin26 

d cos0 4 (4) 

RH+H- is 6oo small a contribution to permit a confident discovery. The angular 

distribution is distinctive. but it will not be easy to see a small (A) admixture of sin"0 

superposed on a cos”O distribution. However this test should be performed by the PEP 

and PETRA groups. A more dramat,ic signature is the modification of heavy quark 

decay by the charged Higgs. This decay can proceed via ff* iu direct analogy witb 

the standard Mi* diagram (see Fig. 4%). The Hi diagram dominates the W* for the 

assumption that there is small mixing in the Higgs sector. Iu the decays Q -+ fI*q and 

.’ -. 

_. 
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Fig. 42. The decay of a heavy quark in the standard model 
(a) and in the extended standard model which contains charged 
IIiggs particlcs (b). 

& -+ IF*9 the ratio r(H*q) m ranges from lo3 to 60 as MQ ranges from 15 to 80 GeV/?. 

So if MH* < MC, Mr the Do and r would have considerably shorter lifetimes than 

those measured. We may conclude then that MH+ 2 1.8 GeV/c2. We can obtain a 

larger limit on MH;t from B decay. There are two possibilities (in the conventional 

lore considered in these lectures) for the decay of bottom via H’. These are shown 

in Fig. 43. They offer two limiting cases: (a) H* -+ CB only in which case we will 

see no leptons and lots of charged energy in B decays and (b) H* -+ T*V only in 

which case we will see a lot of leptons and substantial missing energy in B decays. The 

CLEO experiment 36b has looked for H* and shown in Fig. 44 is a plot of the observed 

charged energy fraction versus the lepton branching fraction. The data convincingly 

rule out the possibility that B decay is mediated by H*. We conclude that M,,;t 2 5 

GeV/c?. To obtain larger limits we must consider the data from PEP and PETRA. 

Three event configurations are looked for. They are 

e+e- -+ H’ H- 

L 1 r-v, r+li, , (6) 

e+e- - H+ H- 

L 
Lees (7) 
r+ lir and 

e+e- -+ Hi H- 

1 
La+cil 

ce+c6 
(8) 

These searches have been performed by many groups4’: MARK II (6) and (7) TASS0 

(8) JADE (7) CELLO (6) and MARK J (6). The analyses involve choosing event 

topologies consistent with (6)-(g) and asking whether there exist events in excess of 

those resulting from conventional sources. The production rate and angular distri- 

bution is assumed to be given by (4) and (5). hfonte Carlo simulations of the Higgs 

decays are used with variable MH* to obtain limits. In the searches (6) and (7) it is 

assumed that the branching fractions for Hf -+N(&) and the branching fraction for 

H&c B sum to one: B, + EC8 = 1. The analyses differ in detail; we use the MARK II 

analysis as an example of (6) and (7). Transverse momentum (pr) is used as a measure 

., : 
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Fig. 43. If b quark decay was mediated by II*, the promi- 
nent decay modes (for MH, < Mr) will be those shown above. 

Value 
IL 

0.8 

I-- Meosured 

0.6 

PC 

0.4 

Fig. 44. Data from the CLl?O experiment showing the 
measured chargrd energv fraction (pc) versus the fraction of 
muons. The allowed region for the decay of b via a charged 
lliggs is shown along with the measured value. 

of mass. We can Lhink of the event topologies for (6) and (7) as being characterized 

by two hemispheres each containing the decay products of one of the parent scalars. 

An axis can be defined so that the pr of both sets of decay particles is the same. This 

is a measure of the pr in the parent decay. Figure 45a shows this pr spectrum for 

events chosen to be representative of process (6). The conventional source for these 

events is e+e- - r+r- and we see that the absolutely normalized expectation for 

T+T- production accounts very well for the data. There is no room for appreciable 

H+H- production. Using Monte Carlo predictions of the type shown in Fig. 45s for 

a 7 GeV/c2 If*, limit,s on MHf can be obtained as a function of B,. These limits are 

shown as II in Fig. 46a. A similar analysis is done for (7), the results are shown in Fig. 

45b and Fig. 46a. The results of the PETRA analysis for (6) and (7) are shown in Fig. 

46b. PETRA runs at a higher Ec,,,. and hence the PETRA experiments are able to 

place more stringent limits on MH*. The study of (8) is much more difficult because 

the event topology will look very similar to the continuum e+e- -+ hadrons. TASS04’ 

has done a four jet analysis in which they have found a kinematic separation between 

the scalar events and the continuum events. The results of this study are shown in Fig. 

46~. Taking all the results in Fig. 46, it appears unlikely that there exists a charged 

scalar (with the properties described in this chapter) having a mass within the range 

of 5-13 GeV/c2. Combining the z and Do lifetime measurements, the CLEO, PEP and 

PETRA measurements it seems probable that MHt 2 13 GeV/c2. As the energy at 

PETRA is raised, so will the limits on MH*. When PETRA reaches Ec.m, = 46 GeV 

the experiments should have sensitivity to 21-22 GeV/c2 in MH*. 

Toponium is a good place to look for charged Higgs particles. If MH* < ql the 

diagram shown in Fig. 47 will dominate all other decay processes for toponium. This 

will make the toponium resonance much broader. At M,f = 60 GeV, Fror is expected 

to be - 10 MeV if the process in Fig. 47 is dominant. The TRISTAN machine width is 

predicted to he - 60 MeV and even if charged Higgs dominate the decays of toponium, 

the machine resolution will dominate the measured width. The events however would 

be very distinctive relative to the expected decay topology tf --* 998. Firstly the events 

would not be planar and secondly there would be a lot of multilepton events. It wollld 

be an easy task to search for this possibility which offers the potential for achieving 

sensitivity up to MH+ 5 y. 

-. 
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(a) 

(b) 

4-85 pT (GeV/c) 

Fig. 45. (a) pr distribution for r-pair events. The solid 
curve is the expectation for normal r-pair production. The 
dashed curve is the expectation for a IIiggs with mass 7 GeV/c2 
and f?(ff -+ wr) = 0.5. 

(b) pr distribution for events with one prong opposite a 
multiprong jet. The solid curve is the prediction of the hadron 
hlonte Carlo program normalized to the data. The dashed 
curve is the expectation for a Iliggs with mass 7 GeV/c2 and 
B(H --t hadrons) = 1 - - B(If -+ rug) = 0.5. 
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Fig. 46. Limit on B(H* --t r*y) are shown as a function of 
hf,,,. The data come from”’ h4ARK II (a), JADE and CELLO 
(b) and TASS0 (c). The models assumed in these analyses have 
B(II* ---* r*ty) + B(If* + hdrons) = 1. 
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Fig. 47. The decay of toponium is the prcscncc of a charged 
scalar particle. 

Unfortunately the 2’ wili not be a good place to look for charged Higgs particles. 

The coupling of the 2’ to charged scalars is small as shown in Fig. 48. While the 

hadrouic cross section increases by about lo3 at the Z” (relative to the e+e- contin- 

uum), pair production of charged Higgs particles increases by <lo. 

If the charged Higgs particle is more massive than 3, we will have to search for 

it in the continuum. This will be very difficult unless there is another (new) heavy 

lepton which dominates the decays of the Hf. In the absence of the clean signature 

this new heavy lepton would afford, the events coming from pair production of H* 

will be very difficult to disentangle from the continuum jet events. 

5.2 MODELS WITH EXTENDEDELECTROWEAK GAUGEGROUPS: 

At low Q2, the effective Hamiltonian of t,he standard model for charged current 

interactions is given by 

and for neutrai current int,eraetions by 

2 
HNC = -$n + f$ ( j3 - sin20~jem)2 

I 

where (j+, j-, j3) form the weak isospin current. The success of the st,andard model 

at low energies is testament to the validity of this current-current description. Neither 

neutrino scattering experiments nor the e-d parity violation experiment. probe the 

electromagnetic part of the weak current. Hence we can add to HNC 

Hhc = - $ j,,, + % { ( j3 - sin20Wjem)2 + Cjzm} 

without conflicting any of the low energy experimental data. The only low energy 

bound for C is C < 4 which comes from measurements of the anomalous magnetic 

moment of .the muon. 

The leptou pair charge asymmetry measurements at PETRA and PEP probe the 

term Cj,‘, via the interference of the weak and electromagnetic propagators. We will 

return to the measurements at the end of this section. The freedom implied by the 

. . 
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as a function of Ec.m.. 

addition of the term Cj&, p etmits models which extend the electtoweak gauge group 

to SU(2) A U(l) A 5. Examples of such models ate SU(2) A U(l) A U(l)’ (Ref. 41), 

.!W(P) AU(l) A m(2)’ (Ref. 42) and sV(2)~ A sum A U(1) (Ref. 43). The common 

feature of these models is the presence of two Z”‘s with Mz, < hfzo < Mz, where 

hfze is the mass of the Z” in the standard model. The reason why one gets two energy 

levels is that Cj$, can be thought of as a perturbation and this perturbation splits 

the single energy level (M9). We discuss briefly the models for which 5 = U( 1) and 

scJ( 2). 

In the models in which 9 = U(Z), ‘l all fetmions transform under m(2) A U(1) 

in the usual manner and they ate invariant under U(l)! The spontaneous symmetry 

breaking is achieved using a pair of complex Higgs Gelds (see Sec. 5.1). The Ifiggs field 

41 follows the standard model prescription. However, $2, which is invariant under 

5’(/(2), has non-trivial transformations under U(l) ACT(l)‘. Hence we recover the same 

LV’* structure as in the standard model. However & gives rise to an additional heavy 

neutral boson which can be associated with U(1)‘. We thus obtain for C/(l) 

(e--, ue) 

ror SU(Z) 

(e--,4 ($+ “&) (2) 

and for U(ly 

W, 4 

StandardModel 

(7, ZO) = (d”$, -::$I) (G) 

one parameter sin201~ 

VI 
(7, Zl, Zz) = (3 x 3) 0 vi 

wo 

three parameters 

The three parameters of SU(2) A u(l) A CI(ly can be taken ae sin21$, Ml and 

Mz. The parameter C is given by 

. . . 
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so as either Ml,2 -+ Mzo we recover the standard model with C = 0. 

In the model with 5 = SU(2)42 one goes through a similar procedure but in this 

instance $2 has non-trivial transformations under sU(2) A SU(2f. Again one obtains 

two neutral heavy bosons. In this model 

and again C = 0 as Ml,2 - Mzo. 

From PE5’IX.A we obtain limits on C via the measurements of the lepton charge 

asymmetries. The asymmetry data is fit using an interaction which contains the term 

Cj&. The limits obtained from the PETRA goups’* ate shown in Table 6. 

Table 6. Limits on C. 

Group 
-l--- 

95% C.L. rot c 
___- 

CELLO 

JADE 

MARK J 

PLUTO 

TASS0 I L 

< 0.031 

< 0.039 

< 0.027 

< 0.060 

< 0.030 

Figure 49 shows the bounds on Ml and Mz obtained from the hURK J measute- 

merits. For 4 = U(l), the 95% confidence level limit requites that one of the two 

neutral bosons have a mass very close to Mzo. The model in which $ = SU(2) is not 

as tightly constrained because Cdsin40w a.~ opposed to Cacos40w in the model with 

5 = U(1). 

What ate the prospects of sorting out the correct electtoweak gauge gtoup as we 

go up in E,,? We can imagine IWO scenarios. In the first scenario there is no Z” 

neat 93 GeV/c2. In this case we will have to move down to lower energies searching 

for 21. One would presumably benefit in such a search from the fact that there will 

be a substantial radiative tail for the Z1 which will show up in a measurement of R. 

In the second scenario Ml would be very close to Mzo with M2 substantially larger 

Fig. 49. Forbidden regions of the bfzl, n4zz plot ate shown 
for the two possibililics .$ = U( 1) and 9 = SU(2). The region 
to the left of the curves is forbidden. 
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than 121,,. What can be done in such a situation? This is thoroughly discussed in the 

SIC workshop5b and we borrow here liberally from this discussion (pages 44-52). The 

trick to sorting out the latter scenario is the longitudinal asymmetry measurement 

discussed in Sec. 4.2. If one looks back at the form of the modified neutral current. 

Hamiltonian, one see that, in essence, the addition of the term cjjb has the effect 

of modifying sin’0r+~. The longitudinal asymmetry (AL) is exceedingly sensitive to 

sin”Q as we see in Fig. 50. Shown in Fig. 50 is AL as a function of EC,,,,. for the 

standard model and for SU(2) A U( 1) A Er( ly m which ein*f?W is taken to be 0.22 (in 

agreement with the world average9 sin*& = 0.230 f 0.015). Running at the Z* pole 

one would easily see the deviation from the standard model. However one will have 

to run at a substantially higher EC.m. in order to get sensitivity to Mz. Although 

not discussed here in detail, we show the sensitivity of AL to tests for the model 

sum A.SU(~)R A U( 1).43 Figure 51 shows AL as a function of Ee.m. for the standard 

model and the left-right symmetric model. In this case running at the nominal Z* 

mass can distinguish the extended model from the standard model and yield the mass 

of the second heavy boson. This is shown more explicitly in Fig. 51b. We again see 

how important longitudinally polarized electrons will be at the Z*. We can conclude 

by saying that with the benefit of such polarized beams, considerable sensitivity to the 

electroweak gauge group can be obtained by running at the nominal Z* mass. 

5.3 MODELSWITHOUTATOPQUARK 

The top quark has no1 been seen. This has led many people to speculate that maybe 

the top quark doesn’t exist. Models have been constructed in which the lefehanded b 

quark is a singlet; the four lower mass quarks retain their standard left-handed doublet 

assignment. These models are listed and discussed by Kane44 and Kane and Peskin44. 

All the models discussed by Kane and Peskin have the common feature of substantial 

flavor changing neutral currents, which in particular lead to modifications of B decay. 

Kane and Peskin show that for all models there is a large rate for B’s to decay to 

dileptons and quantitatively 

ql3 -+ xe+e-) 
~ 7 0.12 

r =r(B-+Xve) 

The CLEO experiment 31b has looked for these dilepton events. They find ten such 

events (on 4s) where they expect twelve from conventional sources. This allows them 

: 

_:. 
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to set a limit How do we search for new Eavors? There are three obvious possibilities 

1. Search for a new charged lepton, L*, 

2. Search for a new Q = -g quark, and 

3. Search for more Y’S. 

We do not include searches for Q = 3 quarks because if such a quark were found, it 

would satisfy our need for the top quark. Consider the search for L*. The W* which 

mediate the decays of L*, is democratic with respect to fermion coupling strengths. 

Allowing for three quark colors we have 

R < 0.08 (90% C.L.) 

This measurement rules out all t,hese models. More recently Peskin and Tye45 have 

invented a model which suppresses the flavor changing neutral currents. The model 

has a most unnatural assignment of quarks: 

(;), , (;), t (;), uR>dRzsRvbL . 

However it cannot be ruled out by thepresentdata. Possible future avenues are (a) 

at the Z” the charm axial-vector coupling constant will he zero and (b) the B will 

have a substantially shorter lifet,ime (factor of 10) than in the standard model. To test 

(a) is very hard - one would have to tag charm jets and measure the charm quark 

asymmetry. 

B(L* -&vv)=&S% 

and 

B(L* -+ hadrons) = 74% . 

5.4 MORE GENERATIONS - THE GENERATION PUZZLE 

The discovery of the r and the b quark has led to a very beautiful symmetry between 

the quark and lepton sect.ors. Nature at present appears to have three generations of 

both quarks and leptons. While this symmetry is indeed attractive, we are led to an 

obvious question - why three generations? Why not Eve or ten? We readily understand 

the need for one generation - our very being is dependent on it. But more than one 

generation seems superfluous and it is interesting to speculate on why nature chose to 

replicate itself in this strange way. 

(These numbers will be modiEed slightly by QCD corrections hut for the argument 

being made here these small modiEcations are unimporta.nt.) We will therefore be able 

to use the standard low multiplicity searches for L* which will be pair produced in 

e+e- interaction with R = @&@. Backgrounds are small because the < n >charge 

is large for the hadronic events. As an example,at TRISTAN assuming E,.,. = 60 

GeV, < L >= 103’ cm-* XC-’ one will have 20 L+L- events produced/day (BL = 1) 

of which Eve events/day would have the topology of a single lepton in one hemisphere 

and > 3 charged hadrons in the other hemisphere. Such a signal would be hard to 

miss. As E,,,, is raised, the searches will be rate limited and a high luminosity will 

be required. The rate goes like EL;,. However at the Z* there will be plenty of rate 

with B(Z* - L+L-) = 3% For these searches one has sensitivity up to Ey, 

Searches of this kind have been done at PETRA and PEP. The limits for sequential 

charged heavy leptons appear in Table 7. 

The distinguishing generation element is mass-successive generations have higher 

masses. A perfectly defensible reason why we see three generations then is that the 

energy of our machines is not sufficient to yield the next generation(s). The prospect 

of higher energy machines imp!ies more quarks and leptons. We may go to our the- 

oretical friends and ask them where we need to look; where will the next generation 

appear? The answer is that none of the current theories understands the generation 

puzzle and no mass predictions exist. Bjorken, in 1978, contemplated the fermion 

mass spectrum and mused that the mass of the next charged lepton would be at N 10 

GeV/c* and the mass of the top quark would he N 27’ GeV/c*. The former is violated 

by the PETRA and PEP limits, so we see that our guide will have to be experiment. 

. .: 
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Table 7. Limits on Sequential Heavy Leptons 

Experiment 

JADE 18.1 

h4AFtKJ 16.0 

PLUTO 14.5 

TASS0 15.5 

h4AC 14.0 

MARKB 13.8 

95% C.L. Lower Limit 

By the end of 19g3, PETRA will have sensitivity to Mp N 23 GeV/c*. 

How do we search for a & = -g quark? The change in R is &which is too small 

to see given the present accuracy of R measurements. The new quark will be heavy 

and so event shapes will be a useful indicator. The presence of a new quark will be 

signalled by the onset of spherical, low thrust events. The signal is distinctive, but 

the rate is still low. The searches performed at PETRA indicate how such searches 

are made. Figure 52 shows the thrust for hadronic events containing a muon in the 

MARK J detector. The muon tag is used to enhance the heavy quark decay fraction. 

Shown on the plot is the expected yield for the five known quarks and for the five 

known quarks plus a charge - 4 quark. The mass limit for charge - .$ quarks obtained 

by the PETRA groups l3 is M-i > 15 GeV/c’. These kinds of shape analysis searches 

can be continued as Ec.m. is raised. However, it takes a considerable amount of data 

(the PETRA limits come from data sets of N 5Opb-‘) to achieve good sensitivity and 

hence the searches require high luminosity machines. 

At the Z”, there is plenty of rate. A shape analysis akin to that discussed in Sec. 

4.1 would very quickly signal a new heavy flavor. The question would then be is it 

a charge -d or d quark? Two possibilities come to mind for deciding. Because the 

weak coupling contants differ (see Sec. 3) for the two quark species, the production 

rate at the Z” differs. The difierence is about 20% and if there wsa nothing else 

new contributing to the Z” total decay rate, it would probably be possible to make 

an assignment of the quark charge based on the event rate al the new flavor. The 

other alternative would be to measure the charge or longitudinal asymmetry which is 

-13 29.9 GeV 
- “dXb M.C. 

Fig. 52. The data of MARK J show the hadron thrust 
for hadronic events which contain a muon. Three alternative 
hionte Carlo options are shown. This measurement permits 
tile MARK J to set limits on the presence 01 a c!~arge - : 
quark. 

:. : ., 
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sensitive to the weak coupling constants. Running at the Z” provides sensitivity of 

M-; 5 f$% 

The third option for searching for new tlavors involves counting the number of v 

species. This can be done by measuring the width of the Z’: 

+ 3 I+ (1 - $~in*f+)~ 
I 1 1 

N-; 

where Nt = number of charged leptons, N,, = number of quarks with charge (I and 

N, = number of neutrino Ravors. Each additional neutrino flavor contributes 

~FM$ -N 16QMeV toTZs 
J5 12a 

In the standard model, F,s = 2.5 GeV. In order to observe a 30 eRect implies mea- 

suring Fzs to N 2% This will be a very difficult task because the measured width 

will have to be corrected for complicated radiative effects, beam dynamics (machine 

energy spread, stability, etc.). G. Barbiellini et al.,47 discuss running above the Z” 

searching for events of the type 

e+e- 
+7zL”u (9) 

The signature for these events would be a single hard photon. The main background 

comes from e+e- -+ e+ - e 7. However, if one can cover the solid angle with electro- 

magnetic calorimetry down to - 6O of the beamline, then the 7 from e+e-7 must be 

accompanied in the detector by at least one of the e*. The cross section for (9) is 

given in the st.andard model by 

80 0; 0 E&i,. (1 - z)[(l - $2 + %] 

dzdy BR* z( 1 - y*) 

4 where z = FeTm7 and y = cosS7. One chooses &,,,. so as to optimize the signal to 

noise. Figure 54 is taken from Barbiellini et al., showing the photon yield resulting 

from a choice of Ec.m. = 105 GeV. Each additional v Ravor contributes a change of 

O.Olnb-l. A 60 day run at < f. >= 2 X 1030 cm-* see-’ will produce 300 events with 

ET within 2.5 GeV of the peak. If SLC or LEP can achieve their design luminosity, 

then this Y counting experiment will be a realistic possibility. It should be pointed out 

that in fact the experiment described above actually counts the number of neutral, 

weakly coupled objects some of which might not be neutrinos. An example of other 

possible sources are supersymmetry particles (see next section). The detector required 

for this experiment is one which has continuous electromagnetic coverage down to 

angles of Go. This coverage can be crude in the forward directions (small angles) since 

the signal photon gives adequate rate if 160° < 6 < 20’. An energy resolution of 

UE/E < 15% /t/E is required. Charged tracking is needed in the region lG0” < 

0 < 20° to ensure that the energy deposited in the calorimeter was that of a neutral 

particle. These requirements are not very stringent and it will not be difficult for the 

general purpose detectors at LEP and SLC to ensure that they will be able to make 

this important measurement. 
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8. Models Which Avoid the Gaqe Hierarchy Problem Table 8. Supersymmetry Particle Multiplets 

There are many different ways to state the SO called “gauge hierarchy problem.” 

The Higgs mechanism sets a mass scale - the electroweak scale - in a most unnatural 

way because the process requires remarkably fine tuning. Stated another way, the 

radiative corrections to the Higgs mass, shown in Fig. 54, are quadratically divergent. 

This issue is covered very elegantly in the lectures of L. Susskind in these proceed- 

ings and we will not take time here to discuss it further. We will consider three ways 

to avoid the unnaturalness of the Higgs mechanism: 

1. Cancel each quadratically divergent diagram uniquely - supersymmetry, 

2. Put in a cut-off parameter at a scale of - IO3 GeV - technicolor, and 

3. Make SfI(2) strong at thescaleof - lo3 GeV - composites of confined fermions. 

6.1 SUPERSYMMETRY (SUSYj 

In supersymmetry new particles are introduced with couplings such that the quad- 

ratic divergences are cancelled graph by graph to all orders. Such a magic cancellation 

implie a symmetry of nature is at work - in fact a “supersymmetry.” The new 

symmetry is most unfamiliar to us. We are accustomed to symmetries which relate 

particles of the same spin; multiplets of fiavor SU(3), color SU(3), isospin sU(2), 

electroweak XJ(2) A V( 1) all contain particles with the same spin. Supersymmetry 

introduces a high level of uniformity by grouping together in multiplets particles whose 

spin differ by i a unit. Symmetry operations transform fermions into bosons and vice 

versa. Hence the photon has a SUSY partner with spin i called the photino, leptons 

and quarks have spin zero partners called sleptons and squarks etc., etc. The multiplets 

of SUSY are shown in Table 8. 

Massless 

Multiplet 

Massive Gauge 

Multiplet 

Spin 1 

Photon 

Gluons 

Wf 

zo, u 

Spin $ 

Photino 

Gluino 

willo, 

Zino, Goldstino 

t 

hlatter 

Multiplet I I Leptons 

Quarks 
L I I 

Spin 0 I 

Shigges 

Unless supersymmetry is broken, we will have a mass degeneracy between the 

familiar particles and their SUSY partners. This is clearly not the ease and hence 

SUSY must be broken. The mildest way to do this is spontaneously and the simplest 

scheme was that proposed by Fayet. 48 In Fayet’s scheme there is only a single generator, 

QCI? which will permit transformations which change the spin by a i unit: 

Q,)Fermion >=jBoson > (o = I,2 spin index) 

Qo)Boson >=]Fermion > 

Such schemes having only one generator are called simple and we will restrict our 

discussion to such models. (Models having more than one generator are called extended 

models.) In Fayct’s model the gauge group is expanded to SU(2) A CT(l) A U(1)’ which 

results in a new massive gauge boson which is called U. The spontaneous breakdown 

of the symmetry is achieved using a pair of complex Higgs doublets. The result is 

the appearance of charged and neutral scalars (called shigges) as described in Sec. 5.1. 

There are many schemes for breaking SUSY and each leads to ditferent mass splittings, 

and hence masses, for the SUSY particles. In Fayet’s scheme one obtains bounds for 

the particle masses and in particular 

MN+ 5 80GeV/~~ 

MHo 2 30GeV/c2 and 

-_ 

M squorka, M __ < WV* 
dleptona - 2 N 40GeV/c2 
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In this simple model, all the SUSY partners of the fcrmions have masses below y, 

Other than spin, all members of the same multiplet have the same quantum numbers 

and hence their couplings to the .@’ and photon will be the same. The production 

rates for sfermions are half that of the fermions. (The usual 4 characteristic of scalars 

is multiplied by two because there are two scalar partners for each fermion.) These 

comments are modified near threshold by the usual j33 turn-on for scalar particles. 

How do sfermions decay? They decay (see Fig. 55) to their fermion partners plus 

a photino or goldstino (sleptons) or a photino, gluino or wino (squarks). The photino 

and goldstino can be thought of as neutrinolike for the purposes of interactions in 

any detecting device, although in general this statement is not true. This description 

of SUSY was not intended to be complete or rigorous. The interested reader will find 

the references in Ref. &I very complete. However, the preceding discussion sufhcrs 

to establish how one would search for SUSY particles. 

Searches for squarks and sleptons can be pursued in the e+e- continuum. These 

scalars will be pair produced with a characteristic sin% angular distribution and a 

production rate 

R(S,, $I= ;R(g, II) 

4% S,) = ;RK 1) 
where S, and Sr refer to the scalar partners of quarks and leptoos. For each new 

squark species, 6R = 3 or Q depending on its charge. R is know at PETRA to *5% 

(systematic error) or 21 0.2. Hence it is probable that mast or all of the charge 3 

squarks have masses above 18.5 GeV/c*. 

Direct searches have been performed for the scalar leptons via the process 

Photino 
goldstino 

Pholino 
gluino 
win0 

Fig. 55. The decay of sleptons (a) and squsrks (b) 

e+ f photino 

I P- + photino 
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where P = e or p or r. These searches proceed in an obvious way - one searches for 

cc, pp and r-r events in excess of the QED rate. If a N 1 there would be an increase 

above QED of sx 50% in the yields of these events. One also expects lots of missing 

energy and momentum. The 95% confidence level limits obtained at PETRA are 

given in Table 9 which is compiled from the references in Ref. 50. In all these tests 

the neutral missing particle (photino or goldstino) is assumed to be stable. 

Table 9. Mass Limits (95% conEdence level) for 

Se, S,,, S, (see Ref. SO). 

Experiment 

CELLO 

JADE 

MARKJ 

PLUTO 

Excluded Mass Range (GeV/c2) 

Electron Muon Tau 

2 - 16.8 3.3 - 16 6 - 15.3 

< 16 -- 4- 13 

-- 3- 15 M, - 14 
< I3 -- -- 

We can summarize Table 8 by saying that MS,, MS, > 16 GeV/c* and MS, > 14 

GeV/c*. 

The searches described for sleptons involve the assumption that MS, < +. M. 

K. Gaillard et a1.,5* have proposed a mechanism whereby one can obtain sensitivity 

beyond %. The process involved in shown in Fig. 56, where the symbol 5 is used 

for the photino. Under the assumption that the photino is stable and has a small 

mass, the e+ takes up very little transverse momentum and hence continues down the 

beampipe. The signature is an event with a single electron with substantial energy and 

large missing transverse momentum. The cross section for the process is calculated in 

Ref. 51. One finds that for EC,,. N 40 GeV 

U(Se T) = 5% Upoinf for MS, = 1.5 GeV/c* 

= .15% Upoiar for MS, = 30 GeV/c2 

For < L >= 1031 this would correspond to an event rate of N 100/month and 

e+ e+ 

Fig. 56. The process e+e- -+ e+e-?T. The 2+ will go 
perferentially in the forward direction leaving only the e- in 
the detector. 
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a/month, respectively. Backgrounds will come from QED processes (eel) where the 

photon escapes through uninstrumented cracks in the detectors. Suppression of these 

backgrounds are aided by the fact that the signal has a roughly isotropic angular 

distribution for the e* and the e* is energetic. Since the observation of Ref. 51, most 

of the PEP and PETR4 detectors have augmented their hardware so that they will 

trigger on a single high energy (few GeV) electron. We should expect results from 

these searches within six to twelve months, with expected mass sensitivity in the range 

of 20-30 GeV/c2. 

Ail the tests for charged and neutral Higgs particles given in Sets. 4.3 and 5.1 

apply also for the Shiggs particles. 

The Z” will offer a superb testing ground for SUSY. In Fayet’s simple model all 

the sfermions will have masses below v and the Z” will be 50% wider than in the 

standard model. Fayet’s model aside, for each new squark, the rate of Z” decays will 

go up by about 5% and for each new charged slepton it will go up by 1.5% (p = 1 

is assumed). The squarks would be heavy and hence detectable using a shape analysis 

and the sleptons will yield to tests analogous to those described earlier in this section 

for continuum production. Given the high production rate for Z*‘s, these events will 

easily be seen. The neutrals (photino, golds&o) will be observed in the process 

e+e- -+yZ” 

Lli- 
as described in the neutrino counting experiment of Sec. 5.4. 

High energy efe- interactions offer a much wider range of tests than those dis- 

cussed here. We have ignored the issue of the stability of the neutrals, the detection 

of the gluino, etc., etc. These can be found in the references or weekly on the preprint 

shelves. It should be remembered that the simple model of Fayet might be wrong and 

that the extended models do not necessarily have low lying charged fermions. Super- 

symmetry is a very attractive theory offering the potential for unifying gravity, QCD 

and electroweak interactions. Testing SUSY, however, might be very frustrating if the 

mass scale keeps growing. 

6.2 TECHNICOLOR THEORIES -DYNAMICAL SYMMETRY BREAKING 

In order to have a theory which is renormalizable, gauge bosons must acquire mass 

ss a result of spontaneous symmetry breaking. In the standard model, this breaking is 

achieved using the IIiggs mechanism. However, it is possible for the gauge interactions 

themselves to cause spontaneous symmetry breakdown. The class of theories in which 

this dynamical mechanism is employed is called Technicolor Theories.52 

In these theories a new set of unbroken, non-Abelian gauge interactions are intro 

duced which become strong at a scale ATC - 1 TeV. Technicolor is therefore analogous 
to QCD with a spectrum of technicolor singlets with masses of - 1 TeV. The analogs 

of the QCD fermions are so called technifermions and the role of the Higgs particles 

of the standard model are assumed by spin zero bound states of these technifermions. 

In the minimal tecbnirolor schemes all the light pseudoscalars are eaten by the gauge 

bosons of the weak interaction. Since we do not have Higgs particles there is no 

Yukawa mechanism for generating ordinary fermion masses. In technicolor this must 

be achieved by an addit,ional gauge interaction which couples ordinary fermions to 

technifermions. 

The mass generation scheme in the standard model via Yukawa couplings (a) and 

the four fermion type interaction in technicolor theories (b) are shown in Fig. 57. 

Models which include the additional gauge interaction for mass generation are called 

extended technicolor (ETC) models. No completely satisfactory model of ETC has 

emerged as discussed in Susskind’s lectures in these proceedings. In the ETC schemes 

there are more light pseudoscalars than in the minimal model, and after the weak 

interaction bosons have been given mass, a spectrum of physical scalars (technipions) 

remain. The number of these technipions depends on the ETC model. However, 

independent of the model there is an irreducible minimum of four technipions with 

masses in the 10 GeV/c* range. We will call these Pi, F” and P”‘. These scalars are 

analogous to the four light hadrons, s*, so and q”, of normal color. In addition to the 

technipions there is a spectrum of tecbnihadrons with masses in the 250-1000 GeV/c2 

range. 

What do we know about the masses of the tecbnipions? There are two contributions 

to the technipion masses. The Erst arises from the clectroweak interaction and can 

be calculated in a completely model independent way. The second contribution comes 

from ETC and is very model dependent. In the absence of ETC Mp* N (5-8) GeV/c2 

and Mps = 0. The addition of ETC generates extra mass and t.ypically Mp+ 5 

.’ :. 
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(a) Higgs Mechanism (b) ETC Mechanism 

.--a IJIPUO 

Fig. 57. The generation of fermioo masses: (a) via the 
Higgs field 4 in the standard model and (b) via the four Fermi 
type interaction in ETC. 

IO-15 GeV/c2 and Mp _ < 5 GeV/e2. However there are some ETC models in which 

M,,+ N 30 GeV/c2. 

What about the technipion couplings? In most models the situation is similar to 

that of charged and neutral Higgs particles - hyperpions like to couple to the heaviest 

fermion pair available. Since they are scalars their production angular distribution 

and rate are the same as for HQ, H* as discussed in Sec. 4 (Ho) and 5.1 (H’). In 

particular the searches for If* described in Sec. 5.1 (see Fig. 46) apply equally well 

for Pi. Hence it is very unlikely that M* 5 15 GeV/c* and this eliminates a large 

class of technicolor models. As PETR.A raises its energy and assuming that no scalars 

are found, technieolor is becoming a less likely scenario. By the end of 1983, PETRA 

experiments will have sensitivity to Mpt 5 22 GeV/c2. 

Supposing that a charged scalar is found. Is it a technipion or a Higgs? Given the 

freedom in the models, it will be very difficult to distinguish these two possibilitiess3 

However, if we assume that either the standard model or technicolor is correct but G 

both, then the neutral scalars could provide a means for separating these two options. 

We recall from Sec. 4 the discussion of the processes Z” -+ Hr’Zo* -+ H”t+t’- and 
e+e- --# zo* -+ Z”ffo. These processes involved the coupling Z”Zo@’ which is large 

in the standard model. However for technicolor the Z”ZoPo coupling is zero to first 

order and the analogous decays involving P” particles occur at an exceedingly low 

rate.53 Typically one finds that the rates for the channels involving PO’s are about 

ltY4 times smaller than those involving H”s. Hence if we observe these processes, 

then we confirm the standard model. If no such processes are seen but a charged scalar 

has been found, then the most likely scenario is that the standard model is wrong and 

technicolor could be correct. 

The searches for technihadrons will require LEP III and the high energy colliding 

linac machines. 

6.3 COMPOSITEMODELS;STRONG sU(2) 

Another solution to the gauge hierarchy problem is olfered by the model of Abbott 

and Farhi54 m which the weak interactions are the result of the composite nature 

of quarks and lept,ons. In this modzlr the SU(2) is strong and hence confining at 

the scale of the weak interact,ions, 4 F2 zz 30 GeV. This procedure is analogous to 



QCD in which the confining scale is at a few hundred MeV. In the same sense that 

QCD oilers a sensible way to set a mass scale, the strong sU(2) theory does too 

and the gauge hierarchy problem is avoided. The composite model retains the gauge 

structure of the standard model namely S%‘(3) A sU(2) A U(l). It contains a complex 

doublet of Higgs fields, but the scalar potential is adjusted so that no spontaneous 

symmetry breaking occurs. The particle content is the same aa in the standard model 

- left-handed doublets and right-handed singlets. Since the righehanded fermions 

are singlets of SU(2) they are not confined and hence are the righthanded quarks 

and leptons. However, the left-handed fermions are confined at the scale $2 and 

the familiar left-handed fermions must be constructed from these confined particles. 

The absence of spontaneous symmetry breaking implies that U( 1) and ,SU(S) are not 

mixed and hence U(l) becomes the U(l) of electromagnetism. 

In analogy with &CD, we expect a rich spectrum of particles, most of them with 

maSsea N 300 GeV. There are some bound states with light masse and these are the 

left-handed quarks and ieptons. These particles are constructed out of bound states 

of the left-handed conEned fermions and the scalars mentioned above. This generates 

particles with the correct quantum numbers but they are massless. Yukawa couplings 

are used to generate mass for the quarks and ieptons and in this way the full quark 

and lepton spectrum of the standard model is recovered. 

The weak interaction Lagrangian in this theory is 

where .?, = (J+, J-, J3) is the weak isovector current and J,” is the weak isoscalar 

current. Since no evidence for the latter current exists, [ is assumed, without any 

justification, to be <0.05. The standard model weak interaction Lagrangian is 

How do we account for the difference and hence make the composite model Lagrangian 

consistent with the low energy data?. The solution lies in the observation that, be- 

cause of the composite nature of the fermions, they possess electric (and magnetic) 

form factors. When one adds in the contribution from the interaction of this charge 

distribution and the electromagnet,ic interaction (7’s), one can obtain consistency with 

the low energy data. The parameter sin20w in this model has nothing to do with 

electroweak mixiug. Rather it measures the strength of the mixing between a photon 

and one of the vector mesons of strong SU(2). The data can be fit if this mixing pa- 

rnmeter takes on a value of 0.23. This is a very large mixing when compared with the 

comparable QCD situation where t,he photon-rho mixing is 0.02. The strong SU(2) 

theory does not explain the large mixing; the value is taken to ensure that the ex- 

perimental data can be lit. Also it is odd that while the electric form factor is large 

the magnetic form factor must be kept small so aa not to develop too large a muon 

magnetic moment.. 

Following the discussion above, this model can describe the low energy data. How- 

ever, there is no narrow Z” in this model. If there is a narrow Z” in the 100 GeV/c2 

mass range then this model is wrong. If there is no Z”, and this model becomes a 

candidate for the standard model, we would have to search for the particle spectrum 

associated with the strong scale at $2 (cl hsdrons of QCD). There will be particieJ 

with masses 2 250 GeV/c2. In addition (ala 1~‘s in QCD) there will be some vector 

mesons with masses in the 100-200 GeV/ c2 range. They will not be easy to find be 

cause they will decay strongly and can be expected to have widths on the order of 2@30 

GeV. The best signature would come from the fact that these strong 5742) decays will 

treat quarks and leptons democratically (aside from the 3:l advantage from color) and 

hence one will see a lot of leptons in the decays. One would need to be running at LEP 

II and LEP lII with a device which had good lepton/hadron rejection so that a clean 

measurement of R, or R, could be made. This possibility is discussed55 by DeRugula 

in a delightful article on “glints.” The study of the high mass spectrum will require 

the colliding linac machines. 

We have discussed a model in which the quarks and ieptons are composite. What 

experimental evidence do we have for the size of fermions? Since photons couple to 

charge they make an excellent probe of the size of fermions. This can be done using 

measurements of the processes 

e+e--+ fj 

where f = e, u, T, q. The data at PETRA have been fit assuming that the pointlike 
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QED cross section is modified by a form factor of the type 7. Summary and Conclusions 

We have discussed how we can continue to test the standard model using e+e- 

interactions at energies beyond those presently available. We have seen that the ma- 

chines which we will have available in the next ten years will permit us to make many 

important and decisive tests of the standard model. We have investigated how we 

can test theories which go beyond the standard model. Some of these theories involve 

minor modifications of the standard model, others were much more radical. We saw 

that these studies are done in the continuum, at toponium and at the 2’. Rather than 

summarize the important searches in words, we have chosen to provide the reader 

with a reminder in the form of Table 11. The key for this table is E = Ec.m., a cross 

indicates that the search is not possible, a check indicates that it is, and no entry 

means that an entry is not applicable or not interesting. 

How are we situated with respect to Table ll? Figure 58 summarizes the available 

energy of e+e- high energy machines ss a function of calendar year. Toponium and 

the Z” are vital to our searches. Z” factories will soon exist in both the U.S.A. and 

Europe and by lQ88 there should be five or six good detectors running at the Z”. If 

Mt<p MzO then top onium can be studied at one or some of PETRA or TRISTAN 

or SLC or LEP. The region from X10-250 GeV is covered by LEP on a time scale 

estimated to be the early 1990’s. 

But we saw lots of options for thresholds above $$ N 300 GeV. Supersymmetry, 

technicolor, composite models are but a few of these options. This is clearly the 

new frontier and every effort must be made to accelerate the availability of the colliding ___- 
linacs. If we look at Fig. 58 we find that, to very good approximation, the entries 

lie on a straight line. If we extrapolate this line to EC.m. = 500 GeV (1000 GeV) we 

find ourselves in the year 2000 (2005). Hopefully we can prove that the present linear 

relationship is not a universal law of nature and that t.be frontier machines can be 

built and operated this century. 

2 F’=lrm ’ 

Table 10 shows the 95% confidence level lower limits for A*. These results are taken 

from Ref. 18. 

Table 10. Q5% Confidence Level Lower Limits for A* (GeV) 

CELLO 

JADE 

h4ARKJ 

PLUTO 

TASS0 

83 85 

112 106 

128 161 

so 234 

140 296 

- - 

142 126 

194 153 

107 101 

127 130 

r 

A+ A- 

We may conclude that fermions are pointlike down to - lo-l6 cm. AS we go to 

higher energies we must continue these measurements to probe larger composite mass 

scales. 

‘., 

.’ 

._ 
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We should remember that we could arrive at - 200 GeV and the standard model 
might still be the best description of nature which we have. What then? The sceptics 
will say that there is no good reason to push further for surely only Bedouins like 
deserts! Well the response to those sceptics is, “What self-respecting Bedouin would 
resist an oasis?” The only way to demonstrate that there is nothing new happening 
beyond the frontier is to cross it! 

e+e- interactions at very high energies olfer the potential for wide ranging tests 
of current high energy theories. The next ten years should prove to be very exciting 
indeed. 
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I. The Gauge Hierarchy Problem 

The standard SU(3) x W(2) x U(1) theory of strong, electromagnetic 

and weak interactions appears to correctly describe all physics down to 

the smallest distance scales yet probed. Most probably the Z’, w* and 

top quark will be discovered. Should this occur we will be left with 

the following situation: a highly accurate phenomenology of all known 

physics (excepting gravity) exists but no explanation is in sight for a 

variety of fundamental questions such as the origin of generations, the 

values of fundamental constants, the exact equality of the electric charge 

of the proton and the positron, and the role of gravitation. Clearly 

the standard theory must give way to some more complete theory at some 

small distance scale. There are well known reasons to think that such a 

complete fundamental synthesis can only take place somewhere between 10 14 

and 101’ Gev. 

What if anything lies between the weak scale w lo2 GeV and the scale 

of unification? The simplest answer is nothing beyond the 2, w top quark 

and Higgs.Nothing new will be encountered below 10 14 
GeV. It is obviously 

of the utmost importance to know whether there are any indications, one 

way or another, for this “BORING DESERT” hypothesis. These lectures are 

about one such negative indication, namely the gauge hierarchy problem 

(GHP) or the problem of naturalness of the two widely separated scales. 

represented by the expectation value of the Higgs field c+.>- 250 GeV 

and the unification or Planck scale. 

The GHP is a consequence of several assumptions whjch I will now list 

1) The standard W(3) x SU(2) x U(1) theory including quark, lepton 

photon, I’, w* and one or more Higgs scalar fields correctly describes 

nature up to energies 1 M very niuch larger th:ln the weak scale - 250 GeV. 

2) New physics of an unspecified nature occur at scale - M possibly 

including W(S), gravity, etc. 

3) The behavior of the world at ordinary energies is not exceedingly 

sensitive to the values of fundamental parameters. In particular the 

very existence of a low energy world, characterized by the Higgs expecta- 

tion value - 250 GeV should not require the fundamental parameters of the 

microscopic world at scale - M to be “Fine Tuned.” 

This last assumption, usually called “NATURALNESS” is less familiar 

than the others and requires some explanation. To understand its meaning 

we must recall that a phenornend~gi~al Field theory such as the standard 

model must be cut off at small distances to be defined. The formal path 

integral is meaningless until a prescription is given for regularizing 

its short distance behavior. This presciiption specifies a momentum 

k as a cutoff and a set of parameters (coupling constants g and mass 

parameters u) which will generally depend on k. The cutoff theory is 

only useful for momenta and energies less than k. 

What about the effects of quantum fluctuations involving wavelengths 

smaller than k 
-1 

. The central point of renormalization theory is that 

these effects can be lumped into the values of the constants g and 11 

(apart from very small effects which vanish like inverse powers of k). 

A change in the cutoff from k to k' can be compensated by a change in g 

and p. Accordingly we consider (g,p) to be functions [(g(k), p(k)]. 

The important point that I want to emphasize is that the phenomenological 

paralneters g, 1~ are dynamical objects which depend in a complicated way 

-1 
on all the physics at length scales smaller than k . 

: 
._ ... 

:: .: 
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Let us now apply this idea to some hypothetical unified theory. I 

will begin by supposing that the theory contains no light fields of mass 

C M other than those of the standard model. In this case if the cutoff 

k is less than M the physics of low energies (<k) must be the standard 

model with gauge couplings g3(k), g*(k), gl(k), Yukawa couplings gy(k), 

quartic scalar couplings h(k) and a mass parameter u*(k). The last of 

these is the usual (negative) mass squared of the Higgs field, which has 

potential 

These parameters summarize all the unknown physics at momenta > k. In 

particular they depend non-trivially on the structure of the unified 

theory at distances shorter than M -1 . 

The mass of every ordinary particle in the standard theory is 

proportional to the vacuum expectation value of <O> . For example 

quark and lepton masses have the form 

The Z and W masses are proportional to 

and the Higgs mass to 

(1) 

(2) 

(3) 

(4) 

The VeV <$I> is not a new parameter but can be calculated from X(k) 

p(k), g(k) and gy(k). For example suppose we begin by ignoring all quantum 

fluctuations and calculate < +> by minimizing V(4). This gives 

(5) 

This however is not a good approximatioc if the cutoff k is large (-M). 

It is spoiled by quantum fluctuations of all modes down to wavelengths 

- k-l. A much better approximation is to use a low energy cutoff k1 say 

of order 1 TeV. For ;nost purposes we may write k’ = 0 since k’ <<<k). 

Thus i$> may be well approximated by computing the “renormalized” mass 

and coupling p(O), A(O). 

For example consider ~(0) which is calculated by Feynman graphs 

_---- $5 --- 

+ AcY-?J-- 

(6) 

1. i-:’ ..:. :_ 
.- _,: : . . I., .- : ..:: 

-I- 
- - -_-_ 0 ---- t l ,. 

Each graph in Fig. 1 is cutoff dependent and proportional to k2. 
~_ 

Thus : ._ .. .- 
-..L ._.._: .. 

u?(O) has the form p2w =pbJt#P(C,A tc;l~+t.~~) (7) ~. II :. 
:. 

Now the point is that we believe that the values of (g(k)...p(k)) 

are most closely related to the fundamental underlying unified theory 

when k is as large as possible, say of order M. Then Eq. (7) becomes 

r2(01=~=(M)+ML(~,,~()1/+..-) 

-199- 

(8) 



How big is 11*(O). From Eq. (6) we see that p(O) should be N <q) &) 

and for typical GNl , p(O) is of order lo* GeV. Suppose the scale 

M - 101’ GeV. Then we may write Eq. (8) as 

(9) 

This is a very unreasonable situation. It requires the dimensionless 

parameter &MS to cancel the complicated series (ClX+...) to 26 

decimal places in order that the world of ordinary particles be as light 

as it is. But +$’ only knows about physics at small distances. 

To obtain such cancellation would require a miraculous conspiracy among 

the parameters of the unified theory. I” other words, the existence of 

a scale - lo* GeV in the standard theory with a second more fundamental 

scale at 10 15 
GeV is unnatural. This is called the GHP. 

Possible Solutions to the GHP 

1) Forget it for now. Some future theory will explain the fine tuning 

of P(M). The boring desert exists just like in the usual SU(5) model. No 

new discoveries above 250 GeV until 10 l5 GeV. 

2) Technicolor. It is possible for a low energy world to emerge naturally. 

A familiar example is QCD with massless quarks and gluons. In this case 

chiral symmetry and gauge invariance insure the absence of any perturbative 

renormalizations of quark and gluon masses. The coupling constant g(k) is 

renormalized and therefore depends on the cutoff scale k. The correct 

dependence is give” by the renormalization group 

Thus if g is cho&n fairly small at k - M then at a much rmaller momentum 

scale g will become large. This smaller scale is called X 
QC'J 

and satisfies 

(10) 

x &‘cD d M e - $0 gw 
(11) 

Evidently can be very small (” lo-“) with no fine adjustment 

of parameters. In fact we need not even introduce a very small parameter 

to get hOCD,M very small. In this case it is sufficient to make g(M) - 

to get hQCD,M - 10 
-15 

This brings us to a distinction between degrees of naturalness. I 

will consider a theory to be “seminatural” if it requires very small but 

not finely adjusted parameters. In these theories the smallness of the 

Higgs expectation value is stable but unexplained. On the other hand, 

theories like QCD I will call completely natural. In these theories all 

very small mass scales are exponentially small in terms of fundamental 

paraxeters such as g. Technicolor is an attempt to build a colnpletely 

natural theory by mimicking QCD. 

The important observation leading to T.C. is that the real role of 

the fundamental scalar $ is to spontaneously break the chiral gauge 

symmetry SlJ(2) x U(1). Now in QCD chiral symmetries are also broken, not 

by vacuum expectations of fundamental scalars but by quark bilinears 

(12) 

In fact, if no Higgs fields were introduced into the standard SU(3) x SU(2) 

x U(1) theory, the ordinary QCD chiral breaking would break SU(2) x U(1) 

and give mass to W’ and Z. The pattern of masses 

(13) 

would be the same as in the conventional theory because the chiral multiplet 

containing <qq> is isomorphic to the Higgs multiplet. In fact the massless 
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pion multiplet would mix with the gauge fields and become the longitudinal 

20, w*. However, because the strength of the condensate <qq> is of order 

(AQCD)3 the resulting masses of Z, W* are 

x Qcb (14) 

(g, = SU(2) coupling). The correct formula replaces <+> by the pion 

decay constant FT. This leads to masses - 2000 times to0 small. 

However suppose that a second QCD-like gauge sector (technicolor) 

exists. The gauge group does not have to be SU(3) but should become 

strong at a mass scale - 2000 A 
QCD’ 

If this sector contains fermions (F) 

which‘carry T.C. instead of color but which form conventional weak doublets 

then condensates 

(fc’? 

will induce SU(2) x U(1) breaking. The Z and W will get masses of the 

correct magnitude and no very small or finely adjusted parameters are 

needed. The main prediction of this kind of theory is the existence of 

a rich spectrum of “technihadrons” with masses, widths and splittings 

- 2000 times their hadrons’counterparts. 

The technicolor idea is a very elegant solution to the GHP but 

unfortunately runs into grave difficulties. As I have described it T.C. 

can explain the weak scale and masses of Z, W. What it fails to do is 

to provide a mechanism for ordinary fermion masses. In the conventional 

theory these arise from the Yukawa couplings of fermions (say quarks) to 

Ifiggs. Schematically we write 

where g is a dimensionless coupling. When 0 gets a “ac”um value a fermion 
Y 

mass term 

In T.C. theory 4 is replaced by the fermion bilinear FF. To get 

masses for ordinary quarks an effective coupling 

gqj s= 
must exist with fermion coupling constant G (with units of m-‘). The 

light fermion mass is then 

,,, C-(?F> 

Where can the required 4 fermion couplings come from? Ordinary 

SU(3) x SlJ(2) x U(1) interactions do not induce couplings of the right 

kind. Thus we are forced to introduce yet further physics. Several 

possibilities have been suggested. 

The first possibility called extended T.C. introduced new gauge 

degrees of freedom (E) which couple ordinary fermions to technifermions as 

in Fig. 

The required 4-Fermi couplings are generated by Fig. (3) 

F 

s 

f 
E 

f f 

The coupling G is given by 

G- S:Ji( (15) 

where gE is the coupling of the E-bosons. The light fermions then have 

mass 

: .I. .:. _. 
._. : ..,>. 

... “.; ]’ . . 

. 
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(16) 

Another popular idea is that quarks and leptons and technifermions 

are massless composites of some hypothetical preens bound by yet a third 

strong interaction called metacolor. The 4 fermi couplings FFqq, FFLR 

would be due to exchange of preens as in Fig. (4) 

Unfortunately these ideas do not seem to be consistent with the 

observed suppression of neutral strangeness changing currents. In other 

words there is no known techni-Gim mechanism. For example in the ETC 

theory the existence of E-bosons coupling q to F through the vertex in 

Fig. (5) 

would imply gauge coupling of q to q and F to F to close the nonabelian 

gauge algebra. Thus we will inevitably find additional 4-Fermi couplings 

{q ?iq from Fig. ( 6 ) 

These couplings will generally include neutral strangeness changing inter- 

actions with strength 

G 
d 7fiz 

,c/sc 
2 

(17) 

of course if $2$$~- is small enough there is no danger. tfowever, 

from Eq. (16) we see that 

(18) 

In other words pi/ME2 must be large enough to do the job it was designed to 

do, i.e., provide quark masses. 

When typical quark masses are used in Eq. (1s) it is found that the 

resulting magnitude of GN is too large by many orders of magnitude 

to be consistent with known bounds on GNSC. The worst disaster is the 

KL-KS mass difference which bounds GNSC to be lo6 times smaller than 

W‘ 
Similar considerations apply to preen models where preen exchange 

will generate unacceptable NSC currents if they are made large enough to 

account for quark masses. 

Perhaps somebody will discover a techni-Gim mechanism which can 

operate in a class of technicolor models. However, without such a 

mechanism I am forced to conclude that T.C. is very unlikely. 

3) This brings us to the third possible solution. Consider the electron 

mass in QED. The electron mass (like the Higgs mass) gets renormalized. 

Offhand, if we did not know better we would expect 

: : 
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where a is the fine structure constant and k the cutoff. This however, is 

incorrect. The reason is that if the bare mass of the electron is zero 

the theory has a symmetry (chiral symmetry) which prevents a mass counter- 

term from occurring. Therefore if mO, the bare mass, vanishes so does 6M. 

Accordingly 6M is proportional to m0 and the correct formula is 

(19) 

Thus requiring 6M <m (naturalness) allows k to be enormous. 

This is many times bigger than the Planck mass. 

Now suppose we could find a symmetry which was exact only if w* (Higgs 

mass) were zero. In the same way we would argue that the quadratic 

divergences in the renormalization of 1-1’ would cancel and 

ky ’ As long as log ,& is not too big the stability of a very small 

Or !q$ I would be insured. This kind of theory does not explain the 

smallness of v2 2 
or mo 3 but it does not require fine tuning of “0. It 

is seminatural. A general definition of a seminatural theory is that 

a symmetry exists in the limit ~0 + 0 which insures the vanishing of 

6~. Small breaking characterized by dimensionless parameters of order 

r: 
---L 

will then allow 
fl 

b to have a nonvaning small value which is 

stable with respect to radiative corrections. 

Are there known symmetries which can protect massless scalar bosons 

from acquiring mass? Until the discovery of supersymmetry in the early 

1970’s the answer was no. Today we know that a combination of super and 

chiral symmetries can do the job. The rest of these lectures are about 

the supersymmetry solution to the GHP. 

II. Supersymmetry 

Supersymmetry transforms bosons into fermions and fermions into bosons. 

If the symmetry is unbroken it insures the equality of fermion and boson 

masses even after quantum radiative corrections. Now suppose that when 

a multiplet including a scalar a and a fermion Ji is massless, there is a 

chiral symmetry under which 

The fermion mass will then remain zero to all orders in the coupling. But 

because supersymmetry is operative the boson mass will also remain zero. 

Let us begin with a scalar complex boson field A and a Z-component 

left-handed spinor $,(a = 1,Z) and a second boson field F. The field F 

will not be an independent quantum field but will be eliminated. It is 

called an auxiliary field and is useful in doing the bookkeeping of super- 

symmetry. The three fields 

form a so-called chiral super field. -- A supersymmetry transformation mixes 

them. An infinitesimal super transformation is parametrized by a complex 

infinitesimal spinor parameter ca. The rule is 

tA=; E,+" 

Several points are unusual about this transformation law. First of all if 

we consider E to be an ordinary (commuting) number, then 6h is a fermion 

field and 6J, is a boson. We could work with such a convention but it is 

far more efficient to assume E is an element of an anticommuting algebra, 
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i.e., that it is fermionic 

The second odd fact concerns dimension counting. If I$ and Ji are canonical 

fields then they have dimensions m and m3f2 respectively. This means that 

E has dimensions of m -1/z . The dimension of F is then forced to be m2 or 

else Eq. (20) can not be consistent. Thus F can not be acanonical field. 

To illustrate how supersymmetry works we consider a simple free field 

example. The Lagrangian for A is 

and for JI 

(22) 

For F the only term in L is F*F. Note that a free kinetic term for F is 

dimensionally inconsistent. Now it is an easy exercise to show that 6L=O 

under the supersymmetry transformation (20) the field F does not propagate. 

Its equation of motion is 

c9L - F=o ai - 
(23) 

To add interactions to L, we must know how to multiply superfields. 

Consider two superfields g1 and Q2 

Their product 01 e2 is a superfield defined by 

You can check that if 01 and Q2 transform according to (20) so does Ql oz. 

Next we see that under (20) the F-term of a superfield 

gets changed by a pure divergence under a supertransformation. Thus we may 

put it into L without destroying the SS of the action;for example we can 

Put 

(25) 

(21) 

in L. This term gives mass m to $ and couples A to F. However, since 

derivatives of F do not appear in L, it may be eliminated. The Eq. of 

motion for F gives 

F=-eA" 

Using F = -mA* in L then gives m2A*A in L so that A is also a massive field. 

We can also add @i to the Lagrangian without spoiling either supersymmetry 

or renormalizability 

This term evidently contains a Yukawa coupling $$A between the scalar and 

spinor components of @. The A2F term can be understood in one of two ways. 

Since derivatives of F do not appear in Ll we may eliminate it. For example 

if no I$’ term is present then F appears in the combination 

The Eq. of motion for F* is 

:-. 
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1 . 

Plugging this back into (28) gives 

in the scalar field potential. 

Two things should be noted. First although we began with Q 3 in 

the “superpotential I’ the result in the ordinary scalar Lagrangian was not 

A3 but the renormalizable A4 type coupling. Any higher powers of @ in the 

superpotential inevitably lead to nonrenormalizable theories. 

The second noteworthy feature is that the Yukawa coupling g and 

qua-tic coupling g2 are linked. This link can not be broken without de- 

stroying supersq-mmetry. Conversely supersymmetry insures that the renor- 

malization of the Yukava and quartic couplings preserve the connection 

between them. 

If in addition the supermultiplet Q was given a mass m, then the 

term would also yield a cubic term 

Again SUSY insures that the connection between the Yukawa coupling, mass 

and cubic coupling is unrenormalized. 

The second way to understand the auxiliary field F is to treat it like 

a quantum field without a kinetic term. The propagator for F is not l/k2 

but instead it is just 1. The F field must be included in internal lines 

of graphs but since it dots not have poles in its propagator it never 

appears externally on shell. 

Thus consider the coupling gA2F. This can be interpreted as vertex 

shown in Fig. (7 ) 

By exchanging F we generate diagrams with 4 external A-lines 

with amplitude g2. This is of course just the quartic coupling induced 

by solving for F and eliminating it. 

Individual Feynman graphs can be combined into supersymmetric com- 

binations according to a simple rule. Do not eliminate the auxiliary 

fields. Draw graphs which would occur in ordinary O3 theory. Then for 

each graph allow each internal line to be an A, $ or F in all combinations. 

The vertices which are non zero are 
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(If in addition a mass term @’ is present then the rules must be slightly 

modified--we leave it as an excercise to the reader.) Thus consider the 

Vacua sup&graph in Fig. (10) 

while for external bosons it is 

According to our rule this includes the following kinds of graphs Fig. (11) 

The graphs b are really of the form 

It is such supersymmetric combinations which satisfy the constraints of 

supersymmetry. For example, if we consider boson and fermion mass renor- 

malization we can begin with the supergraph 

For external fermion lines this gives 

These contributions to fermion and boson masses are exactly equal. Similar 

considerations apply to renormalization of the coupling constants to find 

the combinations of graphs which preserve the connections between the 

quartic and Yukawa couplings. 

That scalar and spinor masses and couplings renormalize in exactly 

the same way is remarkable in a quantum field theory but can be understood 

as a direct consequence of supersymmetry. A far more remarkable fact 

for which I know no obvious explanation is that these couplings $oo 

renormalize at all. -- This is a strange result which can be proved graph 

by graph using the supergraph formalism of Grisaru, Rocek, and Siegel but 

which has no general explanation. The general statement is that no coupling 

of the ‘form 

n 
-l-cc 

‘.. 
..-. ,. -, .:, 

‘:‘. 
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is ever generated in the effective action by loop diagrams. Before con- 

cluding this survey of SUSY I will briefly describe another kind of super- 

multiplet which includes gauge bosons. This is the so-called real super- 

field containing components 

where V 
- u 

is a vector field, X a real (majorana) spinor and D a scalar 

auxiliary field. The three components must have identical gauge quantum 

numbers (electric and weak charge, color,etc.) since V will be gauge 
IJ 

bosons such as photons, W’, Z”, gluons and so forth. The so called gauginos 

h must consist of neutral colorless photinos, zinos, charged colorless 

wines and an electrically neutral color octet of gluinos. If the gauge 

symmetry of R is nonabelian, R couples to itself through cubic and 

qunrtic couplings. The vertices include VW Yang Mills vertices, XXV, 

vertices VDD. In addition, R couples to matter fields $ with couplings 

which include all the usual gauge coupling as well as @A and DAA* coup- 

ling. In particular the AA’D couplings generate new quartic AA* AA* couplings 

when the auxiliary field D is eliminated. 

III. Breaking SUSY 

Supersymmctry requires that particles come in multiplets forming chiral 

(A$) or real (VX) supermultiplets. This would require partners for all the 

usual particles. For example, quarks and leptons should have scalar 

partners, squarks and sleptons; Higgs bosons should be accompanied by 

Fermionic Higgsinos and gauge bosons by photinos, zinos, wings, and gluinoa. 

Since no such particles exist at low energy we must assume SUSY is broken, 

and that the partners are massive enough to escape detection. As with 

ordinary symmetries supersynrmetry can be broken either explicitly or 

spontaneously. We shall begin by considering explicit symmetry breaking. 

The context of the discussion will be a minimal supersymmetric extension 

of the standard SU(3) x SU(2) x U(1) + quarks + leptons + Higgs. 

Let us begin by enumerating the particle content of such a theory 

1) Gauge Fields 

The usual massless (before Higgs) gauge fields for photons, Z’s, 

W’s and gluons are accompanied by majorana photinos, zinos, wines and 

gluinos. The photino and zino is electrically neutral and colorless. A 

linear combination of photino and zino form the neutral partner of the 

charged winos. Together they form an SU(Zfweak triplet. Gluinos are 

electroweak singlets which form an octet under color. Since the Lagrangian 

mass term for gauge bosons (pre Higgs) vanishes, supersymmetry would require 

massless gauginos. Thus bare masses for gauginos explicitly breaks SUSY. 

2) Quarks and leptons are accompanied by scalar and pseudoscalar particles. 

The.left (right) handed fermion SU(2)w doublets (singlets) are accompanied 

by complex zero spin partners to form chiral supermultiplets. The “left- 

and right-handed” spin zero particles can be added (subtracted) to form 

scalar (pseudoscalar) partners. In the absence of supersymmetry breaking 

:- . 
_:c ‘. ,. 
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these are degenerate with their fermionic partners. Furthermore if the 

Yukawa couplings of quarks and leptons to Higgs vanish then they must 

all be massless by virtue of chiral symmetry. In this limit any mass for 

scalar quarks (squarks) and leptons (sleptons) explicitly breaks SUSY. 

3) Higgs doublets are accompanied by fermions. A simple Higgs doublet 

has a Weyl partner one component of which is charged and the 

other neutral. I will now explain why two Higgs doublets are required. 

In the standard theory the Higgs field H can be used to give mass 

to both up and down quarks. This is because H and its complex conjugate 

form SU(2) doublets. Thus Yukawa couplings of the form 

(29) 

are allowed. 

In a supersymmetric theory these couplings arise from cubic terms in 

the superpotential formed from the chiral supermultiplets of the same 

chirality. NOW if H is an L.H.chiral supermultiplet then H’ is R.H. since 

Q,> Dt t and UR are L.H.. The coupling QLH Qd is allowed but QLH’Ui is not. 

The remedy for this situation is to double the Higgs content by intro- 

ducing a second Higgs doublet H which transforms like H* under the electro- 

weak group but which is L.H. Eq. (29) is replaced by 

(30) 

in the superpotential. 

The supersymmetric part of the Lagrangian contains all the usual inter- 

actions generalized to be supersymmetric. This means gauge couplings 

and Yukawa interactions. No bare masses are allowed for gauge, quark, or 

lepton supermultiplets. SUSY does however, allow the Higgs mass term 

which produces equal (positive) masses for all Higgs bosons. In order to 

produce spontaneous symmetry breaking in the electroweak sector, the Higgs 

mass matrix must have some negative eigenvalues. This can only arise 

from supersymmetry breaking. 

The breaking of supersymmetry should satisfy the criterion that it 

not lead to quadratic divergences in the scalar masses and thereby render the 

theory unnatural. This constrains the breaking term in the Lagrnngian 

to the so-called soft terms. Generally these include scalar and fermion 

masses as well as cubic scalar interactions. However, the constraints 

of SU(3) x W(2) x U(1) limit the breakings to: 

1) Scalar quark and lepton masses 

2) Gaugino masses 

3) Higgs and Higgsino masses. 

4) Trilinear squark operators 

Each of these operators has a coupling constant with dimensions 

of a mass or mass squared. Accordingly the radiative contribution to the 

scalar masses arising from soft breaking will generally have a coefficient 

of mass squared. This means that it is no worse than logarithmically 

dependent on the cutoff mass. 

The predictions of supersymmetry include the existence of a spectrum 

of sup&partners. One of these superpartners must be stable. To see this, 

let us define a quantum number R 

‘K ‘= (qFtL +3B 

,_- -. 
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where P = fermion number, L = lepton number, and B = baryon number. 

This quantum number is 1 for all ordinary particles and -1 for their 

partners. Thus, to the extent that lepton and baryon number are conserved, 

R is a good quantum number. Accordingly, the lightest odd-R particle 

must be stable or almost so. 

Broken supersymmetry does rat predict the masses of the super- 

partners. However, if supersymmetry is to solve the GHP. then they 

must be no heavier than a few TeV and possibly much lighter. If and 

when these particles are discovered, they will be unmistakable 

because supersymmetry predicts their couplings. For example, suppose 

a scalar electron is discovered which can decay into a photino. Super- 

symmetry tells us that the coupling constant for this proces$ is the 

electric charge e. 

‘. -.. :: 
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Composite Models for Quarks and Leptona * 

Haim Harari 

Wsiznann Institute of Science. Rehovot. Israel 

Abstract 

We discuss the motivation for constructing composite models for 

quarks and leptona. the hopes we have for a aucceaaful model and the 

difficulties encountered, so far. in this field. This paper 

corresponds to the contents of lectures given at the SLAC Summer 

Institute (August 1952). at the DESY Workshop on “Electroweak 

Interactions at High Energies” (September lgi32) and at the Solvay 

Conference at the University of Texas, Austin. Texas (November 1532). 

1. Foreword. 

The possibility that quarks and leptons are composite, plays a 

peculiar role in present-day particle physics. On one hand, it is the 

most natural extrapolation of t’ne development of modern physics and 

the least imaginative proposition for extending our theoretical ideas 

beyond those of the “standard model<’ of electromagnetic, weak and 

color interactions. On the other hand, any attempt to construct an 

explicit composite model immediately faces serious difficulties, 

necessitating assumptions and ideas which are at least unusual, 

possibly revolutionary. Thus, we are dealing with an approach which 

is, paradoxically, extremely speculative and somewhat unimaginative 
__________-_________ 
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st the same time. In this lecture we review the present status of 

this field, emphasizing the hopes 38 well as the difficultiaa. We do 

not diacuaa apecifiz models in any detail. 

2. Compositeness and the Fundamantal Interacti>na. 

Evary level of compositeness in the history of modern physics, 

led to a major revision of the list of fundamental forces. The 

understanding of atomic structure showed that Van-der-Waala forces 

are residual electromsgnetic effeota and are therefore not s separate 

fundamental interaction. The aubatructur e of the nucleus ravealed the 

existence of a new short-range force (the Strong or Nuclear or 

Hadronic Force) and led to the identification of an even 

shorter-range force (the Weak force). The hadron substructure 

uncovered the Color force and showed that the Nuclear or Hadronic 

forces sre residual color effects. It is almost certain that a 

possible substructure of quarks and leptons, if found, will reveal 

one or more new forces. It is also possible that it may demote one or 

more of the existing “fundamental interactions” into the role of a 

“residual interaction.” 

New fundamental particles may be found in the future and may 

have escaped detection in the past in several diffarent ways: 

(i) The production of high mass free particles requires 

experiments at sufficiently high energies. The W and Z boaona and the 

toponium bound states have presumably escaped detection in such a 

way. 

(ii) Low mass (or even massleas) particles may escape detection 

if they interact weakly with all visible matter. Tnat is how the 

heutrino elude3 experiments for several decades. We may have s 

vari?ty of light neutral particles, especially Goldatone or 

pseudo-Coldstone-boaons escaping us now in such a way. 

(iii) Confined particles. aven if they have small effective 

maaa33, require experimental probes witil energies far exceeding their 

confinement energy scale. Only such probes can reach into small 

distances in which the confined particle can be indirectly observed. 

Thus, many GaV’a were needed for indirect evidence for light quarks 

and maaaleas gluona. where the confinement scale is hcslOtl MeV. If 

there is a second confining force with a scale AH, we will need 

energies which substantially exceed AH in order to “observe” the new 

confined states. 

In close correspondence with these three methods, there are at 

least three ways of discovering a new fundamental interaction: 

(11 It may be a short-rsnge interaction corraaponding to 

distance scales and enargy scales beyond those presently available. 

That is how the strong nuclear force remained unknown until the 

1930’3. 

(ii) It may be an extremely weak force. not necessarily with a 

short range. Such a force can be uncovered only by increasing the 

sensitivity and accuracy of low energy experiments. 

(iii) It may be a confining force, mediated by e maasleaa boaon 

but possessing a confinement scale beyond present energies. 
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Any of these possibilities may ‘Vhide” additional new 

interactions which could play an important role in quark and lepton 

-,ompoaiteneaa. There may also be a fourth, hitherto unknown. method 

by which new particles and new interactions may escape detection. 

After all, had we discussed this subject 15 years ago. we would have 

listed only the first two items in the above lists of possibilities. 

We would not have snticipated the poaaiblity that an extremely strong 

force with maaaleas force-carriers (Color) could hsve escaped 

detection. Today, we may be equelly blind. The binding force of the 

constituents of quarks and laptons is perhaps aluding us in a new 

clever way. 

3. Why Do We Wish to Co Beyond the Standard Model? 

The standard model of electromagnetic, weak an3 color forces is 

baaed on a rsnoraalizable local gauge theory, where SU(31cxSU(3)xU(l) 

is the basic gauge group, and its spontaneous breaking via a iliggs 

mechanism leaves an unbroken SU(3),xU(11Ey gauge group. Ignoring 

temporarily the Higgs sector, the model involves maaaleaa quarks. 

leptons. photon, gluons and weak boaona with only three independent 

parameters representing the coupling constants of the three 

interactions. The Higgs sector induces all the necessary masaas. 

increasing the number of arbitrary parameters to twenty or more. 

There are several reasons which lead us to believe that the 

standard model, in spite of its elegance, self-consistency and 

experimental success, cannot be the final answer. Every one of these 

reasons is, to some degree, a matter of taste. However, the emerging 

overall picture convinces us that there must be some new fundamental 

physics beyond the standard model. 

Why do we wish to go beyond the standard model? 

(i) Too many parameters. It is unlikely that the laws of 

physi-a contain over twenty independent parsmeters and that the 

various Cabibbo angles and quark or lepton .naaaes are as fundamental 

3s the fine structure constant. A theory beyond the standard model 

may enable us to oalculate moat of these parameters, starting from a 

small number of constants. Such a calculation will hopefully explain 

the peculiar mass spectrum of the obasrved quarks anA leptona. 

(ii) Generation Puzzle. The standard model contains no clues 

explaining the existence of several generations of quarks and 

leptons. There is no good reason for having three generations (or any 

other specific noaber of generations). We do not know what 

iiatinguiahes the generations from each other, A new quantum number 

or a new property wnich “lab?la” the generations can emerge only from 

theories which go beyond the atandsrd model. Any hope of calculating 

the mass matrices for the quarks and leptons must involve an 

understanding of tine distinction between ferniona of different 

generations. 

(iii) Pattern within one generation. The mysterious 

triplication of generations enhances the signifioance of another 

puzzle. namely--th? pattern observed within one generation. The 

atnndar~d model does not explain why quark ~3 lepton charges are 

qlentiz?d in a related wsy. It does not axplain why the color and 

electric charge are correletad (integer charge ali~sya zones with 

: .;:-. . . .,_:._ : _ ,:_ :: : 
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color singlets, noninteger charge with color triplets). It al.90 does 

not explain why the quarks and leptons possess identical SU(2) 

properties (left-handed doublets: right-handed singlets) and why all 

integer multiples of Q=i between Q=-1 snd Q-+1 appear but no lQl>l 

fermions seam to exist. All of these features would have required 

explanation even if wa had only one generation. Since the same 

pattern occurs three times, there must be a particularly good reason 

for repeatedly having that specific pattern within the generation. 

(iv) Unification. One other motivation for going beyond the 

standard model is the obvious hope of unifying the three 

interactions. We must remember that the SU(2)xU(l) gauge theory 

provides us with a beautiful and important connection between the 

electromagnetic and weak interactions,but it does not fully unify 

them. We still have an independent coupling constant for each 

interaation. 

(v) Hierarchy problem and fine tuning. These may count as two 

problems or one problem depending on one’s point of view. In any wsy 

of looking at it, we have here a mismatch between different energy 

scales. Assuming that there is an impartant energy scale beyond the 

standard model (be it the Planck mass or a somewhat lower energy 

scale of some other type of new physics), it is difficult to 

understand how particles with masses corresponding to the low energy 

scales of the standard model can survive enormous self-anergy 

corrections. Vector bosons and fermions may be protected from suoh 

corrections by a gauge symmetry or a chiral symmetry, respectively. 

Scalars are not protected, in general. 

The above five argwents are not %mp?lling in any rigorous 

sense. However, after considering them, it is difficult to avoid the 

conclusion that some deeper theory must lie beyond the standard 

model, settling at least some of the above issues. 

4. Avenues Leadinn Bevond the Standard Model. 

51e hav? listed five reasons to go beyond the standard model: (i) 

Too many parameters; (ii) Generation puzzle; (iii) Pattern within one 

Generation; (iv) Unification: (v) Hierarchy problem and fine tuning. 

At least five diffsrent classes of approaches have been proposed For 

handling these issues. Ihere is no one-to-one correspondence between 

the five problems and the five classes of models. Let us briefly 

review each approach: 

(a) “Horizontal Symmetries”: These are alleged new symmetries 1) 

connecting the different generations. Such symmetries cannot settle 

any issue except, possibly, the generation puzzle (ii). Ue return to 

some of these ideas in section 3. No convincing horizontal symmetry 

scheme has been proposed, so far. 

(b) “Technicolor”. The fine tuning problem (v) may be resolved 

or at least postponed, to higher energies, by postulating that the 

Higgs scalars are condensates of new fundamental “technifermions” 

bound by a n?w confining “technicolor” interaction 2) . This approach 

does n3t shed any light 3n problems (i)-(iv). In fact, it normally 

leads to additional partiales and sdditional free parameters. The 

technioolor idsa is a limited versisn of compositeness. in which 

scalars and. consequently. the longitudinal compsnents 3f massive 
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gauge bosons, are compostte objects. &arks. leptons. transverse 

gauge bosons and technifermions are all fundamental. In order to 

produce qluark and lepton masses, technicolor schames must be extended 

3) to include ne.4 gauge bosons which connect quarks to techniquarks . 

Such bosons usually play a role similar to thst 3f Horizontal gauge 

bosons, thus incorporating the Horizontal symmetry approach into the 

technic&or scheme. Here. again, no satisfactory model is presently 

available. 

(c) Grand Unification. This approach satisfactorily settles 

points (iii) and (iv). The structure of one generation is beautifully 

sccounted for in any scheme 4) based on X10) or any of its candidate 

subgroups (SU(5) or SU(JJ)xSU(2)xSU(2)). The three interactions ar? 

clearly unified. However, the number of free parameters is increased 

beyond those of the standard model. no explanation is given to the 

generation puzzle,snd the hierarchy problem remains unanswered. In 

addition, we must face an energy “desert” spanning tvslve orders af 

magnitude and the controversial possibility of heavy magnetia 

monopoles. Proton decay is the earliest crucial test of grand unified 

theories. 

There are ambitious attempts 5) to combine Grand unification, 

technicolor,and horizontal symmetries in all-encompsssing schemes 

based on large groups such as SU(7), SO(li0 etc. No convincing model 

has been found. 

(d) Supersymmetry. Supersymmetry, besides being an attractive 

mathematical “toy,” provides a hope for sattling the hierarchy 

problem’). Unfortunately, the particle spectrum is doubled. 

introducing alleged supersymmetric partners for all gauge boson3. 

quarks, leptons, and scalars. Thus we have more particles and more 

parameters, ,fithDut solving any of the problems (i)-(iv). Grand 

unification can be combined with suporsymmetry, thus ccmbining 

possible solutions to points (iii)(iv)(v). but the price is, aaain, a 

significantly more complicated spectra of particles as dell as 

additional theoretical problems. 

(e) Composite Models. Here we assume that quarks, leptons. 

scalars,and possibly some gauge bosons are composit? objects 3f 5319 

new fundamental constituents. Here. again, no satisfaotory model is 

available. In the following sactions (5-12) we disauss the hapes and 

difficulties of such models, vis-a-vis the various reasons far going 

beyond the standard model. 

But, before we move on to our discussion of cornposits models, we 

must discuss the questisn of experimental tests. 

5. Experiments Beyond the Standard Model, 

Theories which go beyond the standard model, like all other 

theories in physics, must pass txo types ef tests: self-consistzncy 

and agreement with experiment. The requirement of theoretical 

self-consistency is not as simple as it sounds. We must remember that 

in all previous stages in the understanding of the structure Of 

matter, from tha %hr atom t3 the quark model. the original version 

of the theory had many correct ingredients but suffered from serious 

theoretical inconsistenciss. In all cases, experimental ClUeS played 

a crucial role in the acoeptence of the correct ideas. The 
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satisfactory theoretical self-consistency came 3nly gradually. with 

modifications which were partly dissoverzd by pure reasoning and 

partly through new experimental facts. Our main difficulty today is 

tne total lack af any axparimental facts which might force us to go 

beyond the stanjard model. To rely entirely on argLanent.3 3f 

theoretical self-consistency is dangerous. It is not clear that such 

argLonent.s xould have elloired the quark model to be developad! 

We therefore believe that experimental clues we crucial. In 

order to review such clues we must first dissuss the relationship 

between tha hypothetical new thaory which goes beyond the standard 

model, and tha Lagrangian of the standard model. In all oases we do 

not wish to discard the standard model. We would like to keep it as a 

good approximation of the ultimate theory, valid at energies well 

below the new high energy scale. Schematically, we may -consider the 

following situation: We have a new theory at small distances and high 

energies. Its Lagrangian, LNF..,is useful for describing high energy 

phenomena. It hopefully corresponds to a renormalizable theory which 

is fully self-consistent. At lower energies we may have sn effective 

Lagrangian LEFF which. in principle, can be derived from the 

fundamental high energy Lagrangian. It is presumably approximately 

equal to the standard-model Lagrangian LSM. 

LNEW + LEFF ’ LSrl 

When we search for experimental tests of the new theory, we may look 

for two general classes of tests: 

(i) Tests of LNEW. These are. necessarily, hiah energy tests 

involving future high-energy accelerators. If the energy scale of 

LNEvl is A “, we may look for particles of mass hH (e.g.,Horizontal 

gauge bos~ns io Horizsntal symmetry schemes. Honopolzs in grand 

unified theories. Technihadrons in Technicolor models. et-.). We may 

alsa look fsr light parti-les which are confined within small 

confin-ment radii -orresponding to a high energy scale AH (e.g., 

preens in some composite models, techniquarks,etc). 

(ii) Tests of the small difference between LEFF and L 9M. mI?le 

lo+energy phenomsnslogy of the n?w schema is, presumably, almost 

identiaal to thst of the standard model. The s,mall differences 

between the two nay actually provide us with the first clues for 

physics beyond the standard model. Such clues may come from a variety 

of terms in LEFF. A few examples: 

(a) LEFF may contain high-dimension four-fermion operators such 

as uude- or iieze. These must be preceded by a coefficient af order 

-2 
*H * Such terms induce transitions like p +afilo or p +3e. 

respectively. These are low-energy processes which, if observed. 

would necessitate some physics beyond the standard model. 

(b) LEFF may sh3w slight deviations from certain 

coupling-constant relations of the standard model. For instance. the 

coupling constants gyey. gWFiv which are identical in ths standard 

mddel (“universality”) may turn wt to differ by terms of order mR/AH 

as a result of some e-u differe nce which is revealed only at the 

scale of 4-r 
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(c) LEFF may contain weakly couple3 light Goldstooe bosons X 

me - 
with Yukswa couplings such 3s T Xee. Such bosons are difficult 

H 
to detect. If they exist, they could provide hints for some neu 

physics. 

The above classes of experimental tests are relevant to any 

theory which gets beyond the standard model. Tney a?-8 also true for 

composite models of quarks and leptons. The right-hand side of figure 1 

indicates the general orders of magnitude of the new energy scale, 

corresponding to various thsoretical approachss beyond the standard 

model. On the laft-hand side of the same figure WB show s3me of the 

experimental bounds Which are relevant to composite models of quarks 

and leptons. Ye now turn to a discussion of these bounds. 

6. Experimental Constraints on Composite Models of Quarks an3 

Leptons. 

Any attempt to construct a composite model for quarks and 

leptons must take intJ account setera experimental constraints: 

(i) The anomalous magnetic molnents of the electron and muon 

provide us with an (almost) model-independent constraint 7) . It has 

been argued that if a composite structure at a scale AH leads to 

deviations from the QED predictions for g-2. and if the composite 

model has a chiral symmetry, we expect: 

In the case 3f the muan, present g-2 experiments yield 1\~>50,3ieV. 

If we relax the chiral-symmetry assumption. the bound is much more 

Supersymmetry? 

Mod-dependent 

10 

1GeV 

l’i 

*c 
mq 

10 
-1 “II 

Figure 1: Experimental limits on the energy scales of 
theories beyond the standard model. 
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severe. The 500 GeV bound for the muon Is essentially 

model-independent. However, it is only an order of magnitude 

estimate, and factors of ncould easily change it in either 

direction. 

(ii) If electrons are composite, we expect LgFF to contain a 

four-fermion term of the form &et?. Such a term would contribute to 

the cross-section for e+e- + e+a-. The present agreement between this 

cross-section and QED places a new model-independent bound 9) on A H’ 
Here. again.one can only estimate the order of magnitude, obtaining 

$>700CeV. Similar related estimates may be obtained for e+e- + u+u- 

and for neutral current neutrino reactions 9) . 

(iii) The absence of the decays Wey, u+3e, K+ue, K+aue and the 

reaction uN + eN provide us with model-dependent bounds on 

compositeness. If the muon and th? electron are prevented from 

transforming into each other by some selection rule or by a strong 

suppression-factor which depends on their detailed internal 

structure, no useful bounds can be derived from the present 

experimental limits. However, it is possible that the mum and the 

electron can easily convert into each other, the transition being 

suppressedonly by the physical dimension of the composite systsm. In 

such a case we would expect LEFF to include effective four-fermion 

terms such as -!- !ie& or Adeir. 
Ii* iI* 

These would enable us to derive 

limits of the order of AHGlO-1OOTsV for various processes. r/e 

emphasize, however. that this case is very different from the 

previous item. No selection rule can forbid an eese affective 

interaction, but it is perfectly reasonable to expect a small 

suppression factor E based on some selection rule, appearing in an 

expression of the form 5 b&e. If E is sufficiently small, the 

bound on AH may bectie totally useless. 

(iv) A related experimental bound follows from the well-measured 

KsXL mass difference. The observed value can be accounted for by 

the standard model. A composite model for quarks might allow an 

effective term of the form &did contributing to AM. Here. again, 
A2 

the constraints are model dependent. If E is sufficiently small, due 

to a selection rule based on the different internal StrUCture of S 

and d, no useful bound can be deduced. If EQO(l). we may obtain a 

very strong bound around 1000 TeV. However. it is somewhat unlikely 

that any composite model would allow @O(l). 

(~1 Many composite models’) may involve massless Goldstone 

bosons or extremely light pseudo-Goldstone bosons X. whose Yakawa 

couplings to ordinary quarks and leptons are of order % 

Ti 
or $. Such 

bosons can easily escape detection in terrestrial experiments. 

HoNever. the process yce + x ce which must occur frequently in stars 

places a limit’0) on the xge coupling, and through it - on the 

compositeness scale. From the known limit on the allowed energy loss 

of red giant stars, wa obtain: for a massless Goldstone boson - 

$>103GaV; for m =im x 2 e, A>105GeV; for mX=me no useful limit is 

obtained in this way. Thus the constraints are extremely sensitive to 

the boson mass. 

(vi) Proton decay provides another crucial, but model-dependent, 

test for the compositeness scale. If no selection rules or suppression 

factors exist. we find the usual rasult: 

.).. 
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leading to A,,>1015GeV. however, proton decay is actually forbidden in 

some composite models. In other models it may proceed in second 

order”) (giving AH>107 SeV) or in third order 12) (giving AH>1~5~a~) 

The overall picture is the following: At present, there is no 

experimental evidence for quark or lepton compositeness. 

Model-independent bounds teL1 us that AH>0.5 TeV or r<4.10-17cz. A”Y 

specific model must be ocmpared with a variety of model-dependent 

tests. For instance, anyone who wishes to suggest that quark and 

lepton compositeness will be revealed already at energies around, 

say, 10-1000 TeV, must provide strong suppression factors for proton 

decay, and the K -K mass difference. as well as avoid massless s L 

Goldstone bosons which couple to electrons and up and down quarks. 

Additional experimental tests which one must consider involve 

sin 2e W’ 
the W-Z mass ratio, the W magnetic moment. the possible 

existence of “right-handed” weak bosons, etc. 

7. Requirements from an Ideal Composite Model. 

What do we hope to achieve by constructing a successful 

composite model of quarks and leptons? 

(i) Such a model should include a few species of fundamental 

objects interacting with each other through few typos of fundamental 

interactions. The total nmber of parameters is presumably extremely 

small: several coupling constants and possibly (but not necessarily) 

a few mass parameters. All masses of the composite quarks and leptons 

should, in principle, be calculable from the parameters of the 

fundamental theory, in the same way that all hadronic masses and 

coupling constants are, in principle. calculable from the PPD 

coupling and a few quark masses. 

(ii) The pattern of quarks and leptons within one generation 

should be fully explained in terms of the features of the fundamental 

fermions. For instance, if both quarks and leptons are composites of 

the same set of fundamental fsrmions. their charge quantization must 

clearly be related. The peculiar relation between electric charge and 

color may simply emerge from the color and charge of the f.armions. 

The restrictions on IQ[ may be related to the number of constituents 

within a composite quark or lepton, in the same way that the 

limitations on the strangeness or isospin of hsdrons follow from the 

niraber of valence quarks in a hadron. 

(iii) The different generations may be excitations of a 

composite system, similar to excited atoms, nuclei or hadrons. The 

type of excitation in each case must be different, however. 

(iv) The scalar particles, as well as the quarks and leptons, 

are presumably composites of the new fundamental fermions. 

Hopefully, no fundamental scalar particles are necessary. The 

fundamental fermions may be massless or may have explicit mass terms, 

but, need not gain masses through symmetry breaking. The problem of 

fine tuning may thus be avoided. 

(v) Other features are left open. Color. Electromagnetism and 

the weak interactions may aL1 exist in the underlying theory. 
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Alternatively, one ot- “ore OF thesa interactions may turn out to be a 

residual force, appearing only in LEFF. Additional color-like or 

other types of forces may be needed in order to bind the new fermions 

inside the quarks and leptons. The underlying theory may be 

left-right symmetric, with Parity being spontaneously broken at the 

composite level. Alternatively, the fundamental theory may already 

include explicit parity violation. 

It is not at all clear that a composite model with all the above 

desired features can be constructed, but it is certainly worth 

exploring. So far no one hes come close. 

Among the various problems which face model builders, we choose 

to discuss four in some detail: 

(a) The problem of scales. Quark and lepton masses are much 

smaller than any possible compositeness scale. This is the most 

difficult problem for all composite models, end it has several 

interesting aspects, which we discuss in section 8. 

(b) The generation puzzle. If quarks and leptons are composite, 

what kind of quantum number distinguishes among generations and what 

kind of excitation can yield a higher-generation quark or lepton? We 

discuss this issue in section 9. 

(cl Structure within one Generation. Can us select a simple set 

of fundamental constituents, such that the entire pattern ,&thin one 

generation will be fully accounted for in a natural way? We propose 

an answer in section 10. 

(d) Possible Compositeness of Gauge Bosons. In addition to the 

quarks, leptons and scalar Higgs particles some of the gauge bosons 

of the standard model may be conposite. If they are. the 

corresponding interactions become residual and do nst appear in the 

fundamental high-enorgy Lagrangian. Among the various gauge bosons, 

the most likely candidates for compositeness er? the W and 2 bosom. 

We discuss their possible composite nature in section 11. 

8. The Problem Of Energy Scales. 

We have already explained why composite quarks and leptons must 

be approximately masslass with respect to their compositeness Scale 

A H, Such masslessness must emarge from a symmetry principle. Tna 

simplest symmetry which may prevent a fermion from acquiring a mass 

13) is a chiral symmetry . We may therefore wish to Look for a 

composite model with a chit-al symmetry. 

The chiral symmetry is essentially automatic if the fundamental 

fermions appearing in LNEW are massless. However, the existence of a 

chiral symmetry in the fundamental Langrangian does not necessarily 

guarantee its preservation at the composite level. The chiral 

symmetry may be broken spontaneously, leaving no reason for massless 

fermions at the composite level. 

Thus the necessary logical sequence of assumptions is as 

f0110w.3: 

(i) The fundamental Lagrangian contains massless fermions and 

therefore possesses a chiral symmetry. 

(ii) The full chiral symmetry or, at least. a chiral subsymmetry 

remains unbroken at the composite level. 
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(iii) The chiral symmetry of the effective Lagrangian containing 

the composite fermions. prevents the latter from gaining a mass. We 

have composite massless fermions. 

Three questions imediately srise: 

(a) If the new fundamental fermions are massless, why don’t we 

observe them? 

(b) What is the interaction which binds thd fundamental fermions 

inside the composite quarks and leptons? 

(c) If both fundamental and composite f?rmions are massless. 

what provides us with the necessary “compositeness scale” AH? 

All three questions can be immediately answered by one 

postuLate13), If we assume a new color-like force (“hyparcolor”)with 

a scale parameter AH. All fundamental fermions carry hypercolor. hey 

are confined by hypercolor forces of characteristic scale A 
H into 

hyparcolor-singlet composite fermions with an effective radius +A-’ 
H ’ 

Ihe “onfined fundamental feraions cannot be experimentally observed. 

The binding and the soala are provided by the hypercolor gauge force. 

The above sceosrio is en attractive framesrork for the 

construction of a composite model. However. it is crucial that the 

chiral symmetry or at least a chiral subgroup must remain unbroken at 

the composite level. This is nota priori impossible,but it differs 

from the observed pattern of chiral symmetry breaking in QCD. No 

cornposits masslsss farmions amerge in QCD. The hyperzolor situation 

must, for some reason, be different! 

We now face a dilemma which stems from the following statements: 

(i) We believe t,lnat in two-flagor sassless QCD, the chiral 

symmetry is completely broken. No chiral subgroup remains intact. 

(ii) If we neglect all interactions axcept hypercolor (all other 

interactions are probably much weaker at the AH-scale), a hypercolor 

sod31 tiith K fundamental massless fermions is isomorphic to K-flavor 

massless QCD. 

(iii) In order to ‘nave masslass zonposit? f?rmions, some chiral 

symmetry should remain unbroken in the hypercolor case. -- 

(iv) In no case do we have a full dynamical understanding of 

chiral symmetry 301 it3 breaking. 

It is hard to reconcile stetements (i), (ii), (iii), but no 

negative proof can be gigen. ‘What are th? logical possibilities? 

(a) A resoneble attitude, advocatzi by sonne theorists. is si.nply 

50 declare that (i) , (ii) and (iii) are inconsistent. In that ease 

one should not continE t? pw?:l? ? 1’ lis21134i.3 1 ‘bsyond thi 3 >>int, 

sni the hypercolor idea 3houl.i be absn1onaj. Perhaps tinis is true. 

Perhsps not. 

(b) )ne way ost is t3 consider 3 composite nolel in dlich left- 

snj rignt-handed fer.nions have iiffrrent tr3nSfJi?Iatioa properti33 

IliS th2 J3ug-e grolra. .Such 3 nodal is 1st isonorp’hic to PC,0 nnd 

stete.n.ent (ii) ,io33 not apply to it. In such a maiel en ?f conienssts 

cannot braak the chit-al symmetry &t!hout breaking the original <auze 

symmetry. TI,O options dre open: Eith?? there is no csniansation 3r 

the gsuge symn~try breaks itsnlf into a smalls? subgroup. The first 

. 
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possibility has been studied by various authors and no realistic 

model was found. The second possibility is the interesting “tumbling” 

14) approach . Here, again, no realistic model was found. Rowever, the 

left-right symmetric classification may still be the correct 

solution. 

(c) It is possible that the pattern of ohiral symmetry-breaking 

depends on the number of flavors K. This could happen at least in two 

ways. There may be a phase transition at some K-value, K>3, leading 

to a different pattern for QCD and for a hypercolor theory with K>3 

flavors of fundamental fermions. It is also possible that the general 

SIJ(K)LXSU(K)K chiral symmetry always breaks. leaving a small 

conserved chiral subgroup which is trivial for K-2 but is nontrivial 

for large K. An example could be a discrete ZK chiral group. A 

chiral Z2 cannot protezt any fermion from acquiring a mass. A chiral 

Z4 or Z6 can do it. There is no dynamical reason to expect any of 

these speculations to be true. but there are no complete arguments 

against them. 

(d) Another possible speculation is that the presence of the 

color or electroweak interactions somehow influences the pattern of 

chiral symmetry breaking in a hypercolor scheme. This is the most 

obvious difference betweeen the hypercolor cas? and QCD. Ihe 

simplest attitude would be to treat color and electroweak 

interactions as minor perturbations which cannot substantially change 

anything. However, subtle effects may occur. For instance, imagine a 

situation in which tha chirsl symmetry can break via ?f or Tf?f 

condensates, the potential having t,xo similar minima. A small 

perturbation could conceivably change the balance between the two 

minima, making the ?f?f condensate the likely one. At this point we 

may also add that the usual Nc -+ m argument for the breaking of 

chiral symmetry in QCD 15) does not necessarily remain valid if Nc/Nf 

is held fixed. In some composite models, such a fixed ratio may be a 

necessary requirement. 

The abov? discussion can be summarized very simply: One can 

speculate about scenarios which provide the required pattern of 

chit-al symmetry breaking for a composite model. All such scenarios 

are not supported by any decent dynamical arguments. but they cannot 

be ruled out. 

Even if we succeed in producing a composite model with a chit-al 

symmetry which is not completely broken, we still have to worry about 

the anomaly-matching condition 13) , to which we now turn. 

Let us assume that we have constructed a aomposite model of 

quarks and leptons based on an SU(NjH hypercolor gauge group and 

containing K fundamental aassless fermions, all assigned to the 

N-dimensional representation of SU(N)U. The underlying Lagrangian 

automatically possesses a global SU(K)L~SU(K)R~U(ll symmetry. Tne 

U(1) factor is a vector charge counting the number of fermions. An 

additional axial U(1) factor is broken by instanton terms. 

The model contains “flavor” triangle anomalies corresponding to 

products of three SUCK) currents or to products of two SUCK) currents 

and the U(1) current. Such anomalies ara perfectly legitimate, since 

the SU(KILxSU(K)gwU(l) symmetry is not gauged. However, in the zero 

momentum limit, a given anomalous term can be exactly calculated both 
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From the underlying theory and from the low-snergy effective theory 

containing threecomposite particles. The results must be the sane, 

thus imposing a severe constraint on the spectrum of composite 

particles. 

If, in the underlying level, the anomaly does not vanish, the 

theory must produoe massless composite particles 13116) . He may 

consider three logical posslbitities: 

(i) The chirsl symmetry is not broken at all. There are 

composite massless fermions. Their contribution to each anomaly .nust 

be exactly equal to that of the fundamental massless feraions. Thus a 

severe constraint is imposed. connecting the fundamental fermions to 

the composite fermions. This is the famous ‘t Hooft condition 13) . 

(ii) The chiral symmetry is completely broken. No chiral 

subsymmetry remains. Tne only massless composite particles are 

Goldstone bosons. Their contribution to the anomaly is equal to that 

of the fundamental feraions. However, since the Goldstone bosons have 

unknown couplings, the anomaly constraint can only be used in order 

to compute these couplings, leading to equations similar to the 

Goldberger-Trieman relations, 

(iii) The ohiral symmetry is broken, but a chiral subgroup 

remains conserved. The chiral subgroup may be continuous or discrete. 

In this case, massless Goldstone bosons must exist but massless 

fermions may also exist. The combined contributions of the massless 

composite bosons and fermions must balance the anomaly of the 

underlying theory. 

The anomaly constraint is particularly powerful in case Li) . It 

is not very useful in case (ii), but we are interested in massless 

composite farmions. and they do not occur in that case. Gase (iii) 

allows compssits massless fermions, and the anomaly constraint is 

somewhat less powerful. 

We suspect that case (iii) is the most likely candidate for a 

realistic composite model. In partiaular, we may consider the 

interesting possibility of 3 contiou~us ohiral symmetry in the 

original Lagrangian, broken into a discrete chiral symmetry at the 

composite level. Suoh situations arise naturally in simple 

unrealistic “toy” models17). 

In case (iii) the massless composite fermians are accompanisd by 

massless Goldstone bosons. Such bosons appear in a wide variety Of 

composite models. They may escape deteotion because their Ydkawa 

couplings to quarks anf leptons are of order mq/AH anal mf/AH , 

respectively. We have mentioned the resulting experimental 

constraint in section 7. 

We have gone here through an elaborate maxe of difficulties, all 

stemming from the fundamental mismatch between the compositeness 

scale AH and the masses of the composite objects. If the chiral 

symmetry hypothesis, together with a new hypercolor for-e, Will not 

solve the problem, what other options do we have? The most likely 

possibility is some new fundamental force with some new featUreS, not 

resembling any of the known interactions. Various ideas in that 

direction have been considered. 1noluzLing magnetic mOnopoleS 
10) 

, 

dimensional oompactification 19) , nonlocal theories2G), and quarks and 
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leptons 3s massless supersymmetric Coldstone farmions 21) . It is 

difficult to believe that the correct theory can be found without 

some experimental hints. 

9. The G?neration Puzzle. 

The existence of quark and lepton generations is. perhaps, the 

most striking experisental fact which guides us beyond the standard 

model. Let us first discuss th? general proble?l. then turn to the 

possible description of generations within composite [models of quarks 

and leptons. 

rie have three identical generations of quarks and leptons. The 

standard model does not contain any quantum number which 

distinguishes among the generations. Yet, wa suspect that such a 

quantum number must exist. Three classes of solutions have been 

considered for a generation-labelling quantum number. In all cases we 

are looking for a symmetry which is already spontaneously broken at 

the stage of creating the fermion masses. The existence of Cabibbo 

mixing tells us that any “generation nwnber” cannot remain exactly 

conserved. 

The three possibilities are: 

(i) A discrete generation label. A discrete symmetry is 

introduced, such that each generation obtains a different eingenvalue 

under the symmetry operation. It is necessary that, say. a, !J and T 

have different eingenvaluas. It is not necessary that e and u have 

the same eingenvalues, although it would be more elegant if they did. 

The soalar particles must have well-defined transformation propertias 

under the ziiszrets symmetry and the allowed Yuknws couplinjs are 

severaly restricted by the Symmetry. The mass matrix for analogous 

states in different generations contains matrix elements contibuted 

by different scalar fields. If scalar fields with a non-vanisning 

generation nlnber obtain vacuum expectation values, the disoreta 

symmetry is broken and Cabibbo mixing is introducezi. There is no r?al 

theoretical difficulty in describing the generations using a diS2ret.e 

symmetry. The only drawback of such an npproach is the fact that 111 

such discrete symmetries appear co,npletely arbitrary and artificial. 

(ii) A Continuous Global Symmetry. A variation on the same 

theme would be a continuous global symmetry under which each 

generation obtains a different eingenvalus. Here we face a serious 

difficulty: If the continuous smmotry is spontaneously broken. an 

unwanted Coldstone boson appears. Hare, again, the ad hoc nature of 

the symmetry is usually unattractive. 

(iii) R Gauged Generation Label. A third possibility which 

avoids the dangerous Goldstone boson is to consider an extra 

“horizontal” gauge group under which different generations form a 

gauge multiplet. The simplest example is a U(1) gauge symmetry but 

larger groups zan be considered. The complications are: A severe 

anomaly constraint: the existence of a new gauge boson (or bosons); 
: : 

the danger of flavor changing neutral currents associat.4 dith 

“.horizontal” gauge bosons. 

Of the three possibilities, the discrete one is the only one 

.: .,:., 
.:. .: .: .:.. ;.: _. 

.. 

which leads to no great diffioulties. If we could find a discrete 

symmetry which is “natural” in the sense that its existence is caused 
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or guaranteed by Some other feature of the overall theory, it would 

be a likely candidate for a generation-labeling scheme. 

Another important property of a generation-labeling quantum 

number is its space-time nature. 

Let US consider an operator under which e’, u” and T’ possess 

the quantum numbers Xe,X,,,XT. Here e” is a massless elactron 

appSaring in the standard model Lagrangian. If the Symmetry is 

vectorial, X(eL)=X(eR) etc. If it is axial, X(eL1 =-X(eK) etc, In the 

first case a scalar field with X=0 can induce diagonal mass terms for 

e, p and T. 

The necessary X-values for scalar Fields which contribute to 

mass-matrix elements are: 

( 0 Xe-XlJ ‘e-‘T 
1 

‘upXe n x -x 
II T 

x -x x -x 0 
,T e T P 

b the other hand, if X is an axial quantum number, the three 

diagonal mass-matrix elements must be contributed by three different 

scalar fields. 

The necessary values are: 

’ 2x, x,+x 
u x,+xT 

x +x 2x x +x 
e u lJ !J T 

xe+xT x +x 
u T 2xT 

In view of the different scales of the masses of different 

generations, we believe that the axial option is preferable2’). In 

grand unified theories such as O(10) only axial quantum numbers are 

possible, since ei and et belong to the same multiplet and must have 

the same eigenvalue for a given generation-labeling operator. 

Consequently, eL and ei must have opposite eigenvalues. 

We conclude that, on quite general grounds, an attractive 

generation-labeling symmetry would be an axial discrete symmetry, 

provided that it is not artificially concocted. In composite models 

we do not have an arbitrary Freedom for inventing such symmetries. 

The fundamental Lagrangian in such models is fully specified, and all 

symmetries at the cornpositS level must follow in one way or another 

From the properties of the theory. 

Corresponding quarks an3 leptons in different generations must 

have the same SU(3),xSU(2)xU(l) quantum numbers. They differ by some 

“generation number.” All generations are approximately massless in 

comparison with the compositeness s-ale. Hsnce, they cannot be 

obtained by radial or orbital exoitations of the first-generation 

“ground state .‘I A possible excitation of a composite massless farmion 

which may lead to a different composite massless fSrmion is an 

excitation by one or more pairs of fermionic constituents. In a given 

composite model we should therefore investigate the possibility of 

constructing a system of preens and antipreons forming a scalar under 

the Lsrentz group as well as undw SU(3)cxSl!(2)xU(l), but possessing 

a nonvanishing valua of some “generation nunber.” Such a system could 

be tha difference betueen corresponding composite fermions in 

different generations. 

An interesting possibility 23) : In hypercolor cornposits models 

with K sasslass constituent farmions, me have a global 

.z.. 

.,. 

._ ._ 
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SU(K)LxSU(K)BxU(l) symmetry. An additional axial U(l) factor is 

broken. Hovewer , a discrete axial ZzK symmetry always remains 

unbroken. Such a symmetry may serve as an adequate candidate for a 

generation timber. It is an axial, discrete symmetry and it is not 

artificial at all. It exists in the theory, “waiting” to be used. 

10. Structure Within One Generation. 

Each generation of quarks and leptons contains eight types of 

states. Ue list them in table 1. arranged in descending order of 

Color Q B-L 

2+ 1 

U 3 

2 3 

‘2 
1 

v 1 
e 

d 3 

; 5 

e- 1 

1 1 

2 1 
3 3 
1 1 
?Y T 

0 -1 

0 1 

1 1 
-3 3 

2 1 
3 -T 

-1 -1 

Table 1: Fermions and antifermions 
of the first generation 

their electric charges. 

An inspection of the table reveals a few features which oannot 

be explained within the standard model: 

(i) The electric charges of the quarks and the leptons are 

quantized in a related way. Thus Q(u):$~(e+) and the hydrogen atom is 

exactly neutral. This is not at all guaranteed if the SU(2) and U(1) 

gauge interactions are unrelated. 

(ii) The sum of the electric charges of all fermions vanishes. 

This is the famous condition for the vanishing of the triangle 

anomaly in SU(2)xU(l). It is the only ingredient of the standard 

model which explicitly connects quarks and leptons and which tells us 

that a model with quarks and no leptons (or vice versa) is not 

renormalixable. A fermion (antlfermion) is defined as a left-handed 

doublet (singlet) of the SU(2) gauge group in the standard model. 

(iii) There are certain color-charge combinations which exist 

(and repeat themselves in higher generations). Other combinations do 

not exist. We have surprising correlations. For instance, 3Q (mod 3) - -- 

is Identical to the color triality, although no relation between ------ 

charge and color is implied by the standard model. 

(iv) The electric charge is limited by IQl<l. 

The above regularities cannot be accidental. They must be 

explained by some theoretical structure which goes beyond th? 

standard model, either by embedding the three different gauge groups 

in a larger simple group or by constructing all quarks and leptons 

from more fundamental constituents. 

In a grand unified O(101 theory all of th?se regularities are 

beautifully accounted for by the structure of the group and its 

15Ldimensional spinor representation. The related charge quantization 

of qtiarks and leptons is guaranteed by the relationship between the 

SU(2) and U(1) couplings. The absence OF anomalies Is automatic in 

O(10). The aolor-char&e correlations are dictated by the spacific way 

: : 
:: 
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in which SU(3)cxU(l),, is embedded in O(10). The I?[<1 limitation is 

a property of the lb-dimensional sultiplet. In a SU(5) grand-unified 

theory all of these features are also explained. 

In a composite model one would hope to explain the pattern 

within one generation by a set of simple rules based on ths 

properties of the fundmental fermions. Such rules should preswably 

be analogous to the quark model rules which neatly explain the 

repeated appearance of decuplets, octets and singlets of the 

flavor-SU(3). with no other representation appearing. 

A particularly satisfactory explanation of all features of one 

generation is given in the rishon model 24) , based on a hypercolor 

N(3)-group. There we postjulate two types of Fermions: The T-rishon 

i" a (3,3)7,3 of SU(3pK3),xU(1)EM and the V-rishon in a (3,3),. 

The structure of one generation is given by the hypercolor-singlet 

lowest-color states of three rishons and three antirishons. These 

states are listed in Table 2. 

All four features which we mentioned at the beginning of this 

section, can be neatly explained in such a model: 

(i) All electric charges are due to the T-rishon or 

T-antirishon. Hence, quark and lepton charges obey simple ratios. A 

Hydrogen atom contains e+u+u+d f4T+4T+2V+2r. Its neutrality is 

trivially understood. 

(ii) The quarks and leptons in one generation are 

3(u+d)+e+ve%X?+T+l7+V) Hence, their sum of electric charges (or any 

other additive quantum nwber) vanishes, and the standard-model 

anomaly cancellation is simply understood. 

Color 
Ri shon 

Q B-L Combination 

e+ 1 1 1 TTT 

3 2 1 
” 3 ? 

TTV 

a 3 1 1 
3 -5 

TVV 

v 1 0 -1 WV 
e __- 

v 1 0 1 WV 
e 

1 1 _-- 
d 3 

-3 3 
TV\! 

I!2 3 2 1 
___ 

-3 -zf TTV 
__- 

e- 1 -1 -1 TTT 

Table 2: Rishon model assignments of fjrst genera- 
tion fermions and antifermions. 

(iii) The color-charge correlation is automatic. Replacing a T 

by a V corresponds to AQ=-~,A(triality)=-1. Hence, the equality 

between 3q(mod 3) and the color triality. 

(iv) All quarks and leptons are three-rishon states, all 

1 
combinations appear and the fundamental charge is -. 3 

Hence, the 

observed electric charges must correspond to all integer multiples of 

Q ranging between Qr+l snd Q:-1. [Ql>l values cannot be obtained from 

three rishons or antirishons. 

The rishon model, like all other composite models, suffers from 

geveral difficulties which we have discussed in detail elsewhere 
24) . 

Its success in accounting for the structure within one generation is. 

however, impressive. 

.‘. : _. : : 
-. :. I.-: -, .: . . 

: . . :‘y. 

: .I : _, 
:: .-I.-. i:. :: : :- ~. ,c_ 
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11. Composite Weak Bisons and Residual Weak Interaction. 

In composite models of quarks and leptons we usually face at 

least four types of gauge bosons: Hypergluons. gluons, photon, and 

weak bosons. 

Which of these bosons must be elementary? Can some of them be 

composite? 

There is a certain confusion in discussing the possibility of 

composite gauge bosons. There are theories in which a certain 

fermion-antifermion pair of fields may appear to have some or all of 

the properties of a gauge boson. In some sense this is a composits 

gauge boson. but it appears in the same fundamental Lagrangian with 

the fermion fields and all other fields of the theory. Such a 

possibility is very interesting and some toy-models incorporating it 

have been constructed. 

A different concept of a composite gauge boson is this: It does 

not appear at all in the fundamental Lagrangian of the theory (in the 

same way that other composite objects do not appear there). It does 

appear in the low-energy effective Lsgrangian together with all other 

composite particles. Here we would like to study whether some of the 

gauge bosons may appear as composites in this sense. 

In a hyporcolor composite model, the hypergluon must clearly 

appear as a fundamental massless gauge field in the underlying 

Lagrangian. It will not appear at all in the low-energy Lagrangian. 

What about the gluon, photon and weak bosons? Consider first the 

massless gauge bosons (gluon and photon). If an exactly massless 

gauge boson appears in the low-energy effective Lagrangian, the 

Lagrangian must be exactly gauge invariant under the corresponding 

gauge group. This gauge invariance cannot be broken by higher 

dimension terms which are proportional to hiN(N positive). If no 

small corrections of any kinj are allowed to break the exact gauge 

invariance of the effective Lagrangian, it is essentially unavoidable 

that the original underlying Lagrangian also possesses the same local 

gauge symmetry. But in that case, it would probably contain the 

corresponding massless gauge bosons as fundamental fields. We 

therefore suspect that the gluon and the photon are not composite. 

They have the same status as the hypergluon in the underlying 

Lagrangisn which must now be gauge invariant at least under 

SU(N)~XSU(~),XU(~)~“. 

Tne above argument does not necessarily apply to the massive W 

and 2 weak bosons. The weak gauge symmetry of the effactive 

Lagrangian could be an approximate symmetry, broken by higher 

dimension terms whiah vanish as hU+m. It is conceivable that this 

approximate gauge symmetry is not fully present at the underlying 

level. In fact, the longitudinal components of W and 7. are “born” 

from the scalar fields which are probably formed as condensates >f 

the fundamental fermions. In some sense, at least the longitudinal W 

and Z must be composite in such a scheme. 

The possibility of composite W and Z which do not appear in the 

underlying Lagrangian is extremely interesting. It leads to exciting 

consequences but also to serious difficulties. 

Let us consider a process such as neutrino-neutrino scattering, 

in a model in which neutrinos are composite. Ihe neutrino carries no 

: .: 
-.. [.. 

,: : 1. 
: ._-_j..: 
.~ 
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hypercolor, color or electric charge. However, it must contain 

objects which possess at least hypercolor, possibly even color. At 

short distances of order AH -1 , the two scattered neutrinos must 

experience a short range residual hypercolor force. Even if the 

nature of the binding force of the constituents is different, and 

even if it is not a color-like interaction, we still expect a 

short-range residual interaction between twJ composite neutrinos. One 

way of parametrizing this short-range force is in terms of the 

exchange of the lightest bosonic bound states of the same fundamental 

constituents. If W and Z are such composite states, their exchange 

may control the longest-distance component 3f the residual 

short-range force. In that case. the conventional weak interactions 

are identified as a residual effect 25) of the original hypercolor 

force (or any other fundamental binding force inside the neutrino). 

The weak interactions are then eliminated from the list of fundamental 

interactions in th4 same way that hadronic interactions are residual 

color forces. 

If the photon is fundamental but W and Z are compssits, how do 

we understand the “unified” electroweak theory of the standard model? 

In the standard model, the electromagnetic and weak interactions are 

not fully unified. Their relative strength remains an arbitrary 

parameter, related to sin28 w. The standard model provides us with a 

clear mechanism for y-Z3 mixing Llhich could be somewhat analogous to 

the y-p” y-w’ and V-C)’ mixing of the old “vector domiaa,>oe” idea. A 

major difference between the twJ situations stems from tha different 

order of magnitulo of the p ’ and tha Z” direct couplings. 

Experimentally, g&%1/330 while g;,s1/4. How can we explain such a 

difference? -_ .i : ._ 

Many euthors have discussed this issue during the last year 26) .. . ..y.. : :: . 

Their consensus in that there is no difficulty in obtaining a gyz of 

the correct order of magnitude, provided that the spacing between Z” 

and any higher composite boson is of the order of a TeV or so. That 

sets another bound or the compositaness scale AH , for the case of a 

composite Z . 

In fact. we may consider two extreme possibilities in theories 

with composite W and Z bosons: 

(i) The compositeness ?ncrgy scale is relatively low. say. 

between 1 TeV and 10 TeV. In such a case we may hope to observe 

experimental deviations from the standard model predictions for the 

properti?s of W and Z. Such a deviation could be sawn in the W/Z mass 

ratio, W magnetia moment, small violations of universality,etc. For 

AH%1 TeV, the effects could probably be detect& within the next 

decade (but the model should cope with all the constraints af figure 1, 

a highly nontrivial requirement !) 

(ii) The compositsness scale is AH>>Yw (say, above 100 TeVf. In 

such a case L EFF 
should be extremely close to LSt, and no experiments1 

effects can be observei in the near future. In that case, howevsr, re 

must face a new puzzle: If hH>>HW, dhat symmetry principle protazts 

NW and MZ’ fro.n obtaining higber order mass corrections tiich would 

lift them up to th? order of magnitude of AH? So for no one has 

proposej a convincinx rnaszn for 3 small mass 3f 3 30mp3site W 3r 2 

boson. In th- abssnca of such a reason, thz possibility AH>>:lil 

appears to be u,llikaly. 

:- 
,. ‘: 

: 1, : 
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Needless to say, there is a continuum of possible AH-values. 

The lower AH is, the sooner we can detect deviations from the 

standard model . For smaller A H it is easier to understand the value 

of MW but it is more difficult to construct a model which survives 

all the tests of figure 1. 

We therefore conclude that the possibility of composite W and Z 

bosons is interesting, but serious difficulties exist, especially for 

large AH-values. 

12. Summary and Outlook. 

We conclude with four statements: 

(i) At present, there is no experimental eyidence for quark or 

lepton compositeness. Both high energy and low energy experiments 

should continue to search for such evidence. Experimentalists should 

probably ignore specific theoretical composite models and concentrate 

on pushing the various experimental limits until some new effects are 

discovered. 

(ii) There is strong circumstantial evidence for the 

compositeness of quarks and leptons. In view of the lack of 

experimental cluas, it is perhaps too early to demand a serious 

self-consistent theoretical model. 

(iii) There is no satisfactory theoretical model of composite 

quarks and leptons. However, the models proposed so far contain many 

interesting new ideas. Each of these ideas should be investigated on 

its own merit. regardless of the detailed model which may have led to 

it. Several oorrect ingredients of the correct t’neory may already be 

with us now. 

(iv) We have hardly begun to investigate the subject of 

compositeness. It is almost unavoidable that the next decade or two 

will bring new experiments, new theoretical ideas as well as new 

difficulties for quark and lepton compositeness. The subject will 

certainly stay with us for a long time. It is not at all clear 

whether by the end of the century (and the millenium) we will know 

whether the electron is composite. 
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1. Introduction 

2. Electron-Proton Interactions at High Enerqies 

3. Description of an Electron-Proton Colliding Beam Facility 

4. The Transverse Motion 

5. Maqnet Imperfections and Resonances 

6. The Synchrotron motion 

7. Effects of the Synchrotron Radiation on the Single Particle 
Motion 

8. Polarisation 

9. Current Limitations 

10. Layout and Performance of HEFA 

1. Introduction 

At present we have a simple and appealing picture of nature. At 

distances down to IO-l6 cm, the smallest distances explored, experi- 

ments have shown that matter is made of two species of fundamental, 

pointlike fermions, quarks and leptons. The weak, electromagnetic 

and strong force which act between these constituents is described 

by gauge fields and is mediated by the exchange of gauge bosons. These 

forces might result from a single force; there is strong indirect 

evidence that the weak and the electromagnetic force coalesce into 

a single electroweak force at center-of-mass energies above 100 GeV, 

this electroweak force may be unified with the strong force at c.m. 

energies on the order of 10 
15 

GeV. 

Much of the experimental basis for our present understanding of 

nature results from deep inelastic lepton-hadron experiments. Examples 

are the discovery of quarks as physical entities, the first indirect 

evidence of gluons, the carriers of the strong force, and the dis- 

covery of the neutral weak current. The lepton-hadron interaction can 

be studied at center-of-mass energies well above the electroweak uni- 

fication energy of 100 GeV by colliding electrons and protons in a 

two ring colliding beam facility. 

The possibility of colliding electrons and protons was first con- 

sidered by Hereward et a1.I) and further investigated by Goldzahl and 

Michaelis') as an option for the ISR. The discovery of pointlike con- 

stituents in deep inelastic electron proton scattering prompted 

joint LBL-SLAC group3) to investigate a dedicated electron-proton 

colliding beam facility in more detail. The study showed that the 
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center-of-mass energies and expected luminosities for such a faci- 

lity would be sufficient to investigate deep inelastic processes in 

the kinematic range where the electromagnetic and weak interaction 

are expected to be of similar strength. This is well outside the reach 

of available and proposed fixed target machines. Since then similar 

studies4) have been carried out in nearly all high energy laboratories, 

however, they have not led to the construction of an electron-proton 

colliding beam facility. 

At present several proposals to construct electron-proton facili- 

ties are ready for decision. 

DESY has proposed to construct HERA5), a dedicated electron-pro- 

ton colliding beam facility, on a site joining the present site. HERA 

is designed to collide 820 GeV protons with 30 GeV electrons in four 

interaction regions yielding 314 GeV in the center of mass which is 

equivalent to the kinematical region covered by a 52 TeV fixed target 

machine. The maximum momentum transfer squared is 98400 GeV2. The pre- 

dicted luminosity at 314 GeV in c.m. is 6.10 31 cm -2s-1. The project has 

been submitted to the German Government and recommended for construction 

by a review panel. The project can be completed late 1989 if autho- 

rized in 1983. 

KEK plans to construct Tristan G1 designed to collide 25 GeV elec- 

trons with 300 GeV protons in three interaction regions. The maximum 

momentum transfer squared is 3 . lo4 GeV' with an expected luminosity 

of 1.8 . 10 31 cm -2s-1 . KEK has proposed to first construct an e+e- 

colliding ring capable of reaching 60 GeV in c.m. and this part of 

the project has been approved. A decision on the ep part is expected 

after first operation of the e'e- ring scheduled for 1985. 

-235- 

In addition to the dedicated facilities, a group of physicists 7) 

has proposed to collide 5 GeV electrons with the proton beam from 

FNAL Tevatron. A decision on this proposal has been postponed and 

will be considered at a later date. The same group has also proposed 7) 

an ep option for ISABELLE. 

CERN has the option 8)of colliding the electrons in LEP with 

the protons in the SPS in one interaction region. This option yields 

a maximum momentum transfer squared of 5.4 . lo4 GeV2 and a predicted 

luminosity of 4 . 102' cme2sW1 in the parasitic mode and 

1.3 . 1031 cm-2s-1 when both LEP and SPS are operating only for ep 

collisions. 

In these lectures I'll first discuss the physics programme which 

can be carried out at a large electron - proton colliding beam faci- 

lity, and from this discussion we will derive some of the constraints 

which physics impose on the machine parameters. 

In the main part of my talk 1'11 review the physical principles 

of circular accelerators. Since this is perhaps a new topic to most 

of you, I have tried to be pedagogical and have borrowed freely from 

9,10,11,12 
the excellent literature available. A more in depth treatment 

including a complete set of references to the original work can be 

found in the literature listed above and in the references listed 

at the beginning of each chapter. 

M.Sands') has given a translucent discussion of the physical prin- 

ciples of an e'e- colliding ring and J.LeDuffi3) has very ably re- 

viewed the same subject in the previous SLAC summer school. In these 

lectures we will therefore put more emphasis on the behaviour of the 

protons and the problems associated with colliding electrons and protons 

.’ 



This part of the lecture begins with an overview of an electron- 

proton colliding beam facility using HERA as an example. The physics 

of such a facility is then reviewed in more detail starting out with 

the transverse and longitudinal motion of a single particle in the 

magnetic guide field and the accelerating r.f. field. The influence 

of the synchrotron radiation on the single particle motion is dis- 

cussed next. How to obtain transversely polarised electron and how 

to transform this into a longitudinally polarised electron beam in 

the interaction point is described in chapter 8. Limitations on the 

stored current caused by various kinds of instabilities are reviewed 

in chapter 9. HERA is discussed in more detail in the last chapter, 

with emphasis on the layout of the interaction region and the opti- 

malisation of the luminosity. 

2. Electron-proton Interactions at High Energies 

2.1 Introduction 

It has been shown experimentally that the proton contains point- 

like quarks confined by the strong interaction and that an electron 

incident on a proton interacts directly with one of these quarks in 

accordance with Fig. 2.1. The interaction between a lepton and a 

quark is mediated by a neutral or charged spacelike current. The va- 

riables and the kinematic of the process is defined in Fig. 2.1. 

The physics programme 14) at an ep collider may be summarized as fol- 

lows: 

1. Determine the properties of the spacelike electroweak current at a 

mass which is large compared to the characteristic mass of the weak inter- 

action. Measurements with electrons and positrons in well defined heli- 

city states can be used to determine the properties of both charged and 

E-ev 1’1’ * . . 

QZ.(k-E)2 

v = fFa_ 

Fig. 2.1 

Kinematics of deep 
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jet. 
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' ley current jet 
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neutral currents in detail. For example, measurements with left 

handed positrons or right handed electrons are very sensitive probes 

for new weak currents. 

2. Use the local, well defined electroweak current to explore the 

proton at distances down to 10 
-17 cm. Measurements of the structure 

functions will pose stringent tests of our present understanding of 

strong interaction. Such measurements may also reveal new constitu- 

- 
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ents of the proton or they may show that quarks are composite ob- 

jects. 

3. Search for new phenomena. Examples are the search for free quarks, 

for supersymmetric particles, and for elementary particles with com- 

bined lepton and baryon numbers, the leptoquarks. 

This programne demands a large kinematical area. The kinematical 

region available with HERA is equivalent to that of a 52 TeV fixed 

target machine and is shown in Fig. 2.2. The scale is set by the 

black dot in the left hand cornet- representing the region which can 

60.000 

Cl2 (GeV2) 

Elektron -Proton Spe!cherr,ng 

HERA 

30 GeV e* 
820 GeV p 

/-- -------------. 
em = weak 

1 I , , 1 , , 

15000 30.000 45000 
V(GeV) 30163 

Fig. 2.2 

Kinematical re- 

gion in Q2 and v 

which can be ex- 

plored with HERA. 

be explored using a 1 TeV muon or neutrino beam on a fixed target. 

Lepton beams with somewhat lower energies will become available at 

the Tevatron") In 1983. Tt is clear that HERA opens a new kinematical 

region well outside that available with present or planned fixed tar- 

get machines. 

The Q*-value corresponding to the characteristic mass of the weak 

interaction squared is shown as the dotted line. A large kinematical 

region is available beyond this Q2-value. 

The final state topology in deep inelastic electron-proton inter- 

actions is striking and easy to recognize. As indicated in Fig.Z.lb 

and 2.1~ the scattered lepton appears at a large angle with respect to 

the beam axis and the corresponding transverse momentum is balanced 

by the struck quark which fragments into a jet of hadrons appearing 

at large angles on the opposite side of the beam axis. The remains 

of the proton give rise to a forward jet of hadrons focused along the 

proton beam axis with no net transverse momentum. Because of the im- 

balance between incident electron and proton momenta the particles 

will in general emerge in the forward hemisphere along the proton di- 

rection. The proton jet, the quark jet and the lepton defines a plane 

with small momenta transverse to the plane and large momenta in the 

plane. 

The kinematic of the final lepton and of the current jet at nomi- 

nal HERA energies of 30 GeV electrons on 820 GeV protons is shown in 

Figs.2.3a resp.2.3b. For a given Q2 and x, the energy and the angle of 

the lepton,respectively,the current jet in the laboratory system is ob- 
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Fig. 2.3a,b - The laboratory momenta of the final lepton and 

the current jet with Q2 and x as parameters. The 

tained by joining the relevant points with the origin. Note that the la- 

boratory angles of the lepton and the current jet are in general large. 

Lowering the incident electron energy will focus the final state partic- 

les more strongly along the proton direction until particles belong- 

ing to the current jet are lost down the beam pipe. In this case Q2 

and x cannot be reconstructed from the current jet alone making it 

impossible to measure the form factors of the charged current. 

Simply on the basis of topology it seems unlikely to confuse a 

deep inelastic electron-proton event with a background event such 

that the accessible Q*-range appears not to be limited by the back- 

ground. Note that particles from the lepton vertex and the quark ver- 

tex are kinematically well separated. In the standard model 16j 
only Single 

neutrinos or electrons are allowed at the lepton vertex, such that 

the observation of jets emerging from the lepton vertex is a clear 

indication of new physics. It will therefore be possible to observe 

very rare exotic processes possessing this signature. 

The Q2-range which can be investigated is therefore only depen- 

dent on the rate - i.e. on the luminosity and the center-of-mass 

energy. In Fig. 2.4 the average luminosity needed to produce 100 

2 . charged current events a year with Q2 z Q, 1s plotted versus QE for 

various values of the center-of-mass energy. The year is assumed to 

have 5000 hrs and the rate is evaluated in the standard model with 
laboratory angles and energies can be read off directly 

by connecting points with a given x and Q2 with the 

origin. 
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Fig. 2.4 - The average luminosity needed to produce 100 charged 

current events with Q2 > Qz in 5000 hrs (1 year) 

of data taking versus Qz for various center-of-mass 

energies. 

one charged vector boson. It is possible to explore Q2-values up to 

say 3000 GeV' with a luminosity as low as 2 * 102’ crnm2s-l To pro- 

duce 100 charged current events with Q2 > 10 000 GeV2 per year re- 

quires a luminosity of 1.5 . 1030 cm-2s-1 - a factor of 40 below the 

HERA design luminosity. To obtain the same number of events with 

Q2 > 10 000 GeV2 by colliding 20 GeV electrons with 400 GeV protons re- 

quires an average luminosity of 3 . 1031 cmm2s-l - a factor 20 higher 

than the luminosity required at HERA. Note that for a luminosity of 

1o32 cm-2s-1 we expect 100 events a year with Q2 2 35 000 GeV2. 

2.2 Low Q2-physics 

The electron beam at HERA is equivalent to a well collimated 

bremsstrahlungsbeam with an endpoint energy of 52 TeV. The untagged 

photon-proton luminosity is typically on the order of a few percent 

of the electron-proton luminosity yielding some lo7 hadronic events 

per day. 

The photon has a dual character, it may convert into a vector me- 

son and interact like a hadron. However, it has also a pointlike part 

and may induce hard processes like deep inelastic Compton scattering 

and the QCD analogues of Compton scattering and Bethe-Heitler pro- 

cesses as indicated in Fig. 2.5. Note that the QCD Bethe-Heitler pro- 

cess can be used to measure the gluon structure function (q = u,d,s) 

and to search for heavy quarks. A total of lo5 c; pairs are expected 

to be produced per day at HERA via the QCD Eethe-Heitler process and 

some 20 ti pairs if mt = 50 GeV. 

: -- 
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Fig. 2.5 - Hard processes induced by the pointlike part of the 

photon a) QCD Compton b) QCD Bethe-Heitler. 

2.3 Properties of the currents 

2.3.1 Charged currents 

Present data are all consistent with a left handed current which 

is mediated by a single charged vector boson with a mass around 

80 GeV. The observed simplicity of the charged current might well 

only reflect the static limit studied so far and a rich structure 

with many vector bosons, some perhaps giving rise to right handed 

currents, might appear at high energies. From a purely experimen- 

tal point HERA has some unique features compared to present fixed 

target experiments. 

- Very high energy. 

The beam is equivalent to a monoenergetic neutrino beam with an 

energy up to 52 TeV. 

- Choice of helicity. 

It will presumably be possible to change the helicity of the inci- 

dent lepton - i.e. the cross section for left and right handed 

electrons (or positrons) can be measured directly. 

- Visibility. 

The target is massless and can be surrounded by fine grained de- 

tectors including particle identification. 

- Favourable kinematics. 

The lepton, the current jet and the target fragmentation jet are 

presumably well separated in space and the event is easily recog- 

nized. 

The x, y distribution of charged current events in bins of 

dxdy = (0.2)* expected after one month of data taking with an un- 

polarised 30 GeV electron beam colliding with protons of 820 GeV 

is shown in Fig, 2.6. The rates were estimated in the standard model 16) 

with mw = 78 GeV and formfactors parametrized according to Buras and 

Gaemers16) and assuming a luminosity of 10 
32 cm-2s-1. Given the dis- 

tinct signature of charged current events it seems possible to explore 

nearly the entire kinematic region. 

:... 

-. . . 
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Fig. 2.6 - Number of charged current events in bins of dxdy = (0.2)2 

produced per month of data taking assuming the standard 

model and a luminosity of 10 
32 -Zs-l 

cm . To obtain the number 

of events expected per year of data taking at the nominal 

HERA luminosity using left handed electrons multiply the 

left plot with a factor 8 and the right hand plot with a 

factor 5. 

The expected number of events per year for the reaction 

e;+p+vtx, evaluated with the assumptions listed above, is 

plotted in Fig. 2.7 versus Q2 for various propagator masses. It is 

clear that the mass of the propagator can be measured as long as it 

is below 500 GeV. The data can also be used to determine whether the 

charged current is damped by a singie vector boson as presently be- 

lieved or by several. 

/ 

M,=- 

Q* (lO"GeVL) 

Fig. 2.7 

Events per day for 

e-tp+utx in 

Q 2 bins of 

5000 GeV2 with 

the standard 

assumptions. 

Right handed currents do not occur in the standard model. Sensi- 

tive searches for these currents may be carried out using right handed 

electrons and left handed positrons. Such measurements will reveal the 

existence of right handed currents if the mass of the right handed 

propagator is less than 600 GeV and the longitudinal beam polari- 

sation is at least 80% known to an accuracy of 1%. This mass limit 

is valid even if the electron is partnered with a massive neutrino 

in a right handed doublet. 
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At x > 0.4 only valence quarks contribute to the cross section - 

i.e. e- t u + d + x and et t d + u t x are the dominant processes. 

This makes it possible to study the fragmentation of a well defined 

flavour. However, in principle it also opens the possibility of 

measuring the Kobayashi-Maskawa mixing angles 17) directly: 

e-tu-tstx and e-tu+b+x 

e++d+ctx and et t d + t t x . 

2.3.2 Neutral currents 

One photon exchange and 2' exchange contribute coherently to 

e + p e e'tx and both contributions are of similar strength at HERA 

energies. Measurements of this process can therefore decide if in- 

deed the electromagnetic and weak interactions are manifestations 

of a single force and if this unification occurs as conjectured in 

the standard model16) or if a more complicated mechanism involving ma- 

ny Z"'s is realized in nature. The number of neutral current events 

produced per day in a bin dxdy = (0.2)2 is plotted in Fig. 2.8. 

Again due to the characteristic topology of deep inelastic events 

HERA can extend the Q2 range from the present few hundred GeV2 out 

to some 40 000 - 50 000 GeV2. 

The presence of a weak current in the amplitude has clear signa- 

tures: 

1) Parity violation 

u(e; t p -+ e-' t x) # a(e- t p + e-' t x) R 

u(eL t p + et' t x) # o(ef, t p + e +I t x) 

This effect can only be caused by a neutral weak current. 

C? ( 10' GeV2 1 

0.2 0.4 0.6 0.8 1 Y 
30105 

Fig. 2.8 - Number of events per day for e- t p + e- t x 

at s = 9.6 . lo4 GeV2 and the standard assumptions. 

2) Apparent C-violation 

u(e; t p + e-' + x) # o(ef + p j e +I L t x) 

o(ei t p + e-' t x) # o(e+ t p + e R +I tx) 

Two-photon exchange will also give rise to a charge asymmetry. This 

effect, however, is expected to be of order ~/II In (Q2/m2) with 

m Q, 300 MeV. At large values of Q2 this effect is small compared to 

the charge asymmetry caused by Z" exchange and it has furthermore 

a different Q2 dependence. 
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3. The presence of a 1 - (1-y)' term which is not allowed in the one 

photon exchange approximation. This effect cannot be caused by two 

photon exchange. 

The size of these effects in the standard model is shown in 

Fig. 2.9 where the ratio 

dYh& zO) 

evaluated for left and right handed electrons and positrons is plot- 

ted as a solid line versus y for x = 0.25. 
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Fig. 2.9 

The ratio 

~(u+z")/o(v) 

plotted versus 

y for x = 0.25. 

The ratio is 

evaluated for 

two different 

weak inter- 

action models. 

The neutral current measurements at HERA are complementary to 

measurements at SLC and at LEP. For example it is easy to construct 

ascenario in which the Z" peak is not observed in e'e- annihilation 

but propagator effects are seen in deep inelastic e t p -f e' t x. 

The most trivial explanation would be to assume that the 2' peak 

is washed out by a large number of v; decays.A perhaps more exciting 
.19) 

possibility has been put forward by Abbott and FarhI . Usually 

g2/4n << 1, where g2 2 
is the W(2) coupling constant and hence SU(2) does 

not confine. Abbott and Farhi suggest that perhaps g$/4n is of order 

one and that SU(2) indeed does confine leading to composite fermions and 

bosons. Since 

"F= 4 

L?i$ 

this would imply that the vector bosons in such a model are much 

heavier than the vector bosons in the standard model. 

Flavour changing neutral currents like e- t d -f T- + b may appear. 

In the example above the T decay products will emerge on the lepton 

side instead of a single lepton. Such events would be spectacular 

and easy to observe. 

2.4 Exploring the Proton 

Measurements of the total electroweak cross section at values of 

,Q2 between a few GeV' and a few hundred GeV' have revealed 20) that 

the proton is made of pointlike fermions, the quarks. At short dis- 

tances the quarks behave like free particles, yet the proton cannot 

be "ionized." The measurements further show that the quarks account 

for about a half of the proton momentum, the other half being car- 
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ried by particles with only strong charge. 

Measurements*I) at increasing values of Q2 showed that the form 

factors are enhanced at low and depleted at high values of x. This 

observation is naturally explained in any field theory of strong 

interactions as shown schematically in Fig. 2.10. The resolving 

power of a spacelike electroweak current increases with Q such that 

the proton may be probed at shorter and shorter distances. Thus we 

may "see" the quark content of the gluon, or the quark after the 

emission of a gluon. 

k 

2 
QO 

(a> (b) 

gluon 

Q2> 0’0 
t 

1 

: 
\ 
I - I’ 

--. 

\ 't-%---quark 

Fig. 2.10 - a) A virtual photon with Qz striking a quark. 
33661 

b) A virtual photon of higher Q' resolving the quark into 
a quark and a gluon. 

c) A virtual photon with Qz traversing a gluon without 
interaction. 

d) A virtual photon of higher Q2 resolving the gluon 
into a quark-antiquark pair. 

The experimental observations led to the formulation of Quantum 

Chromodynamics*'). In this theory the strong interaction is mediated 

by eight coloured massless vector bosons, the gluons. The strong 

coupling constant as decreases with increasing values of Q2 as 

as (Q’) = 
12ll 

(33 - 2nf) In Q*/T 

where nf is the number of flavours and A the characteristic mass of 

the strong interaction. 

The Q2-evolution of the form factors can be unambiguously com- 

puted in QCD. The result of such an computation is shown schemati- 

cally in Fig. 2.11. Careful measurements of the cross section over 

wide range in Q2 are needed to distinguish the logarithmic scaling 

violations inherent in QCD from a power series as would occur in a 

fixed point theory. 

The correction factors needed to extract the cross section from 

the raw data must be small in order to determine the form factors 

with the required relative precision of a few percent. The results 

of a Monte Carlo calculations for charged current events are shown 

in Fig. 2.12.Plotted is the ratio between the extracted form factor 

and the input form factor for values of Q2 between 6 and 40 000 GeV*. 

Note that for the HERA parameters the ratio approaches one - i.e. 

only small corrections must be applied to the raw data. This is no 

longer true if the electron energy is lowered say to 5 or 10 GeV 

keeping the proton energy fixed at 800 GeV. In this case hadrons 

from the current jet are lost down the beam pipe causing large cor- 

rections. 

., ,. !.. . 
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The Q2 dependence 

of the formfactors 

plotted is the 

ratio 

F2(Q2VF (23x1 
versus Q ? for va- 

rious values of 

x = ?2/2rn". 

The slow variation of the form factors with Q2 as predicted in 

field theories makes it easy to search for new phenomena which may 

show up as scaling violations. Some possible sources of non QCD sca- 

ling violations are: 
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Fig. 2.12 - The correction factor which must be applied to be raw 

charged current data to extract the form factor 

F2(Q2,x). Shown are the results of a Monte Carlo calcu- 

lation of the ratio F2(out)/F2(in) for various values 

of x plotted versus Q*. 
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New constituents in the proton. For example in supersymmetric 

modelsz3' the protons must contain, besides the normal quarks and 

yluons, scalar quarks and fetmion gluinos. Thus the fraction of the 

momentum carried by the normal quarks will decrease at large values 

of Q* since the total proton momentum is now shared amongst more con- 

stituents. Scalar quarks will also contribute to the longitudinal 

form factor Ft(x, Q*) = F,(x,Q*) - 2xF1(x,Q2). Again precision 

measurements over a wide range in Q* are needed to extract information 

on new constituents. 

Quarks and leptons may have finite size. Faced with the large num- 

ber of leptons and quarks many physicists find it natural that these 

particles are composite 24) made of new building blocks. With HERA 

we can probe the fermion structure down to 10 -17 cm. If the leptons 

have a size we would expect to observe a leptonic form factor and 

ultimately the production of excited leptons. The cross section would 

be modified by a form factor F(Q*) = ' 
(1 + q2/M2) 

giving rise to a 

scaling violation which is very different from that expected in QCD. 

A 10% measurement at 4 . lo4 GeV* would be sensitive to a mass of 

the order of 1 TeV. 

An excited lepton could decay into e t y, e t Z" and eT + W' leading 

to peaks in the invariant spectrum. Note that the topology of such a 

final state with several particles emerging from the lepton vertex 

makes it easy to find. 

The cross section would be modified in a similar manner, if the 

quark has a structure - i.e. again one might probe down to distances 

of (1 TeV)-'. In this case the formfactors may increase or de- 

crease depending on the charges and the weak coupling constants 

of the new constituents. 

The colour degree of freedom of quarks may also be excited 25) 

at small distances, and fractionally charged quarks resolved into 

integrally charged quarks of different colours: 

u + ur (e = l), uy (e = l), uB ( e = 0) 

d + dr (e = 0), dy (e = 0), uB (e = -1) 

Thus above the threshold for colour thaw: 

12 ( ) d(x) -+; to* 5 
+ O* + l*) d(x) = ; d(x) 

In the valence quark approximation the electroproduction cross section 

would rise by a factor of 1.7. This model also contains charged gluons. 

The photon may interact with these gluons and this would contribute 

to the longitudinal cross section. 

2.5 New Physics - 
The combination of high luminosity and the opening of a large ki- 

nematical region makes HERA well suited to search for new phenome- 

na. Three obvious examples are discussed below: 

2.5.1 New Fermions -.___ 
Electron-proton collisions are ideally suited to produce electron- 

like charged or neutral Teptons and new heavy quarks which couple 

to the u or d quarks in the proton. Such couplings are known to be 

rather weak in the standard model, however, new currents may exist. 

Indeed if the basic fermions are not pointlike they must have ex- 

cited states which couple to the ground state. The rate for producing 

a heavy quark from a light quark is plotted in Fig. 2.13 with the 

mass of the outgoing lepton as a parameter. The rates were evaluated 

with the assumptions 1;sted above plus the assumption that the new 

current couples with the same strength as the old one. 
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Fig. 2.13 - Number of events per day for e- t p + L- t Q t x 

at s = 9.6 x lo4 GeV* assuming left handed coupling, 

unpolarised electrons, m,- = 78 GeV, Buras-Gaemers 

parametrization with 

of 103* cm-*s-l, 
' A = 0.5 GeV and a luminosity 

Leptons and quarks with masses to 150 - 200 GeV can be found in this 

way. The decayof these particles leads to rather spectacular sig- 

natures on the lepton side: Lo -+ e- Q q', i.e. the single lepton 

emerging from the lepton vertex in the standard model will be 

replaced by a high multiplicity jet containing leptons. 

2.5.2 Leptoquarks 

It is generally accepted that the gauge symmetry must be spontan- 

eously broken to give mass to the intermediate vector bosons and 

to make the theory renormalizable. It has been proposed, as an al- 

ternative to the standard Higys mechanism, that the symmetry breaking 

arises dynamically from the gauge interactions themselves. In this 

model a new set of unbroken non-Abelian gauge interactions 26) with 

a mass scale on the order of 1 TeV is introduced. This interaction 

gives rise to a complicated spectrum of technicolourless bound sta- 

tes with masses starting around 1 TeV. In addition, the technicolour 

interaction will result in leptoquarks, fundamental particles with 

combined lepton and baryon numbers and a mass predicted around 160 GeV. 

The cross section resulting from the Feynman graphs in Fig.2.14a 

has been evaluated by Rudaz and Vermaseren 27) and is plotted in 

Fig. 2.14 versus the mass of the leptoquark. Roughly one event per 

day is expected for a leptoquark mass of 160 GeV and a suppression 

factor sin*8 et% 0.05. The topology of such an event is remarkable 

with a broad jet, resulting from the decay of the leptoquark 

(LQ) + e t, emerging at the lepton side. 

2.5.3 

Gauging the isospin led to the successful unification of electro- 

magnetic and weak interactions. In supersymmetric 23) theories the 

same story is repeated for the spin,and this leads to a connection 

between fermions and bosons. Indeed the fundamental feature of 

supersymmetry is that it can generate fetmions from bosons and vice 

versa. Thus for every particle with spin J there will in principle 

: . . .-, ,:, .- -. 

I- .’ 
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be two new particles with spin J f l/Z. 

Y== (fq) 
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35137 

Fig. 2.14 - a) The Feynman graph for producing a leptoquark 

in deep inelastic ep reactions and the resulting 

topology. 

b) The cross section for ep + (LQ) t x evaluated 
according to a). 

A partial list 28) of such new particles is given in Table 2.1. 

Table 2.1 - Possible supersymmetric particles 

Types of conventional Spin 
particles 1 1/2 0 

Matter 
quark q scalar quarks 'ti 

lepton P, scalar lepton 'b: 

lqassive Gauge 
Bosons 

____ 

$’ supersymmetric Higgs scalar 
heavy lepton 

Z0 ti',?',H H 

Massless 
Gauge Boson 

photino 7 

nuinos ?Y 

9 gluino 9% 

Electron-proton collisions at high energies are well suited to 

search for supersymmetric particles: 

Above threshold scalar quark and scalar leptons can be directly 

produced ") 

The observable mass range for supersymmetric particles depends 

oh the signature. If the scalar leptons decay into a jet of scalar 

particles then cross sections as low as 10e3* cm 
-2 corresponding to 

10 events a year may be observable. If the dominant decay Inodes are 

of the type 1-t II + G and ; + q t G where G is the undetectable 

:. . . -. 

. . . 
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Goldstino, then the background will be more severe. In standard 

neutral current events, however, the direction and energies of the 

scattered lepton and the current jet are strongly correlated. Since 

in a supersymmetric neutral current event the electron and current 

jet results from decay processes this correlation is destroyed and 

the background can to a large extent be eliminated by suitable cuts. 

Estimates26) show that one may probe the mass range up to 

100 - 150 GeV for the existence of supersymmetric quarks and leptons. 

Scalar leptons can also be searched for in the process 

e+p+e*+p-Go te+p+e- + p f missing energy and neutrino. 

The signature is very clear with only an electron and a proton in a 

final state. One should be able to observe this process if the mass 

of the produced supersymmetric particles is below 100 GeV. 

2.6 Summary 

To explore the Q2 region above lo4 GeV* requires center-of-mass 

energies on the order of 300 GeV or above. In principle the relative 

electron and proton energies do not matter. However, the Q2 and L, 

values of a charged current event must be determined from a measure- 

ment of the current jet and such a measurement can only be carried 

out if the electron energy is not too small. 30 GeV electrons col- 

liding with 800 GeV protons is acceptable ; lowering the electron 

energy to 5 GeV keeping the proton energy constant is not. 

The luminosity must approach 10 
32 cm-2s-1 in order to be able to 

explore the main fraction of the available kinematic regron. Note 

from Fig. 2.4 that the event rate depends on both luminosity 

and center-of-mass energy - i.e. one may trade luminosity versus 

center-of-mass energy. 

The ability of using electrons and positrons in well defined he- 

licity states is crucial for the determination of neutral current 

coupling constants and in the search for right handed currents. 

3. Description of an Electron-Proton Colliding Beam Facility 
-- 

In this part we give an overview of an electron-proton colliding 

beam facility using HERA5) as an example. Some of the [most important 

parameters are listed in Table 3.1. HERA consists of two circular 

accelerators, one for electrons (positrons) and one for protons 

arranged such that the counterrotating eiectron and proton beams 

collide in four points along the circumference. The accelerator has 

a fourfold symmetry; four 360 m long straight sections are joined by 

four arcs with a geometric radius of 779.2 m yielding a total cir- 

cumference of 6336 m. The electrons and the protons collide in the 

middle of the four long straight sections. The layout of the machine 

is shown in Fig. 3.1. 

Each of the circular accelerators is made of the following ele- 

ments: 

A guide field which bends the charged particles on a circular path 

and provides the necessary focusing to keep the particles trans- 

versely bunched over a distance of 10 10 km. Nowadays most machines 

are of the separate function type - i.e. the bending by dipole fields, 



Table 3.1 - Basic parameters 

Nominal energy 

5 = Q&x 
Luminosity 

Polarization time 

Number of interaction points 

Length of straight sections 

Free space for experiments 

Circumference 

Bending radius 

Magnetic field 

Total number of particles 

Circulating current 

Energy range 

Emittance cEXIEz) 

Beta function ,:I,; 

Dispersion function O$D: 

Beam-beam tune shift ~Q,/AQ, 

Beam size at crossing 0: 

Beam size at crossing 0: 

Number of bunches 

Bunch length 

RF frequency 

Maxinun circumferential voltage 
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the focusing by quadrupole fields and the corrections by higher mul- 

tipole fields are provided by separate elements arranged in a re- 

petitive pattern (cells). 

An accelerating system made of a power source (klystron, tetrode) 

and resonating cavities. Energy is transferred to the particles by 

the longitudinal electric field oscillating in the cavities at a 

frequency which is an integer multiple of the particle revolution 

frequency. The r.f. system is used to accelerate particles from the 

injection energy to the final energy and - in the case of electrons - 

to compensate the average energy loss caused by synchrotron radiation. 

The r.f. system also provides longitudinal focusing of the beam. 

A high vacuum system. A particle covers a distance of lOlo km 

during a typical storage time of 10 hrs such that a high vacuum sys- 

tem is mandatory to minimize the losses due to beam gas interactions. 

A pressure on the order of lo-l1 torr is needed for the protons. The 

synchrotron radiation of the electron beam strikes the walls of the 

vacuum chamber leading to gas desorption which makes it difficult to 

maintain a pressure below 10 -9 torr in the electron ring. However, 

this pressure is sufficient since the oscillation of electrons, 

excited by beam-gas interactions is damped by synchrotron radiation. 

A monitor system to observe the behaviour of the particles and a 

sophisticated control system to supervise the operation of the 

accelerator and to take corrective action if needed. 

An injection system capable of loading the rings with electrons 

and protons in a time which is very short compared to the anticipated 

storage time of several hours. Not only the peak energy but also the 

minimum usuable energy of an accelerator is limited. For a machine 

made of superconducting magnets this limit is probably determined 

by the constant field errors caused by persistent currents in the 

superconductor. The strength of these higher multipole fields relative 

to the dipole field increases with decreasing energy and they may 

well limit the injection energy of the protons to some 5% of the 

peak energy. The electron beam is rather stable due to the damping 

caused by the synchrotron radiation. The damping time is pro- 

portional to l/E3. Thus the operating range of an electron ring, 

limited by instabilities at the lower end and by the available r.f. 

power at the higher end, is rather small compared to the range 

available for a proton ring. In the case of HERA, a chain consisting 

of linear accelerators, the DESY synchrotron and PETRA are used to 

boost the energy of the protons to 40 GeV and the electrons to 14 GeV 

respectively before injecting into HERA. 

An extraction system designed to eject the stored proton beam in 

a single turn. This is necessary since a localized loss of 10e4 of 

the design current, or some 1O1' protons, in a magnet at 4.5 T will 

destroy the superconducting state and lead to a quench. Thus the 

proton beam must be ejected without a loss at the onset of an in- 

stability or at the end of a run. 

The interaction region is presumably the most complex part of an 

electron proton collider. The two beams with rather different pro- 

perties must be brought into a small angle, low beta (i.e. small 
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beam spot)collision geometry. The electron spin, which is perpendi- 

cular to the orbit in the arcs, mrst be turned to be either parallel 

or antiparallel to the beam direction in the interaction point and 

then be restored to its vertical direction upon entering the arcs. 

Furthermore the dispersion in the lattice must be made to disappear 

in the interaction point, and sufficient space for r.f. cavities, 

injection and ejection systems must be found. 

The layout favoured for HERA is shown in Fig. 3.2. The beams 

cross in the horizontal plane of the electron ring at an angle of 

t 10 mrad in middle of the 360 m long straight section. A horizon- 

tal crossing isadvantageous since the radial size of the electron 

beam is much larger than its vertical size. The choice of a rela- 

tively large crossing angle makes it possible to design the machines 

without common elements such that the electron and proton energies 

can be chosen and varied independently. The resulting increase in 

the effective horizontal beam size can be compensated by bringing 

the proton quadrupoles closer to the interaction point with a re- 

sulting reduction in vertical beam size. A free distance of + 7.5 m 

around the interaction point is available for experiments. In this 

design the spin is turned into the longitudinal direction by an 

80 m long rotator installed at the end of the arcs and restored to 

the transverse direction by a similar rotator positioned at the en- 

trance to the next arc. The large distance between the interaction 

point and the last bend in the rotator minimizes the amount of syn- 

chrotron radiation which reaches the detector. In each section 

roughly 200 m is available for ther.f. system and the injection and 

- 
i 
- 

i it: 

Fig. 3.2 - Layout of the interaction region. --- 
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ejection system. 
the losses in the cavity and the energy radiated by the beam. 

The cavity losses are given by U2/2R where U is the peak voltage 

in the cavity and R the total shunt impedance of the r.f. cavity 

system. In principle this term can be made negligibly small by 

using superconducting cavities; however, the second term still re- 

mains. The radiation losses are given by i.Uo. High luminosities 

require a large circulating current such that the radiation term 

tends to dominate. The peak electron energy is therefore not limited 

by the magnetic field strength but rather by the available r.f. 

power. To reach the nominal energy of 30 GeV in HERA with a stored 

current of 56 mA requires 13.2 MeV of r.f. power with 4 f+Tw needed 

to establish the circumferential voltage and 8 MW to compensate 

for the synchrotron radiation. 1.2 Mw are lost in the waveguides. 

The dipole field is only 0.18 T. 

It is important to pusn the electron energy for two reasons. 

Firstly the electron energy must be on the order of several percent 

of the proton energy to avoid that particles from the current jet 

are lost down the beampipe,making it difficult to reconstruct the 

final state. This point was illustrated in Fig.2.12 which shows 

the corrections which must be applied to the experimental data in 

order to determine the formfactor F,!x,,Q*) fror.1 charged current 

interactions. Whereas the corrections in the case of 30 GeV electrons 

colliding with 820 GeV protons (200 GeV) are small and presumably 

manageable they become very large and probably unreliable in the case 

of 5 GeV electronscolliding with 1000 GeV protons. 

Energy and luminosity are obviously two factors which determine 

the quality of an ep facility. The physics discussed in chapter 2 
n 

emphasized the importance of investigating the region of QL greater 

than IO4 GeV' and showed that luminosities of the order of 

1031 cm-S.-l to 103' crn-'s-l are needed to obtain a useful event 

rate at such large values of Q2 

The maximum momentum transfer squared Qi,, which can be obtained 

in an ep colliding ring is given by 

Q;,, = 4 EeEp . (3.1) 

The maximum energy of the proton beam is determined by the product 

of the bending radius p and magnetic induction 8 

Ep (GeV) = -$$.&&$A , (3.2) 

Thus, for a given radius, the energy is limited by the strength 

of the magnetic field. Due to the pioneering work at FNAL and BNL 

superconducting accelerator magnets can be massproducedwith repro- 

ducible properties for an induction up to 5 T. The nominal induction 

of the superconducting dipole magnet in HERA is 4.53 T yielding a 

proton energy of 820 GeV. 

An electron of energy E (GeV) transversing a circle of radius 

p (m) radiates an average of e U,(keV) per turn: 

E4 e U,(keV) = 88.5 p . (3.3) 

This energy loss must be restored by the r.f. system and to this 

end the cavities must be fed the power PO. This power is the sum of 

:: : 

. . : 
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4. The Transverse Motion 
10.30) 

The synchrotron radiati.on in the arcs will polarise the circu- 

lating electrons transversely to the beam plane. The maximum pola- 

risation PO = 92.4% is approached as: 

P(t) = PO (1 - e-l"p) (3.4) 

with a build-up-time T p in seconds given by: 

(3.5) 

The beam energy E is in GeV and the bending radius p. respectively 

the geometric radius R in meter. 

The electron energy should therefore be so large that up is very 

short compared to the anticipated beam life time. At 30 GeV ~~ is 

of the order of 20 min. 

The luminosity, assuming nb bunches of protons and electrons is 

given by: 
N 11 

L=( y ) f. "b (3.6) 

Here N, and Np are the number of electrons respectively protons per 

bunch, f, the resolution frequency and A the effective beam cross 

section. 

The ultimate limit on the number of electrons and protons is 

given by the tune shift - i.e. the effect of the electron beam on 

the proton beam and opposite. However, the real limit may well be 

given by the available r.f. power for the electrons or by instabili- 

ties for the protons. - In HERA we expect a luminosity of , 

6 * 1031 cmm2sm1 at a c.m. energy of 314 GeV. 

The magnet system of a circular accelerator is made of deflecting 

and focusing elements arranged in a repetitivepattern around the ring. 

The reference particle sees only dipole fields and retraces its orbit 

on every turn. The other particle traverse the magnetic elements 

off axis and experiences a linear restoring force in addition to the 

deflecting force. An arbitrary particle executes quasi-harmonic os- 

cillation (betatron oscillation) with respect to the closed orbit 

of the reference particle. In this chapter we discuss the properties 

of the betatron oscillation in the linear approximation. 

4.1 The Equation of Motion ~_______~_. 

We will first derive the equations of motion for a charged par- 

ticle travelling in a guide field made of a deflecting dipole field 

and a focusing quadrupole field. The particle motion is described 

using the coordinate system defined in Fig. 4.1. The position of 

the reference particle is given by the radius p and the distance 

so measured along the orbit from an arbitrary origin. The position 

of an arbitrary particle is given by the vector 

1 = t-;IrtzG z (4.1) 

where $r and zz are unit vectors. Usually relative coordinates are 

used: 

x = r-p and z. (4.2) 

We consider the motion in a time independent field. Along the re- 

ference orbit the induction fi is normal to the horizontal plane 

i.e. 

BS 
= Bx = 0. (4.3) 

)_ 
:. 
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Fig. 4.1 - The coordinate system. 

The magnetic induction is furthermore assumed to be symmetric 

with respect to the horizontal plane. 

We consider particles oscillating with small amplitudes around 

the reference orbit. The induction can be expanded in a power series 

in x and z. Keeping only the first order terms yields: 

BL (s, x, z) 
aBZ 

= B,(s) + ( ax lo x + . . . . . 

(4.4) 

In the median plane LVx if = 5 = 0 - i.e. 
UO 

aBZ aBX -=-. 
ax 2Z 

It is convenient to normalize the dipole field and the gradient 

field to the momentum of the reference particle: 

G(s) I 1 = ?h 
PO 

(4.6) 
0 

K(s) = --=$$ 1 e aB aBx 
P ax BT-E (4.7) 

Note that both G(s) and K(s) are periodic functions with period L 

G(s t L) = G(s) 
(4.8) 

K(s + L) = K(s) 

where L is the length of one turn. 

The equation of motion of a charged particle in a magnetic field 

is given by the Lorentz force 

& (m i) = e (; x 8) 

We will first evaluate the left hand side. The time derivative of 

the position vector 3 is given by: 

l=*’ : 5 : 
rnr t rnr + znz + zn 

2 

The differentials of the unit vectors can be obtained from 

Fig. 4.1 by inspection. 

(4.10) 

:. 

. . 

‘-: 

. ‘: 
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: 
d;;, = ;;,d8 + nr = $9; 

diiG q 

', 
-T$ d9 + n9 = 

: 
dtz = 0 + nz = 0 

(4.11) 

With the results of eqs. 4.10 and 4.11 the left hand side of eq. 4.9 

yields: 

& (2) = &m;-)-m?121;1, t r; &A) ITie + &(m~);lzl (4.12) 

with the magnetic induction as defined above in eqs. 4.3 and 4.4 and 

the substitution: 

and 
The right hand side of equation 4.9 in cylindrical coordinates is 

This can be simplified using: 

1 1 -=- = 
r P+x 

$(12)) +&-&(l- 4P) (4.17) 
0 0 

given by: 

i 

-A t- ;; e ; z 

e (G x Tt) = F I-; : 

% Be Bz 

The three components of the equation of motion can thus be 

written as: 

(F - r”e2) = ( ; ) (r:Bz - ;B8) 

.f & (r2;) = ( f ) (:Br - :Bz) 

*s 
2 = ( ; ) (FBe - r&r) 

Equation 4.14a can be written as: 

d2x eB aB 
: x” 

b7 

=ft-q1 t&&x, 
P 0 

(4.13) 

(4.14a) 

(4.14b) 

(4.14c) 

(4.15) 

(4.16) 

Neglecting second order terms and using the definitions given in 

eqs. 4.6 and 4.7 yields the equation of motion in the horizontal 

plane: 

x' ' t (G2(s) t K(s)) x = G(s) y 

Note that in general G2(s) + K(s) = K(s). 

(4.18) 

The equation for the motion in the vertical plane follows from 

eq. 4.14~. With the approximations used above 

z" - K(s) z = 0 . (4.19) 

Evaluation of eq. 4.14b yields: 

Ap = const. 

The transverse particle motion is described by two independent li- 

near equations. The equations are of the harmonic oscillator form 

except that the restoring force K(s) is a function of the 

azimuthal coordinate. 

.. . 

-256- 



4.2 The Magnetic Elements 

The first strong focusing machines were made of combined function 

elements - l‘.e. the bending and the focusing field were produced 

by a single magnet. 

This has several drawbacks: 

- The average induction B. must be low to avoid saturation of the 

pole tips. 

- The ratio of the bending and the focusing strength is fixed by 

the shape of the polefaces and the machine tune can only be 

changed by additional independent quadrupoles. 

- The emission of synchrotron radiation will cause the radial beam 

size to grow exponentialiy. 

For these reasons most modern machines are designed as separate 

function machines. The bending and the focusing properties of the 

guide field are provided by independent elements arranged in a 

repetitive pattern of identical units - the cells. A standard FODO 

cell is shown in Fig. 4.2. The cell consists of a horizontal fo- 

cusing quadrupole,bending magnets, a horizontal defocusing quadru- 

poleand bending magnets. 1n general sextupoleand octupolemagnets 

for higher order corrections and dipole magnets to minimize closed 

orbit deviations are incorporated into the cell. 

In a standard dipole the field shape is determined by the iron, 

and the induction is limited to 2T to avoid saturation. The next 

Fig. 4.2 - a) The magnet ordering in a simple FODO cell. 

b) Variation of the betafunction and the dispersion 

over a cell. 

I I I I 

0 L/2 L 
35226 

-?57- 



generation of circular proton machines seeks to use superconducting 

coils to produce higher inductions. In this case the induction is 

determined by the current distribution and effects like persistent 

currents and production tolerances make the magnets rich in higher 

order mu7tipoles. No accelerator exploiting this technology is 

operating although the FNAL Tevatron is nearly completed and long term 

tests involving strings of more than 100 magnets have been very en- 

couraging. Indeed it seems possible to construct 5T superconducting 

dipole magnets of high and reproducible quality. The coils are wound 

using a Rutherford type helium transparent NbTi wire and magnets 

with an induction of 8 - 10 T seem feasible using this technology. 

Bending fields above 10 T require presumably a new conductor like 

NbSn3. 

The distribution of magnetic induction in a quadrupole lens is 

shown schematically in Fig. 4.3. The induction disappearson the 

axis and increases linearly with the distance from the beam axis 

in both the horizontal and vertical plane. 

B, = gz 

Bz = gx 

aB aBx 
withg=IzX. 

ax 

A stream of parallel particles traversing a quadrupole of length 

1 wiil be focused in one plane and defocused in the orthogonal plane 

with the same focal length f. In the focusing plane: 

Fig. 4.3 - -__ The magnetic induction pattern of a quadrupole lens. 

BZ ’ x’ = -= +x = -klx =-; 

B. p 0 

f, the focal length is given by: 

f = -7;: 

(4.21) 

(4.22) 

-_ 
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A charged particle beam traversing a quadrupole magnet is focused 

in one plane and defocused in the orthogonal plane. However, a pair 

of quadrupole Tenses spaced at a distance L l/ill focus the beam 

in bothplanes provided f > L. To see this consider the trans- 

fer matrix for a quadrupole doublet in the thin lens approximation 

(see 4.5): 

T = (:,, 10) (: :) (:,i :) = (t::: tf+$ 
(4.23) 

MZ =(1,,, :)(: :)(:,f :) = (t:::: -:/f+l) 

Comparing the element m21 for both matrices yields: 

fX 
= fZ = -L/f? 

The focal length of a lens decreases with increasing momentum as: 

f % l/p . 

Thus a machine made of only dipole and quadrupole magnets will have 

a strong chromatic aberration. This can be corrected with sextipole 

elements as discussed in chapter 5.3. 

A sextupole lens is shown schematically in Fig. 4.4. The field 

distribution in Cartesian coordinates x and z can be written as: 

Bx (x. z) = 8" x z 

Bz (x, 2) = y (x2 - 22) 
(4.24) 

Fig. 4.4 - The magnetic induction pattern of a sextupole. 

4.3 The Matrix Solution 

The transverse motion in x and z for particles with Ap = 0 iS 

described by the solutions to the linear homogenous equation 

u"(s) t K(s) u(s) = 0 (4.25) 

The position u(s) and the slope u'(s) of a particle with azimuthal 

coordinate s can be written as a vector: 

it(s) = ;, ( 1 5 

‘._ _ 

2 

with 8’ ’ = 2 _ 

ax2 
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The value of u(s) at an arbitrary azimuth s = s1 is related to its 

value at the origin so by a linear transformation 

3Sl) = M(sl 1 soI bol (4.27) 

M(sl / so) is a 2 x 2 matrix and the value of the maxtrix elements 

can be determined from the two particular solutions C(s) and S(S) 

of eq. 4.25. 

The particular solutions are defined by their values and deri- 

vatives at the origin s = so. 

C(so) = 1 C’(s,) = 0 

S(so) = 0 S’(so) = 1 
(4.28) 

The general solution of eq. 4.25 is then the sum of the particular 

solutions: 

u(s) = u(so) C(s) + u’(so) S(s) 

u’(s) = u(so) C’(S) t U’(So] S’(s) (4.29) 

This expressioncan be verified for s = so usinq the boundarv conditions 

for C(s) and S(s) defined above. 

The value at an arbitrary point s = s1 is then given by eq. 4.27. 

Written in matrix form we find: 

U 
= 0 i C(s,l S(Sl) 

U 

10 

(4.30) 
U’ 

Sl 
C’(s11 S’(s11 u1 s 

0 

The transfer matrix M(sl 1 so) for a particle between the azi- 

muthal positions so and s1 is determined by the values of the parti- 

cular solution at s = sl. 

4.3.1 Transfer matrices for Ap = 0 

A separate function machine is made of dipole magnets, quadru- 

pole magnets and drift distances. We will now evaluate the trans- 

fermatrices for these elements,each of length L = s - so. The trans- 

fermatrix for a string of elements is simply the product of the 

transfer matrices for individual elements: 

M(s, j so) = M(s, / s,,-~) - - - M(s2 j sl) M(sl / so) (4.31) 

a) Field free region 

K(s) = 0 in a field free region and particles drift with constant 

slope. - The particular functions are now solutions of u"(s) = 0. 

These solutions are 

C(s) = 1 S(s) = s - so = L 

C'(s) = 0 S'(s) = 1 
(4.32) 

Thus the transfer matrix is given by 

(4.33) 

b) Focusing element 

The particle motion in a focusing element is given by 

u"(s) t K(s) u(s) = 0 (4.34) 

with K(s) > 0. 

The resulting particular solutions are: 

C = a cos,/K L and S = b sina L (4.35) 

with the values of a and b determined by the boundary conditions 

above, i.e. 

a = 1 b = !- 
AT. 

: .- 

: : 

:,. : . . . .:- 
. . I., 
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The transfermatrix for a focusing element of length L is thus 

given by: 

cost L 
LsinR L 

M(sl I soI = 
JR 

-X.sinJR L COSJK L 
(4.36) 

c) Defocusing element 

The particle motion in a defocusing element is given by: 

u"(s) - K(s) u(s) = 0 (4.37) 

Ttie resulting particular solutions are: 

c = a coshJR L and S = b sinhJR L (4.38) 

The boundary condition yields: 

a = 1 and b = L 
VT . 

The transfermatrix for a defocusing element of length L is thus 

M(sl 

given by: 

coshfi L I 
I soI = 

&sinhX 

4.3.2 The Twiss matrix 

1 
( - )sinh/K L 

JR 
L coshfl L 

(4.39) 

The transfer matrix for a single cell or for a complete turn can 

be written in its most general form as: 

( 

cosp t asinu 
T(s t L j s) = 

Bsinu 

-ysinu cosu - ctsinp 
) 

=(i ~)cosu + (-I" -")sinp = I cosu t asinu . 

(4.40) 

This matrix is called the Twiss matrix and the coefficients a, B 

and y are periodic functions with the period L. The Twiss matrix must 

have unit determinand since it is the product of unit determinand 

matrices. This condition yields: 

6 Y - a* = 1. (4.41) 

A particle executes stable betatron oscillation if the particular 

solutions C and S are bounded. The general stability condition can 

be conveniently expressed using the Twiss matrix. 

The transfer matrix for two turns MIM2 is simply the product 

MI”Z = (I cosl~I t J sinpI)(I cosu2 + I sinp2) (4.42) 

kltiplying and inserting the relation J2 = -I yields: 

MIM2 = I COS(Pl + 9) + J sin(uI f u2) (4.43) 

Eq. 4.43 can be easily generalized to n turns: 

T n...l = I(cos~I... cosnn) t J(sinuI . ..sinun) (4.44) 

The betatron oscillations are bounded if the phase advance 

p per turn is real: 

Tr\T\ = 2cosp5 2 (4.45) 

5.4 The Betatron Function -- 

The transverse motion of a charged particle (Ap = 0) in both 

planes with respect to the reference orbit is given by the solution 

to the equation 

u"(s) t K(s) u(s) = 0 . (4.25) 

This equation is rather famous; it was first investigated by the 
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wave length A = e(s). Q. the number of transverse oscillations per 

turn is given by eq. 4.59 integrated over one complete turn 

(4.60) 

The Twiss matrix can be expressed using eqs. 4.41 and 4.56 as: 

i 

cosp - $3' sinp 6 sinu 

T = 
1 +y 

- ___ sinu cosu + +3' sinp (4.61) 

The linear optic of an accelerator is 

knowledge of B(S) and its derivative. 

system contributesto the value of the 

position s. 

completely determined by the 

Note that the complete magnet 

betatron function at a given 

The betatron function resulting from a given magnet arrangement 

is readily determined using the matrix formalism discussed above. 

Let us assume that the machine is made of n elements. The transfer 

matrix for a complete turn is given by the product of n individual 

transfermatrices. 

Equating the elements ml2 on both sides of the equation yields: 

S(s + L, s) 
B(S t L, s) = (4.63) 

sin 21r Q 

The value of the betatron function at the position s is proportional 

to the value of the sine like function after one revolution. The 

value of sin 2n Q is given by the trace of the transfermatrix for 

one turn: 

cos 2n Q = i Tr (C(s + L, s) t S'(s t L, 5)). (4.64) 

4.5 Off Energy Particles 

The particle energy will in general differ from the design energy. 

A finite energy deviation will to first order only affect the radial 

motion which is now described by the solution to eq. 4.18 

x"(s) + Kx(s) x(s) = G(s) % 

Kx(s) = G'(s) + K(s) 
(4.18) 

The solution to eq. 4.18 can be written as the sum of two functions 

x(s) = xpw t x&s) (4.65) 

x6(s) is the solution to the homogeneous equation and describesthe 

betatron oscillations around the closed orbit given by 

xp(s) = O(S) % , where D(s) is the unique particular solution to 

the inhomogeneous equation 

D"(S) + Kx(s) D(s) = G(s) (4.66) 

satisfying the boundary condition 

D(L) = D(0) 
(4.67) 

D'(L) = D'(O) 

The solution can be written as (see chapter 5.2.2 with the 

substitution xc + D and 6G + G): 

..^ 
: ._ : 

.  .  
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rn& 
D(s) = - 

Zsinirv 1 
G(s') m cos(p(s) - I) - aQ)ds' (4.68) 

Thus with the knowledge of the betatron function one can complte 

the off energy function. The variation of D(s) over a FODO cell is 

plotted in Fig. 4.2. 

Ue can also write the solution in matrix form for the various 

elements which make uo an accelerator. 

O(s) sust satisfy eq. 4.18 with constant values of K(s) and G(s). 

The-solution shall satisfy the boundary condition 

D(O) = D'(O) = 0 (4.69) 

Inspection of equation 4.62 suggeststhe following Ansatz 

D(s) = (a + b cosi'K L) (4.70) 

Inserting this Ansatz into eq. 4.62 yields 

a =kp (4.71) 

and the boundary condition in eq. 4.65 yields 

b=$ . (4.72) 

The particular solution of the inhomogenous equation for a 

focusing element is thus given by: 

D(s) = (1 - COWK L) 
KP 

(4.73) 

Correspondingly the particular soluti.on of eq. 4.62 for a de- 

focusing element is given by 

D(s) = l.LgpQTJ (4.74) 

The matrix formalism discussed in chapter 4.3 can be extended to 

include off momentum particles 

=M 

with 

Wsls,) = 

(4.75) 

The values for C, 5 and D are given above. The values of Cl and D' 

can be computed from eq. 4.73 for a focusing element and from 

eq. 4.74 for a defocusing element. 

4.6 The FODD Cell 

The commonly used FODO cell, shown in Fig. 4.2 is made of a ho- 

rizontally focusing and defocusing quadrupole doublet spaced by 

dipole magnets. In this chapter we will evaluate the optical pro- 

perties of such a cell in the thin lens approximation. In this 

approximation the length of a lens 1 approaches zero with 

:_ ._ 
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constant i.e. fi 1 -f 0. The transfer matrix for the 

FODO cell shown in Fig. 4.2 is given by the product of matrices for the 

individual elements. The transfer matrix at the entrance of a focusing 

quadrupole is given by 

M = MO MDH, MF 

(4.77) 

f is the focal length of the lens and L the cell length. This matrix 

must equal the Twiss matrix T - i.e. Mih = Tih 

T = cosu t crsinu Bsinu (4.78) 
-ysin~ cow 

The Twiss parameters can then easily be expressed in terms of 

the focusing strength f and the cell length L using the relationship 

above. 

The phase advance u across the cell is obtained from: 

Tr T = Tr M 

(4.79) 

The value of the E-function at a position of a focusing quadrdpole 

is given by: 

T1Z = M12 

BF sinp = L(l+i$ 

6 F =&$l t sir$) = 2f (- l + i: )1/2 (4.80) 
1 L 

l-7-f 

The 6 function at the position of a defocusing quadrupole is obtained 

by interchanging the position of MD and MF in eq. 4.77. This yields: 

6D = &(l - sir+) 

60 
l-G,2 = 2f(--- 

1 *g 

(4.81) 

The values of the B-functions normalized to the cell length L are 

plotted in Fig. 4.6a versus the phase advance 1~. Note that the dif- 

ference: 

'F - '0 = 4f$ 

increases monotonically with the phase advance. 

The value of aF is extracted from the relation 

T1l - T22 = M11-"22 

1 t sin; 
a 

F=- 
cosf 

(4.82) 

(4.83) 
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(4.89) 

L and I$ are respectively the length and the hending angle of the cell. 

This yields the equations: 

OD = (1-k) DF+L$ 

(4.90) 

0 = -( "2) DF + (1 + !&r, 8 
8f 

Solving eq. 4.90 for the dispersion functions yields: 

1 

DF = T 
sin 2 

F (1 + &.ir$) 

=($) (l+b) 

DD =+-2- 
sin ($1 

?(I..isir+) 

=($) (1-!$) 

The normalized dispersions & are plotted in Fig. 4.6h versus 

phase advance. 

The average value of the dispersion function is given by: 

<D> = 4f2 
P . 

(4.91) 

(4.92 

(4.93) 

4.7 The Courant-Snyder Invariant 

The transverse motion of a charged particle in a magnetic field 

including synchrotron radiation (see chapter 7) is described by the 

solutions to the equation 

u” + J(s) u’ t K(s)" = 0 . (4.94) 

At present energies the synchrotron radiation from a proton can be 

neglected, i.e. J(s) = 0 and eq. 4.94 is reduced to the familiar 

Hill's equation. 

The Wronskian determimant is defined as: 

W(s) = "1 "2 

I I 

(4.95) 

“i 9 

“1 and u2 are solutions of the differential equation, i.e. they 

satisfy: 

U” t J(S) Ui t K(S) ~1 = 0 1 (4.96) 
u” t J(s) ui t K(s) u2 = 0 2 

Multiplying the first equation with u2, the second with u1 and sub- 

tractinq the two equations yields: 

zz tJW = 0 

with W = U~I.J~ - UiU2. 

The solution of this equation is given by 

W(s) = W. e 
I 

s2 Jds . 

(4.97) 

(4.98) 

Thus in the case of an electron the Wronskian depends on s where- 

as for a proton W(s) = W. is a constant of moti‘on. 

: 
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To determine the invariant W. we take u1 = a e'p(') and set 

U 2 = “9 i.e. u 2 is an arbitrary real solution of Hill's equation. 

ui 
W. = (U Ui - U’ Uj,) = U1 (U ij- - U’) 

1 

i-a 
=U 1 (” 7 - “1 

where eq. 4.51 has been used to substitute 

“i _ i-a 

“1 6 

i-u wow; = “p;(u 7 _ ul)(u t-i - al _ “0) 
B 

(4.99) 

(4.100) 

With uluT = b the equation above simplifies to: 

U2 
2 

w* = t(auti3u') =E (4.101) 
B '7 . 

We consider the value of WW* at a fixed azimuth So, i.e. a0 and p, 

are constants. On each succesive turn the particles will arrive at 

s = so with different values of u and u' however the values must 

satisfy eq. 4.101. Thus on successive turns the particles trace an 

ellipse in u u' space as indicated in Fig. 4.7. The area of the 

ellipse is given by 

A = n urnax u;, 

with u max and ub defined in Fig. 4.7. 

It follows from eq. 4.101: 

(4.102) 

'max =@ and u,=& (4.103) 

Substituting these values into eq. 4.102 yields: 

A = E. 

Fig. 4.7 

The phase ellipse. 

The quantity uu' is by definition the beam emittance - i.e. 

the product of beam size and angular divergence. The Wronskian can 

thus he identified with the beam emittance and it follows that the 

beam emittance is a constant of motion for a proton beam, but not 

for an electron beam because of the synchrotron radiation. 

The betatron motion is thus completely defined 

u = T$ & cos(u(s) - uo)) (4.104) 

Note that for a proton beam the emittance c and hence the bet< 

amplitude decreases with increasing energy as: 

P P 
6 = 71(""') = "-.lZ"l (' 

P BY 

where 5 is the normalized particle velocity 5 = e and 

y = h . Usually the invariant emittance (E 8 w) is quoted. 

mOC 

stron 

4.105) 
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5. Magnet Imperfections and Resonances 10,30,31) 

5.1 Introduction 

In the previous discussion we assumed that the guide field is made 

of ideal dipole and quadrupole magnets. However, a real magnet has 

imperfections; magnets are not exactly reproducible and they can only 

he installed with a certain precision. The resulting deviations from 

the ideal guide field are grouped into linear and nonlinear errors. 

The linear errors are caused by imperfections in the dipole and 

the quadrupole components of the field and these errors cause closed 

orbit deviations and tune changes. The magnitude of the linear effects 

are independent of the particle amplitude. 

The nonlinear errors are caused by higher multipole fields and 

their effects depend on the particle amplitude. Nonlinear effects are 

particularly importantin machines made of superconducting magnets. 

Superconducting magnets are rich in higher multipoles since the field 

is produced directly by the current distribution and not shaped by 

the iron yoke. An ideal COSD current distribution would produce a perfect 

dipole field. However, the CO&J distribution in a real magnet is 

only approximate and it is only possible to position the wires with a 

certain precision. The relative strength of these errors is inde- 

pendent of the induction. The persistent currents, caused by flux 

trapped in the conductor, lead to higher multipole fields. The 

strength of these multipoles is independent of excitation and they 

are therefore particularly important at low fields - i.e. at injection. 

5.2 Linear Field Errors 

Dipole and quadrupole field errors raise the obvious question 

whether a closed orbit still exists, and if so, how arethe hetatron 

function and the tune changed in their presence. We will address 

these questions in this section. 

5.2.1 Dipole Errors 

The ideal equilibrium orbit is no longer a possible trajectory; 

however, in the case of small field errors we expect to find a neigh- 

bouring trajectory which will close on itself. This new orbit, de- 

picted in Fig. 5.1 is called the disturbed closed orbit and the par- 

ticles now make hetatron oscillations around this orbit. 

Ax q 0 
Ax’ ZAG-AS 

---- ideal closed orbit 

- disturbed closed orbit 
Fig. 5.1 - The change in closed orbit due to an dipole error AGAs. 
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The amplitude x(s) of an arbitrary particle with respect to the 

ideal equilibrium orbit is the sum of the disturbed closed orbit 

amplitude xc(s) and the betatron amplitude x6(s). 

x(s) = xc(s) + x&s) (5.1) 

Assume that there is a disturbance ABAs located at s = 0. This dis- 

turbance will change the slope of the trajectory at this point but 

not its displacement. 

AX' ABAs 
=Bp 

or 

Thus the equation for the disturbed closed orbit is given by 

x"tKx 
C xc = xi (5.3) 

The general solution of eq. 5.3 can be written as: 

xc(s) = a d%(s) cos(u(S) - uo) (5.4) 

The constants a and u. are determined from the condition that the 

orbit must close on itself after one turn: 

xc(L) = xc(O) (5.5a) 

x;(L) t AG AS = x;(O) (5.5b) 

By substituting the solution eq. 5.4 into eqs. 5.5a and 5.5b we find: 

PO = IT Qx 
AGAs 

a = -Km- 
ZsinnQx 

(5.6) 

(5.7) 

The disturbed closed orbit is thus given by: 

xc(s) = w tim cos(ii - nQ,) (5.8) 

Assuming that the dipole errors are distributed according to 

6G(s') around the ring eq. 5.8 can be generalized: 

xc(s) = JB(sy ’ 6G(s') >'8Ts7 cos(u(s) - ~(5') - TQ,) ds’ 
Zsin nQx 9 

(5.9) 

The salient features of eq. 5.9 can be surruaarized as follows: 

- The displacement of the closed orbit is everywhere proportional to 

the strength of the disturbance A80s and to the square root of the 

beta function at the position of the disturbance. It is also pro- 

portional to the square root of the beta function at the point of ob- 

servation. 

- In order for the closed orbit distortion to remain finite Q,(Q,) 

must not be an integer. For integer Q values the particles will cross 

the disturbance with the same phase on every turn - i.e. the partic- 

les will receive a kick in the same direction on every turn leading 

to an divergent amplitude. 

Correction dipole magnets are installed in all machines to mini- 

mize the closed orbit deviations. This is done by observing the beam 

position with monitors at say 4 positions per betatron wavelength 

and adjusting the correction dipoles to minimize the closed orbit am- 

plitude. Typically disturbed closed orbit amplitudes on the order of 

1 mm rms are obtained after corrections. 

._ .: 

. . 
.: 
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5.2.2 Gradient Errors 

A gradient error located at s = 0 can be represented by a thin 

lens of focal strength 6 = l/f. Such an error will obviously modify 

the betatron function of the undisturbed lattice and shift the tune 

from its undisturbed value. These effects can be evaluated using the 

Twiss matrix T. The Twiss matrix for a complete turn is given by 

the product of a quadrupole matrix Q - representing the disturbance - 

and the undisturbed Twiss matrix To 

T = QTo (5.10) 

i 
cosptasinu Bsinp 

TD 
\= / 1 0\ (rosu,+o,siw, B,siwo 

\-ysinu cosu-asinn/ \-6 11 \-yosinuo cosv,-a,sinvo 

The index refers to the undisturbed orbit. Multiplying the matrices 

on the right hand side and taking the trace yields: 

$Tr(T) = 
6 00 

cosp = cosvo - 2 sinuo (5.11) 

This expression can be simplified for small tune changes - i.e. 

p=j.i CAP: 
0 

6 60 & =--- (5.12) 
2 

or since AQ = 2nAu:' 
68 

AQ z-w.!? (5.13j 
4a 

Thus the tune change AQ is directly proportional to the strength of 

the disturbance and to the value of the betatron function at the 

position of the disturbance. 

Next we evaluate the change in the betatron function at s = S2 

caused by a gradient error at s = sl. 

x A Ax’ 

35224 

Fig. 5.2 - Change in the betatron function due to a gradient 

error at s = sI. 

The unperturbed Twiss matrix for a single turn can be written 

as: 

To = A(sl + s2) Ws2 (5.14) 

Including the disturbance at s = sI yields a Twiss matrix T: 

Hence 

AT = TI2 - Ty2 = Gal2 b12 = Gsin(u, - p2 + PI) sin(u2 - l~I)5I8~ 

(5.16) 
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The change in T12 can also be expressed as a total differential: 

T l2 = A(52sinp) = AB2sinpo t B2Apcospo (5.17) 

@l 
Equating eq. 5.16 and eq. 5.17 with the substitution Au = - 2 

yields the change in betatron amplitude at s = s2 due to a gradient 

error 6 at s q s : 1 

W2(s2) = 
6B102 cos[2n Q, - 2(9 - lJ,)l 

Zsin 2n Q, 
(5.18) 

The change in the betatron function is directly proportional to the 

strength of the disturbance and the product of the betatron function at 

the position of the disturbance and the position of the observation. 

The beam becomes unstable if the tune approaches a half integer - 

i.e. Q, # w . 

The beat frequency introduced by an gradient error is twice the 

beat frequency caused by an dipole error. 

With a gradient error k(s) distributed around the ring the tune 

shift and the change in betatron function can be written as: 

1 AQ =-a;i k(s) P(s) ds (5.19) 

m(s) = T~&o f~ k(s') e(s') cosZ[~Q + ~(5') - p(s)lds' (5.20) 

5.3 Non Linear Errors 

We have seen above that the betatron oscillations became unstable 

for integer and half integer tune values in the presence of dipole 

and quadrupole errors. Higher order multipole errors will drive 

higher order resonances31) - i.e. the particle motion will now become 

unstable for fractional tune values l/n = l/3, l/4, . . . . In general 

Q values satisfying the relation 

VJ, t m Q, = s (5.21) 

with 1~1 t /ml = n, and P., m, s and n integers will be unstable. 

The ensuing resonance pattern is shown in Fig. 5.3 and the 

corresponding driving terms for the lowest order multipoles are 

listed in Table 5.1. 

Table 5.1 - Resonance driving terms 

Multipole Order n regular skew _____ -__ .-- 

Quadrupole 2 
2 

X - Y2 2XY 

Sextupole 3 x3 - 3xy2 Y3 - 3x2y 

Octupole 4 x4 - 6x2y2 t y4 4xy3 - 4x3y 

Oecapoie 5 X5 - 1ox3y* t 5xy4 lOx2y3-5x4y-y5 

For example a third order resonance will yield four forbidden lines 

in the resonance diagram shown above, namely 3Q, = s, 3Q 
Y 

= s and 

the coupling resonances Q, t 20, = s and 2Qx + Qy = s. 

Indeed the order of a resonance is identical to the order of the 

driving term for an ideal closed orbit. However, in the presence of 

closed orbit errors a multipole of order n may excite lower orders. 

. :. 
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(5.25) 

Fig. 5.4 - The circle diagram in normalized phase space. 

As an example we will consider the particle motion in the plane in 

the presence of a sextupole of strength B" and length 1. The magne- 

tic induction resulting from this sextupole is given by: 

AB = k&' (5.26) 

The sextupole produces a momentum kick: 

2 
Ap = 6 X' = B( !f.&!$- ) = 5 &$ a2 cos'Q8 (5.27) 

The resulting change in phase (eq. 5.24) and amplitude (eq. 5.25) is 

given by 

a cos2Qg = 5 g (3cosQ8 t cos3Q8) (5.28) 

Aa 
-z = w a cos2QQ sin09 (5.29) 

We are now in a position to evaluate the width of the third integer 

stopband. 

Let us assume that the radial tune Qx is close to an l/3 integer. 

In this case cosQg averages to zero and we are left with the term 

proportional to cos3Qg. This term varies slowly from turn to turn 

modulating the unperturbed tune QE with an amplitude AQ, given by: 

Au = 8 B" 1 ~0~348 AQx = x ___~ 1611 BP 
(5.30) 

Du'ring the lifetime of the beam the tune will take all values within 

the limits: 

(5.31) 

., 
., 
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If 3 Q, = s = integer is inside this band, the perturbed value of Q, 

will become equal to the integer s after several turns. From then on the 

particle will lock on to the resonance and advance in phase by 2as 

per turn. The resonance thus appears to have a finite width given 

by the strength of the disturbance B"1, the amplitude a and the 

value of the betatron function B at the position of the disturbance. 

The change in amplitude is given by: 

ba BB"la 
a= 8BP sin3Qg (5.32) 

Thus on every turn the particle receives a kick in the same di- 

rection resulting in a monotonically growing amplitude. 

It is clear from the discussion above that the motion of a 

particle will be stable if the amplituoe a satisfies the condition: 

16n (BP) AQ, 
a < (5.33) 

1 8 B" 

where AQ, is the distance between the working point and the third 

integer resonance. Similar relationships can be obtained for higher 

resonance. Thus non linear fields may limit the machine acceptance 

to values less than the geometric acceptance. 

Such fields may be caused by the magnets or they may be due to 

higher order correcting fields. For example the sextupoles needed 

to correct the chromaticity introduce strong non linearities. 

5.4 The Chromaticity 

The focal length of a lens is inversely proportional to the 

particle momentum causing particles of different momenta to have 

different tune values. A single lens of length As leads to tune 

spread AQ of: 

AQ = & B(s) Ak(s) AS (5.34) 

The total tune spread is obtained by substituting Ak = -k(s)Ap/p 

and integrating over one revolution. This results in an expression 

for the natural chromaticity 

B(S) k(s) ds (5.35) 

P 

The natural chromaticity is negativeand large. For example the natural 

chromaticity of the HERA proton ring in F,, = -62 and 6, = -88 with 

roughly equal contributions from the arcs and the straight section. 

This corresponds to a tune spread of Q, = f 0.07 and Qy = + 0.09 for 

a typical momentum spread of + 10 -3. Thus - if left uncorrected - the 

beam will cross low order resonances and be lost. 

However, the chromaticity can be corrected by sextupoies located 

adjacent to the focusing quadrupoles. At least two families of sextu- 

poles are needed to correct for the chromaticity in both planes. Let 

us consider the motion in the horizontal plane. The sextupole field 

is given by 
aLB 

Bz = ; ( + ) x2 =; B" x2 
ax 

The sextupole field can be'written as an amplitude dependent gra- 
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dient field with 

B" 
k = (v)x = mx. 

The resulting tune change is given by: 

AQ = & 
4 

m E(S) x(s) ds 

= & m B(s) (x,(x) t D(s) F) 
4 

= & m B(S) D(S) F 
4 

(5.37) 

(5.38) 

The total chromaticity 6 of the ring is the sum of the natural 

chromaticity caused by the momentum spread of the particles and 

chromaticity produced by the correcting sextupole magnets. 

AQ 1 
c=(G)=-qjy f 

B(s) (k(s) - m D(s)) ds 

e 

6. The Synchrotron Motion 10132) 

6.1 Introduction 

Energy is transferred to the particles by means of an accelerating 

system made of a power source and resonating cavities. The r.f. 

power P is fed to the cavity and excites a longitudinally electric 

field with a peak voltage v oscillating at a frequency W. The re- 

quired power is given by: 

P=^v2 ' 

2R 

R is the total shunt impedance of the cavities. As an example the 

PETRA cavities operating at a fixed frequency of 500 Mhz have a shunt 

impedance of 12-t. Ferrite loaded cavities designed to work over a 

large range in frequencies have much lower shunt impedances. 

The average energy gain per turn for the reference particle is given 

by: eU = e V sin (UT, t @,) (6.2) 

For the reference particle to remain in phase on sucessive turns w 

must be an integral multiple h of the revolution frequency 

R. = p 
0 

w = hn, . (6.3) 

The harmonic number h is the maximum number of bunches which can be 

accelerated simultareously.Particles with energies and r.f. phases 

different from those of the synchronous particles will execute 

oscillations in energy and phase with respect to the synchronous 

oarticle. 

The relative change in revolution time n(p) for a particle with 

momentum different from that of the synchronous particle is given by: 

where L denotes the machine circumference and Bc the particle velo- 

city. The first term results from the change in orbit length with 

momentum and the second term from the change in velocity. 

The time dilatation function n(p) is in general written as: 

.:: 

: 

I?(P) = ( $- - 

Ytr 

+,+ (6.5) 
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with: 

(6.6) 

c$)( 
Note that for particles with the transition energy y = ~tr the re- 

volution time is independent of momentum. 

The transition energy ~tr can be expressed using the optical para- 

meters. The incremental change in orbit length for a particle travel- 

ling a distance ds with a radial amplitude x, is given by: 

dL = (1 t G(s) x(s)) ds (6.7) 

L = 
f f 

dL = (1 t G(s) x(s)) ds (6.8) 

dL 
= L-Lo= 

G(s) D(s) + ds 

The first term in eq. 6.5 is given by: 

k = a = ( $ ) ( % )-l = ; 1 G(s) D(s) ds (6.9) 

The quantity CL is usually called the momentum compaction. In the 

case of a separate function machine only the bending magnets contri- 

bute to a: 
G 

rJ = 0 
f 

D(s) ds (6.10) 
L 

As a rough approximation 

a =$ (6.11) 

For electrons usually y >> ytr and an electron with a positive LIP 

has longer revolution time than the synchronous particle. This is also 

true for protons above the transition energy. However, below the tran- 

sition energy a particle with positive AE has a shorter revolution time. 

At r = ytr the revolution time is independent of momentum and there is 

no phase focusing. 

The synchrotron motion is illustrated in Fig. 6.1 for a particle 

above the transition energy. Plotted is the energy deviation AE versus 

the phase deviation fi,6 both counted with respect to the synchronous 

particle. Consider a particle with positive AE which traverses the r-f. 

cavity at the synchronous phase $o. After one revolution the particle 

will traverse the r.f. cavity with the phase $I, t Ag. Thus it will gain 

less energy than the synchronous particle. The particle will continue 

to move away in phase until AE = 0. It will then start to move towards 

$. and arrive at 0, with an energy less than that of the synchronous 

particle. From then on it will gain more energy than the synchronous 

particle but continue to move away in phase until its energy equals that 

of the synchronous particle. As soon as the energy is higher than that 

of the synchronous particle it will start to move towards 0, and arrive 

at 0, with an energy higher than that of the synchronous particle. This 

completes one period. The aim of this chapter is to derive and solve 

the equations for the synchrotron oscillations and to determine the 

stable boundaries in A$ and AE in terms of the r.f. parameters. The 

effects of the synchrotron radiation on the synchrotron motion will be 

discussed in chapter 7. 

6.2 The Equation of Motion 

The synchronous particle :'s accelerated at a constant radius Ro 

and the magnetic induction mlust therefore be increased proportional to 

the gain in momentum: 
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Fig. 6.1 - Longitudinal trajectories in 
35222 

W = G,'$ space for a stationary bucket Go = 180' 
0 

dp = eRo $ To (6.12) 

2aRo 
To is the revolution time To = gc 

The relationship between energy gain and ramping speed is given by: 

dEO 
= be Ri !& = e Vsinao (6.13) 

We will now consider the synchrotron motion of particles with small 

energy and phase deviations with respect to the synchronous particle. 

W = $ - Go 1 dE = E - E. and dS2 = R - R, (6.14) 

The change in revolution frequency for a particle with an energy 

deviation AE was derived above. 

dQ -- 
n 

=,,dp =ndE 
P RIP 

The corresponding change in phase angle is given by: 

d$ = -hdQ = -hRdt 

Combining eqs. 6.15 and 6.16 yields: 

dE 
F = 

(6.16) 

(6.17) 

The energy gain of a particle arriving at a different phase will 

differ from that of the synchronous particle 

Ap = g (6.18) 

PR = $$ sin+ (6.19) 

The energy gain relative to that of the synchronousparticle is given 

by: 

. 

and a moving bucket @ : 150' 
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^ 
Ri - Rofio = &!! (sin4 - sin4,) (6.20) 

Expanding R and 

if 

Substituting p 

amplitude phase 

k(2) = 
0 

p to first order yields: 

(R. BP) = $$ (sin4 - sin40) (6.21) 

=$ in the equation above and considen'ng only small 

OsciTTation yields: 

$j+ (sin4 - sin40) = -&J! COS@ A$ (6.22) 

Combining eqs. 6.17 and 6.21 yieldsthe equations for small amplitude 

phase oscillations: 

d 
;;;2 (4) + mf = o (6.23a) 

ws = ( 
-no h e V c0s4~G~ 1,2 

) (6.23b) 
271 P, R, 

The solution for nocos40 < 0 is a sinusoidal oscillation with fre- 

quency us: 

A4 = A sin (Wst+ 4,) 

We may now distinguish two cases: 

(6.24) 

Below transition energy no < 0 and the phase 4, must be chosen bet- 

ween 0 and n/2 for stable acceleration and between 3/2s and 2~ for 

stable deceleration. Above transition energy 4. > 0,and 4, must be 

between n/2 and 1~ for stable acceleration and between 1~ and 3/2rr for 

stable deceleration. 

6.3 Phase Space Boundary and small Amplitude Oscillations 

The limiting values in phase and energy for an assembly of par- 

ticles traversing a given r.f. system can be determined using the 

Hamiltonian formalism. 

The phase angle 4 and the normalized energy 

w+ 
0 

(6.25) 

are used as conjugate variables. The Hamiltonian equations expressed 

in terms of these variables: 

(6.26) 

(6.27) 

The equations above were obtained by inserting eqs. 6.17 and 6.22 

into the Hamiltonian equations of motion. 

The synchrotron motion is thus described by the following 

Hamiltonian: 

h nono 2 - H = 2p h' t ; (COS4 - COS$, + (4-4,) sin@,) 
0 0 

(6.28) 

The longitudinal motion of the particles is represented in the 

W-4 plane by trajectories of constant H. Note that the synchrotron 

motion repeatsitself every 2n in phase, i.e. h times around the ring. 

Within each period of 2rr the motion has two fixed points given by 

t = k= 0. From eqs. 6.26 and 6.27 these fixed points occur at: 

w=o % 4=4 0 
or 4 = 'II - 4, (6.29) 

. . ..:.. 
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The fixed points W=O and 4 = 4, are inside the stable region 

and correspond to the synchronous particle. The separatrix - i.e. 

the limiting curve which separates the stable and the unstable re- 

gion passes through the secondfixedpaint at W = 0 and 4 = TI - 4 
0’ 

Note that the particle motion in 4 and W becomes slow as particles 

approaches the fixed point-i.e. the synchrotron frequency ws slows 

down as the particles approach the limit of stability. 

The separatrix can be evaluated by inserting the coordinates of 

the unstable fixed point into the Hamiltonian eq. 6.28. The maximum 

energy deviation is given by 

w;ep = 
e vpoRo 
nh; ( (~-24~) sine0 - 2cw,) (6.30) 

To obtain the extreme in phase we equate: 

h nono 
H=m w2 h noa 2 - 

sep 
= 2p w t g (COS$ - cos4, 

0 0 
+ (4-4,)sfn4,) 

(6.31) 

Substituting w2 
sw 

according to eq. 6.30 on the left hand side 

and introducing the coordinates 4max and W = 0 on the right hand 

side of eq. 6.31 yield the following transcendental equation for the 

maximum phase: 

(7~ - 2$1~) sin$o - 2cos40 = cos@ 
max - ~0~4. + (4max - 40)sin40 

(6.32) 

The phase space trajectories for 4. = 180' and 4. = 150' are shown 

in Fig. 6.1. These trajectories correspond respectively to a stored 

and an accelerated beam above the transition energy. 

The amplitude of the longitudinal 

oscillation is determined by the initial conditions of the injected 

particle. Let us consider a particle which is injected at the cor- 

rect r.f. phase 4 = 4. butwith a normalized energy deviation 

w=aE 
Ro . 

If W, 4. is within the separatrix then the particle will 

travel on a closed trajectory in 4.W space with a maximum energy de- 

viation W. The maximum excursion in phase can be evaluated from the 

Hamiltonian: 

h nono -2 h QORO 
H(4'W) = 2poRo ' = 2p,R, 

w2 + g (cos4-cos40+(4-40) sin40) 
(6.33) 

Let us consider three special cases: 

a) Storage of particles with energies below the transition energy. 

In this case 4. = 0 and the resulting value of 4,,, is obtained from 

eq. 6.33 for W = 0 

( 
hnR -2 - 

-5G ) w 

2po R. 

= g (Cos4max - 1) 

4 
nh C-n,) Q, 112 w 

max 
= + 2 arc sin ( - 1 

2p. R. e v 

b) Storage of particles with energies above the transiton energy. 

In this case 4. = 1~ and 4max is again obtained from eq. 6.32 with 

w = 0. 

4 = + arc cos ( 
nh nOno 

max - 
)1/2 ;J 

2p. R, e V 
(6.35) 

. . 
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c) A particle with y > ytr is accelerated and we consider small 

amplitude oscillations A@ = 4 - $I~. The Hamiltonian in eq. 6.33 can 

then be simolified to: 

hn > W2 = hnoRo w2 _ " ( A4 2 (6.36) 

epoRo 2poRo 2m 7) cos4, 

The extreme amplitudes in phase for a particle withW,,x = W is given 

by 
-2sh n R. 

A$ = +[ - 11'2 w . 
e V ~,R~cosG~ 

(6.37) 

6.4 Adiabatic Damping 

The equation for the synchrotron oscillation was derived assuming 

time independent parameters for the synchronous particle. This is 

permitted since the timescale for an accelerating cycle is very long 

compared to the synchrotron oscillation period TS. The change in W 

and $ during the accelerating cycle can be evaluated using the Bolz- 

mann-Ehrenfest theorem. If a non-dissipative oscillatory system is 

described by the canonical variables p and q, then, according to the 

Bolzmann-Ehrenfest theorem, these parameters will change during the 

cycle such that 

I = 
f 

pdq = constant. (6.38) 

where the integral extends over one period of oscillation. 

We now use this theorem to investigate the time behaviour of W 

and o for small amplitude oscillations. 

(6.39) I = I Wdo = 
f 

d4 Replacing Z according to eq. 6.26 and ws according to eq. 6.23b 

yields: 

I = W2[ 
-WI2 h noa l1/2 

(6.40) 

P,R, e V ~0~4, 

The normalized energy makes sinusoidal oscillations. Averaged 

over one turn W2 = i W2 where W is the peak amplitude. Then adia- 

batically W will change as: 

w - [ 
-p,R, V coso, ,1/4 

no Oo 

l/4 
i.e. W will grow proportional to p, . 

(6.41) 

We can write down a similar equation for the phase oscillations: 

I = I A$dW = (A4 $, ; (6.42) 

Replacing $ according to eq. 6.27 and ws according to eq. 6.28b 

leadsto 

c$ - [ 
no Ro 1114 (6.43) 

~~R~coso~ 

Thus the maximum value of the phase amplitude ?$ decreases with mo- 

mentum as: 
/r -l/4 
A4 -PO (6.44) 

Note that W A@ is an invariant. 
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7. Effects of the Synchrotron Radiation on the Single Particle 

Motion ') 

7.1 Introduction 

The instantaneous power pY radiated by a relativistic particle of 

energy E deflected in a magnetic field of induction 6 is given by: 

P e* c3 
Y 

= - CyE2B2 

where 

cy = $- 

(7.1) 

The instantaneous radiated power is proportional to the product 

of beam energy and magnetic induction squared and inversely propor- 

tional to the fourth power of particle mass. For given values of E 

and B an electron will lose 10 
13 . times more energy than a proton per 

turn. The motion of the protons is thus not influenced by synchro- 

tron radiation at present energies and the equations discussed above 

remain valid. On the other hand the design of an electron machine is 

governed by synchrotron radiation and the single particle motion is 

strongly influenced by the emission of photons. 

The average energy loss (eUo) of an electron of energy E. moving on 

the design orbit is obtained by integrating PY over one turn. 

For a seperate function machine with G = & in the dipoles and zero 
0 

elsewhere: 

(e Uo) = 
88.5 keV Ez (GeV) 

- 

p,(m) 
(7.3) 

The synchrotron radiation is focused within a cone of opening angle 

1 
F 

along the direction of particle motion. The electrons do not ra- 

diatecontinuously but emit discrete quanta with an energy distribu- 

tion shown schematically in Fig. 7.1. A half of the total radiated 

power is 

0.6 

0.4 

(22 

0 
0.5 1.0 1.5 

b 
2.0 E,/E, 

Fig. 7.1 - The energy distribution of the synchrotron radiation 

measured in units of the critical energy. 
(e Uo) = +f j pY ds 

C E4 
(e Uo) = $$ 1 G*(s) ds 
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carried by photons with energies above the critical energy EC: 

E = 
2.23 keV Ei (GeV) 

o,(m) 

The mean photon energy is proportional to the critical energy 

B 

<EY' = __ E 15J3 c 
(7.5) 

The average energy loss suffered by the electrons per turn must be 

replenished by the r.f. system. However, both the number and the 

energy of the emitted photons fluctuate from turn to turn and this 

represents a source of noise which excites oscillations. 

Both the betatron oscillations and the synchrotron oscillation 

are damped by the average effects of the synchrotron radiation and 

excited by its quantum fluctuations. The final beam dimensions result 

from the equilibrium between the two effects. 

The synchrotron radiation also governs the design of the technical 

components for HERA's electron ring. 

The total power radiated by the beam is given by Pb = (e Uo) ne. 

At 30 GeV the nominal current of 56 mA radiates a total power of 

7.5 MW. This radiation will strike the outer walls of the vacuum 

chamber with a linear power density of max. 2.1 kW/m. 

Furthermore a certain percentage of the photons will Compton scatter 

and to avoid radiation damage to equipment in the tunnel the majority 

of these photons must be confined within the vacuum chamber, res- 

pectively with the magnet system. A photon striking the wall of the 

vacuum chamber will lead to gas desorption. In order to achieve the 

vacuum needed one must use either a distributed pumping system or 

closely spaced discrete pumps. 

Below we will discuss the effects of the synchrotron radiation on 

the single particle motion. This discussion will follow the excellent 

account given by M.Sands in reference g. 

7.2 Radiative Damping 

7.2.1 The longitudinal motion 

The instantaneous power radiated by an off energy electron differs 

from that radiated by the synchronous electron since the particles 

have different energies and travel through different regions of the 

guide field. The average energy loss per turn (eU) for an off energy 

particle is given by: 

eU = eU, tOAE (7.6) 

where 0 = e($)Eo. The equation of synchrotron motion (eq. 6.20) must 

be modified to include the energy loss due to synchrotron radiation: 

eV ;?ii- COSI$~ A$ - 0 AE 

Combining eq. 7.7 with eq. 6.15 yields the phase oscillation equation 

in the presence of synchrotron radiation. 
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7.2.2 The vertical betatron oscillations 

The radiative damping mechanism for the vertical betatron motion is 

illustrated in Fig. 7.2. The electron emits a photon along its di- 

rection of motion - i.e. the electron suffers only a loss of energy 

without a change of position or slope. However, in traversing the r.f. 

cavities the electron receives a longitudinal kick compensating the 

average energy loss 

is slightly reduced 

- i.e. AE = e U,. Thus the slope of the particle 

after traversing the cavity: 

I 35233 

Fig. 7.2 - The vertical motion of a particle in the arcs (a) and 

in the r.f. cavities (b). 

P 
z' + dz' = - = 2' (1 - 

PO + 6P 

dz' 

(7.18) 

The position z and the slope z' of the electron is given by 

z = A cosp respectively z' 5 jsim. (7.19) 

The amplitude A can be written as: 

A2 = z2 + (Bzy2 (7.20) 

The change in amplitude caused by the energy loss due to synchrotron 

radiation and its replenishment by the r.f. cavities is given by: 

AdA = - ~~2' dz' = - (6~')' ( 3 ) (7.21) 
0 

The electron emits photons with equal probability along the orbit. 

Averaging BZ' over all phase angles u yields: 

<t?z',2 = A2 
T 

(7.22) 

Inserting eq. 7.22 into eq. 7.21 and integrating over t yields 

(7.23) A = Ao eeazt 

(eu,) 
with a =-. 

Z 

2EoTo 

The amplitude of the transverse motion is thus exponentially damped 

with a damping time twice the longitudinal damping time. 

7.2.3 Damping of the radial betatron motion 

The damping mechanism outlined above is also effective for the ra- 

dial betatron motion. However, the photon is radiated in a region 
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with radial dispersion and this yields a term which is antidamping. The 

basic mechanism is outlined in Fig. 7.3. The total radial displacement 

is a sum of the closed orbit displacement xe and the betatron displace- 

ment with respect to this closed orbit 

X = X8 t x E 
(7.24) 

Fig. 7.3 - Radial amplitude growth due to the emission of synchro- 

tron radiation at a position with dispersion. 

When the electron radiates a photon the closed orbit will suddenly 

jump by dxc = D F. However, the spatial position of the electron 
0 

remains unchanged such that a change in the closed orbit must be com- 

pensated by a change in betatron amplitude: 

dx6 
= -Dg.k (7.25) 

0 

The change in slope due to D' is neglected. 

The radial position and slope of the electron can be written as: 

xB 
= Acosu, xE, = $sinu . (7.26) 

This yields: 

AdA = xB dxg = -Dx dE B E. (7.27) 

The energy loss in a path length dL is given by: 

dE = -$, = - (1+3) $ds 
PO 

The resulting change in amplitude 

xB 5u"' AdA = D xB (1 t p) c 
0 

E 
0 

(7.28) 

(7.29) 

The expectation value of dA is obtained by averaging eq. 7.29 over 

all phase angles 

(7.30) 

For a separate function machine, e Uo, the total energy loss per turn, 

is equal to P * 
YC 

summed over all the dipole magnets. The resulting 

change in the amplitude is dA 
0 e U, 

A -2po r 
(7.31) 

_-: 

: ._ 
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Thus the finite dispersion leads to an exponentially growing radial 

amplitude with a time constant given by: 

<D> e Uo 
c2E 00 

(7.32) 

The total change in amplitude is simply the sum of the dispersion 

effect and the r.f. acceleration effect derived in chapter 7.2.2. 

(7.33) 

Substituting <Cl> = uR and comparing with eq. 7.16 yields: 

ax = - (1 - AJ) $- (7.34) 

For a separate function machine AJ is less than one and the radial motion 

is damped. 

7.2.4 Robinson's Theorem 

We have evaluated the damping times for all three degrees of free- 

dom. The damping coefficients can be written as: 

<P > 
e u. 

oi 
y = J = Ji Tq- iq (7.35) 

with J, = 1 - AJ, J, = 1 and JE = 2 t AJ. 

Note that the sum of the damping partition number is a constant: 

CJi = 4 (7.36) 

This has been shown by Robinson 33) to be true on general grounds as 

long as effects of the fields induced by the circulating electron 

beams can be neglected. AJ is a property of the detailed layout of the 

ring. Note that for a separate function machine AJ << 1 leading to 

damping in all three degrees of freedom. In a combined function 

machine AJ will be larger than one causing the radial beam size t0 

grow exponentially. 

7.3 Radiation excitation and beam dimensions 

In the preceding section we have shown that the single particle 

motion is damped by the interplay between the average energy loss due 

to synchrotron radiation and its replenishment by the r.f. system. 

However, the emission of synchrotron radiation is a quantum process - 

the radiation is emitted in discrete quanta and both the energy and 

the number of the photons fluctuate. These fluctuations are a source 

of noise and excite single particle oscillations. The final beam di- 

mensions result from the equilibrium between the damping caused by 

the average energy loss and the noise introduced by its fluctuations. 

The electrons in a r.f. bucket of width AE have a GauBian energy 

distribution with a rms value of 

a E 
= ( t& )1/2 5 

0 

with Cq = %!---- = 3.84 10 -13 cm - 

32fi mc 

This results in a rms bunch length: 

(7.38) 

Thus the bunch length of the electron beam is rather short. the 

rms bunch length in HERA is of the order of a cm at 30 GeV and 

. ..: 
: 

‘, : ,- 

: 
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scales with energy and tune as ok * E/Q. 
8. Polarisation 34) 

The final emittance is the equilibrium between the damping caused 

by the r.f. system, compensating the average radiation loss and the 

growth caused by the quantum fluctuations. 

EX 2 
sin ( $ ) 

(7.39) 

R arC is the average radius in the arcs and Q,,, is the contribution to 

the tune from the arcs. Note that the factor 

u3 

tg ( $ ) sin2 ( !$ ) 

is 8 at u. = 0 and varies little with the phase advance u for u less 

than 90' per cell. 

The emittance of an electron beam is not a constant of motion but 

varies with the tune. Strong focusing, i.e. short cell length and 

large phase advance per cell will lead to a small radial emittance. 

Since the vertical dispersion is rather small the vertical emittance 

is mainly due to the cwpling of vertical and radial motion. In general 

the coupling may be as small as a few percent for a well aligned 

machine. 

This results in a ribbon type beam for the electrons as compared to 

a round proton beam. However, it is of course in principle possible to 

deliberately increase the coupling between the radial and the verti- 

cal motion by installing skewed quadrupoles. 

The importance of colliding electrons or positrons of well defined 

helicity with protons is discussed in section 2. 

Beams with a high degree of polarisationhave been observed35) at PETRA 

and the beams have been collided without destroying the initial po- 

larisation. Scaling from these results it seems reasonable to expect 

transversely polarized e' beams in HERA. 

8.1 Transverse polarisation 

The spin of electrons (positrons) injected into an accelerator will 

align along the direction of its vertical guide field. The spin sum 

along the vertical direction is zero for an unpolarized beam, i.e. 

there is the same number of electrons with spin pointing upwards as 

downwards. As the electrons are deflected in the magnetic guide field 

they emit synchrotron radiation which in part is due to a spin flip 

transition. The probability of magnetic dipole emission depends on 

the orientation of the initial spin. These probabilities are given by: 

(8.1) 

where the arrows (CJ-) indicate the initial and the final spin direc- 

tions either parallel or antiparallel to the direction of the magnetic 

induction. The circulating beam will gradually become polarized with 
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the spins aligned antiparallel to direction of the guide field. The 

beam polarisation builds up exponentially: 

P (t) = PO (1 - eetlTp) (8.2) 

In tine absence of populations effects PO, the maximum degree of 

polarisation, is given by: 

PO = ~$,++j.# 

where the final polarisation n(+) and n(4) are determined by detailed 

balance: 

n(+l WC++) = n(z) W(++) (8.4) 

Combining eqs. 8.3 and 8.4 yields: 

WfJ) - W(++) 8 
PO = =- = 0.92 

W(N) + W(H) 5J3 
(8.5) 

TV, the build up time of polarisation is given by 

-1 
TP 

= (W(N) t W(H)) (8.6a) 

Using eq. 8.1 and inserting the numerical values yields: 

TP = ?W (8.6b) 

where p is the bending and R the average radius of the machine. 

The requirement that 7P must be short compared to the storage time 

of several hrs determines the minimum electron energy. The polarisation 

time for a 30 GeV electron beam in HERA is of about 20 min. 

Pargman, Michel and Telegdi36) have written down the general equation 

for spin motion in electric and magnetic fields. For the spin motion 

in a circular accelerator this expression can be simplified to: 

The coordinate system, moves with the beam. G is 

the direction of the spin in space and Bo is pointing along the ver- 

tical direction ; and a = v = 0.0011597. 

It follows immediately from eq. 8.7 that the spin component along 

the ? direction is conserved whereas the radial spin component Sx or 

the spin component directed along the direction of particle motion 

S s precesses an angle 

eB 
+ a 2a p = 2~ ya per turn (8.8) 
mc 

= (27) & 
The electrons in a bunch have different energies corresponding to 

different precision frequencies ya. This destroys the polarisation 

along the t and the ; direction. 

The radiative polarisation generates a vertical spin alignment in 

the arcs while the experiments require a longitudinal polarisation at 

the interaction point, preferable with the option to change from one 

helicity to the other. A possible spin rotator will be discussed 

in chapter 10. 

:. 
,: .::- :_ 
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8.2 Oepolarisation Mechanisms 
34,37) 

The discussion above is valid for an ideal machine. The-guide 

field of a real machine, however, is not perfect and these imperfections 

may depolarize the beam. 

If the beams are polarized along the vertical direction then errors 

in the vertical field will not affect the spin. The particles must 

still turn 2~ and their spin precess by 2aay. 

A non vanishing radial fieid, however, will cause the electron spin 

to precess around the R axis leading to depolarisation. Let us assume 

that a quadrupole is misaligned by 1 mn in the vertical direction. 

Using HERA parameters this corresponds to a vertical deflection: 

Ae _ (AB,~?) 12.5 T/m (10m3 m) lm 
-= = 0.125 mrad 

BP 3.33 . 30 

equivalent to a precision angle $x: 

@x 
= (a y) A0 = 8.6 mrad at 30 GeV. 

This is a rather small angle. However, if ay = n = integer then the 

precession adds on successive turns leading to complete depolarization. 

The depolarizing resonances ya = n are spaced 440 MeV apart and the 

beam energy rmst be chosen such that the spin tune does not equal 

an integer number. However, the electrons have a finite energy spread 

with a rms width oc growing proportional to E2. At 27.5 GeV at HERA the com- 

puted energy spread is 28 MeV - i.e. the spacing between adjacent 

resonance is 16 oc and this should be sufficient. Note that this 

effect may make it difficult to achieve transverse polarisation in 

larger machines like LEP. 

The spin motion is aiso modulated by the synchrotron and beta- 

tron motion such that the general resonance condition can be written 

as: 

w + kxQx f kzQz + kSQS = n. 

where k and n are integers and Q, z s the tune shifts. , , 

18.9) 

The importance of these side band resonances will be enhanced by 

the synchrotron radiation. To illustrate the effect let us consider 

a planar machine. The electron emits a photon at a position of non- 

vanishing vertical dispersion. The vertical closed orbit will jump 

and the particle starts to make vertical oscillations which takes 

it through regions of space with non vanishing radial field compo- 

nents. The spin will thus precess around the radial axis away from 

the vertical spin direction. The vertical oscillations damp out 

after a few msec but the spin is now pointing in a different direction. 

The polarising mechanism will restore the original spin direction 

with a time constant T 
P' 

However, since the electron radiates some 

loll times during one damping time T 
P 

the spin will gradually diffuse 

away from the vertical axis leading to an unpolarized beam. 

The crucial quantity which determinesthe spin diffusion is the 

SO called spin diffusion coefficient or spin chromaticity: 

The spin rotators, unless very carefully designed and matched into 

the lattice, will be strong sources of beam depolarisation. 
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In the linear approximation, prescriptions 38) exist of how to design a 

machine, including spin rotators, such that the spin dispersion is 

zero. The beam-beam interaction will also cause depolarisation and 

this effect is now being evaluated using spin tracking programs. 

9. Current Limitations 3g) 

The motion of a single particle is determined by the guide field, 

but particles moving within an assembley of particles will ex- 

perience additional forces resulting from: 

- The repulsion of like sign particles moving together. In this case 

the electric and magnetic force subtract resulting in a space charge 

force which decreases inversely proportional to the energy of the 

particle squared. For particles moving in opposite directions the 

forces add and the resulting beam-beam instability is the ultimate 

performance limit of a colliding beam machine. 

- Electric and magnetic fields associated with longitudinal and 

transverse oscillations of the particles interact with the surroundings 

(beam pipe, cavities) and induce electro-magnetic fields which in 

turn may act back on the beam. The resulting force can drive the 

beam unstable if the phase of the induced force is ahead of the 

oscillation and its strength is large enough to overcome the natural 

damping caused by the incoherence of the particle motion. If the 

induced fields decay rapidly then only the bunch itself is affected 

and we have a single bunch instability. However adjacent bunches 

may communicate by means of slowly decaying wake fields causing 

collective bunch instabilities. 

In this chapter we will discuss some of the instabilities which 

can affect a bunched proton beam. The electron motion is in general 

more stable due to the strong radiative damping. 

:-, 
.:.: 

-. 

., : 
. . 
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9.1. Longitudinal Instabilities 

9.1.1 Introduction 

As discussed below, it seems advantageous to cross the electron 

and the proton beam at a finite angle. The electron bunch, due to 

its radiative damping, is much shorter than the proton bunch and the 

luminosity is therefore directly proportional to the linear charge 

density of the protons ex(s) - i.e. short, intense proton bunches 

are needed to reach high luminosity. The longitudinal electron 

distribution can be approximated by a GauBian whereas the proton 

line density is well represented by a parabolic function 

A(s) 2j +2) (9.1) 

where S! is the bunch length measured at the base. 

The luminosity is also directly proportional to the number of 

proton bunches - i.e. we would like to store a larger number of 

bunches in HERA. 

The combination of a high line density and a large number of 

bunches make HERA prone to instabilities. 

Let us first consider the situation shown in Fig. 9.1. A con- 

tinuousparticle beam of radius a moves along the $ direction with 

velocity $c in the center of circular beam pipe of radius b. A 

varying longitudinal particle density gives rise to a longitudinal 

space charge force and to longitudinal wake fields produced by 

currents induced in the walls of the beam pipe. The sum of both 

__------------------ -------- 

A?KaP 
35407 

Fig 9 1 - - A uniform beam of radius a moving with B*C along the 

; direction in the center of a circular beam pipe of 

radius b. 
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for an instability to occur. Furthermore the angular frequency of the dis- 

turbance w must be an integer multiple of the angular revolution 

frequency Q,, i.e. w = MO. A density fluctuation of this form leads 

to an effective voltage per turn: 

us = -i zi 11 ,i(n@ - wt) (9.10) 

In the case considered above the resistance is purely imaginary with 

Z0 
zi = R(yy - OL) (9.11) 

In general Zi will have both a real and an imaginary .part: 

Z = Zr t i Zi (9.12) 

The interaction between the beam and the environment shifts the 

frequency of the disturbance by AU. Note that instabilities can only 

occur for certain values of o = n no t Aw. The frequency shift for 

a general impedance Z is complex; 

Aw = fur t iAoi 

Substitute eq. 9.13 into eq. 9.9 yields: 

I = I + I eAW< ,i(nQ - (nn, + Ay.) t) 
0 1 

(9.13) 

(9.14) 

An imaginary frequency shift leads to exponentially growing or 

decaying oscillations with a time constant & . Depending on initial 
1 

conditions (noise,etcJ one or both of these solutions may be realized 

- i.e. the beam is unstable. 

The reactive impedance Z = i Zi considered above yields: 

2 (Au) = 
erjn: n IO Zi 

g-62-;- -- (9.15) 

with Zi given by eq. 9.11. 

An inspection of eq. 9.7 shows that an inductive impedance drives 

the beam unstable at energies below the transition energy, however, 

the beam is stable above the transition energy. The situation is re- 

versed for a capacitive resistance, stable particles motion below 

and unstable particles motion above the transition energy. A re- 

sistive impedance always drives the beam unstable. 

If all the particles in the beam have the same energy, as in the 

case considered above, then they remain in phase and even a minute 

disturbance is sufficient to cause an exponentially growing amplitude. 

This is no longer true if the particles in the beam have a finite 

energy spread. In this case the particles have different revolution 

frequencies and only act coherently over a time interval which is 

inversely proportional to the spread in revolution frequencies. 

As long as the frequency shift of the disturbance is smaller than 

the spread in revolution frequencies energy can be transferred from 

the instability and converted into incoherent motion. Thus the un- 

stable motion is damped and the disturbance must exceed a certain 

threshold before the particle motion becomes unstable. This general 

mechanism is called Landau damping. 

In the case of a bunched beam the damping is caused by the spread 

in phase oscillation frequencies S resulting from non linearities 

in the r.:. potential. For a bunch which is somewhat smailer than 

the r.f. bucket: 

-. 
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(9.16) 

$RF is the bunch length measured in RF phase angle. 

The particle motion will be stable as long as: 

s > 4Awi (9.17) 

We will discuss some of the instabilities which may occur for a 

bunched beam in more detail. 

9.1.2 The microwave instability (turbulence) 

This instability involves high frequencies corresponding to wave 

lengths which are short compared to the bunch length and in this 

case the theory developed for a contiruousbeam may be applied. Above 

threshold the momentum spread and the bunch length are blown up to 

values which are large compared to the equilibrium values determined 

by the r.f. parameters and the injected bucket area. 

To avoid this instability the longitudinal impedance Z divided 

by the mode number n = F must satisfy the condition 
0 

I I z c 
n 

3 F (mpc2) Y In/ 
(&)2 

e IO 
P 

(9.18) 

For a parabolic current distribution F % 0.65. It is clear that the 

beampipe must be designed to minimize Z. At the SPS i is around 

30R and we should be able to do better at HERA. Note that IO is the 

peak current i.e. about 60 amp in HERA at 820 GeV and a parabolic 

current distribution. The HERA parameters demand I$1 < 60R at 

the peak energy of 820 GeV and [f] < 10R at injection energy Of 

40 GeV to avoid this instability. 

9.1.3 The inductive wall impedance 

The reactive impedance seen by a bunched beam will in general be 

inductivefor low and medium frequencies. As shown in Fig. 9.1, 

the induced voltage Us, will distort the circumferential r.f. voltage 

seen by the particle and hence affect the particle motion within 

the bunch. In particular, the induced voltage Us will shift the in- 

coherent phase oscillation frequency and change the bunch length. 

The incoherent frequency shift. for a parabolic line density dis- 

tribution is given by: 

AuS 3 I, CR0 L) 2nR 3 
-= 

5 271~ h M V cosoo 
(7) (9.19) 

IO is the total current, L the inductance integrated around the ring, 

O. the revolution frequency i.e. 

h is the harmonic number, M is the number of bunches and R is the 

geometric radius. 

The frequency shift will reduce the Landau damping - indeed the 

Landau damping disappears completely if the incoherent frequency 

distribution is shifted so far that this is outside the frequency 

of the disturbance. Note that the frequency shift is inversely 

proportional to the third power of the bunch length - i.e. the beam 
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can be stabilized by an increase in bunch length and a corresponding 

reduction in luminosity. 

The bunch length is increased above the transition energy and 

decreased below. For protons 

The inductive impedance l$Iind depends strongly on the detailed 

layout of the vacuum chamber and the cavities. At the ISR 

liIind = 20 ohms was measured, at the SPS jGlind m 10 ohms. At the 

peak energy of 820 GeV the estimated frequency shift in HERA is 

- = -0.04 with an accelerating peak voltage of 100 MV and 
US 

;Glind = 10 ohms. 

Coupled bunch mode instabilities 

A single bunch may execute different types of oscillations 

characterized by a mode number m - i.e. a dipole mode with fre- 

quency ws. a quadrupole mode with frequency Zos, a sextupole mode 

with frequency 3~s and so on. These modes are in general excited 

by narrow band, high Q resonators like the cavities. However, 

if several equidistant bunches are stored along the circumference 

of the machine, then these bunches may be coupled together by 

broad band, low Q resonators and execute additional coupled mode 

oscillations. The number of independent oscillation modes are 

equal to the numbers of bunches. 

The strength of these instabilities are difficult to estimate, 

however, several methods are available to stabilize the beam. 

a) Identify and damp the resonator which couples the bunches. 

b) Increase the Landau damping either by a blow up of the 

bunch area (5 q 
%9&i) or by operating a cavity at a harmonic 

of the r.f. frequency. 

c) Decouple the bunch by using a cavity which operates on a sub- 

harmonic of the r.f. frequency. In this case different bunches 

have different synchrotron frequencies. 

d) Use a feed back system. 

9.2 RF Noise 

The r.f. system contains a white noise spectrum. The part of the 

noise spectrum with frequencies around n ws - where n is an integer 

will lead to a slow build up of the rms phase oscillation ampli- 

tudes - i.e. to a dilution of longitudinal phase space density. 

This effect has been sucessfully compensated at the SPS collider 

using a very low noise feed back system. 

9.3 Transverse instabilities 

9.3.1 Transverse space charge effects 

As discussed in chapter 4 the transverse motion of a single 

particle in the guide field of a circular accelerator is described 

by the solution to Hill's equation: 

: . . 
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u"(s) t Ko(s) u(s) = 0 (4.25) 

This equation is valid for both the radial (x) and the vertical (z) 

motion provided Ap = 0. 

The space charge force acting between non relativistic particles 

moving together will modify the focusing strength 

K(s) = Ko(s) + bK . (9.21) 

From eq. 5.34 a gradient change 6K will lead to a spread in tune 

values: 

AQ = - .i&@e@!d (5.34) 

To avoid beam losses resulting from crossing a half integer reso- 

nance: 

AQ ( 0.25 . 

We will now estimate the limit on the current imposed by the space 

charge force. To this purpose we assume a uniform beam of radius a 

moving alcng the positive s direction with a uniform velocity BC 

as considered above. 

The electric and the magnetic fields for t-5 a produced by the 

moving charges are given by eq. 9.3a. 

The resulting force on a particle travelling a distance x from 

the center of the beam is given by 

F = e(;t:xE) 

(9.22) 

i.e. the space charge force has only a radial component which 

disappears at relativistic energies. 

The force is equivalent to an acceleration: 

(m,v) ( 2 ) = (mod (6~)’ $ = 2 3 
0 y 

(9.23) 

The particle density i can be expressed by the total number of 

particles stored along the circumference 2nR of the ring: 

II = 
e 

N 
2 

(2nR) ra 
(9.24) 

This leads to the equation: 

From a comparison with eq. 4.25 we see that the total change in 

focusing power per turn is given by 

PO N 
6K = - 223 

naby R 
(9.26) 

The corresponding tune shift is obtained by combining eq. 9.25 with 

eq. 5.34: R 
AQ = - 

)"o N 

271 a'&3 
6 = )"o N 

2na'g2y3 P 
(9.27) 

Thus the beam is stable if: 

2QlAQltTa 2 1 6 23 Y 

N 5 - - rO R 
(9.28) 

The space charge limits the amount of current which can be stored 

in a machine with a aperture (~a~). This is the basic limitation 

at low energies. 
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9.3.2 Transverse head tail instability 

This instability, first observed at ADONE, was explained by 

Pellegrini and Sands as due to the following mechanism: The 

particles moving in the head of a bunch make betatron oscillations 

which induce strong, rapidly decaying transverse electromagnetic 

fields. These fields will interact with the particles in the tail 

of the bunch and will increase their betatron oscillations. After 

half a synchrotron oscillation period the particles in the head and 

the particles in the tail have changed place and the feed back 

loop is now closed if the betatron phase of the particles in the new 

head is ahead of the betatron phase of the particles in the new 

tail. This will occur if the chromaticity is negative. 

To see this let us evaluate the difference in betatron phase 

between particles in the head and the tail of a bunch. This phase 

shift is obtained by integrating Am6 over half a synchrotron period: 

J 

TS/2 
Au = Awg dt (9.29) 

0 

The betatron phase depends on Q and the revolution frequency Ro. 

(9.30) 

The change in tune AQ is given by the chromaticity: 

The change dn in revolution frequency is given by the time di- 

lation factor n(p). We consider a proton with an energy well 

above the transition energy 

Combining both terms yield: 

Aw = 
6 

Substituting eq. 9.31 into the integral of eq. 9.29 yields: 

Au = -$ 
6 

(6.5) 

(9.31) 

(9.32) 

Since the uncorrected natural chromaticity is negative the beta- 

tron phase advance Au will be positive. Thus the fundamental head- 

tail mode is unstable. 

Note that sextupoles can be used to cancel the natural chroma- 

ticity - i.e. 5 = 0. In this case no phase relation exists between 

particles in the head and in the tail of the bunch and the funda- 

mental head-tail instability does not occur. However, it is dif- 

ficult to cancel the chromaticity exactly. Furthermore higher order 

single bunch head tail modes can occur for positive values of the 

chromaticity. 

._ c- . . . . . . . :; I 
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If the transverse impedance has a sufficiently long memory 

it may also couple head tail oscillations of adjacent bunches. 

Both the single and coupled head tail modes may be corrected 

by using an octupole magnet to induce a tune spread. However, re- 

member that an octupole is a non linear element which drives re- 

sonance lines and may by itself limit the acceptance. 

9.3.3 The beam-beam tune shift 

The electric and magnetic forcesbetween interacting bunches 

moving in opposite directions add, thereby resulting in a stronq direct 

space charge force which persists at higher energies. For bunches of 

opposite charge the forces are attractive - i.e. one bunch acts 

as a focusing lens in both planes. For like sign bunches the force 

is repulsive and equivalent to a defocusing lens. For particles 

travelling close to the axis the lens will be nearly linear while it 

is strongly non linear for particles with a large displacement. 

This interaction affects the particle motion in several ways: 

- it excites coherent transverse oscillations 

- it introduces a non linear coupling of vertical and horizontal 

motion 

- it excites higher order resonances. 

Although the beam-beam interaction is strongly non-linear it 

is commonly parametrized by the tune shift AQ induced by its linear 

part. We will here estimate the tune shift suffered by a proton 

of normalized energy y traversing a bunch containing N, electrons 

GauBian distributed transversely to the beam axes with rms size 

ox and o . 2 

The focal length of such a "space charge" lens can be written as: 

1 

fp 
= (k !&); = (ox 2Ne Ir! 

U ex + &) & yP 

The stars indicate that beam sizes are evaluated at the crossing 

point, u = x or y. 

The tune shift caused by a lens of focal strength 

cated at a position where the amplitude function has 

is given by: 

AQ = $+z! 

f = & lo- 

the value f3 

(5.13) 

Introducing the strength of the lens from eq. 9.27 yields: 

AQP = U 

To find the effect of the electron beam on the proton beam one may 

to first order simply replace p by e in the formulae above. 

It is clear that the ultimate tune shift limit must depend on 

the details of the machine and the tune advance between crossings. 

However, it has been found experimentally at the high energy 

electron machines that a tune shift of AQe 5 0.025 is acceptable 

:., 
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Table 10.1 - HERA lattice parameters Fig. 10.2 shows a cross section through the tunnel in the arcs 

with the proton machine installed above the electron ring. 

Circumference (m) 

Number of superperiods 

Lattice 

Straight section length 

Normal cells /octant 

Dispersion suppressing cells/ 
octant 

Number of dipoles / cell 

Magnetic length of dipole (m) 

Aperture of bending magnet (mm) 

Bending radius (m) 

Bending angle (mrad) 

Magnetic length of 
quadrupole (m) 

Aperture of qdadrupole (mn) 

Betatron phase advance/ceil 

Momentum compaction 

Transition energy (GeV) 

Working point Q,/Qz 

Cell quadrupole focal 
length (m) 

Cell quadrupole gradient (T/m) 

Amplitude functionR Inax (m) 
Cmin (ml 

max(m) Dispersion imin(m) 

p-ring 

6336 

4 

FODO 

360 m 

9 

4 

6 

6.08 

60.0 5 

603.8 

10.07 

l.SO 

60.0 b 

90° 

1.315.10-3 

25.9 

32.15/35.19 

16.6 

91.2 

80.4 
13.8 

A:992 

e-ring 

34.5% 

2 

2 

5.446 

70 x 40 

540.9 

1.00 

50.0 B 

60° 

o.495.10-3 

48.3148.2 

7.8 

12.7 

27.2 
9.1 

0.39 
0.24 

x The horizontal bend of each spinrotator is equivalent to that 

of 2.5 normal cells. 

In the e+e- mode of HERA the cell length is a free parameter which, 

for a given emittance and hence luminosity, may be chosen for mini- 

mum cost. In the ep case, the proton cell length should be an inte- 

gral multiple of the eiectron cell length. The electron emittance 

and hence the focal length should be chosen such that it is possible 

to match the electron and the proton beam sizes at the interaction 

point for a given horizontal/vertical coupling of the electron beam. 

It can be shown that the optimum cell length is around 10 m for an 

aperture limited e+e- design luminosity of 4 10 
31 -2 -1 

m s at 

2 . 25 GeV. Since the minimum is rather flat we have chosen a cell 

length of 15.692 m for mechanical reasons. In an octant of the elec- 

tron ring there are 34 l/2 periodic cells and 2 dispersion sup- 

pressing cells in the arcs and 2 l/2 cells are incorporated into the 

spin rotator. 

The large number of electron cells per octant reflects the need 

to have a dense focusing structure for the electrons. In the electron 

ring the beam emittance is determined by the equilibrium of synchro- 

tron radiation and focusing strength (eq. 7.39). A dense focusing 

structure leads to a smal? beam emittance, low synchrotron frequency 

and .a lower r.f. voltage. It is also possible to match the vertical 

electron beam size to that of the proton in the interaction point 

by varying the emittance. 

:. ..- i _’ 
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The chromaticity is compensated using two families Of SeXtUpOleS 

located adjacent to the focusing quadrupoles. 

The useful aperture of the proton ring is presumably limited by 

non linearities rather than the geometric aperture: 

These non linearittes result from: 

- The sextupoles needed to compensate the natural chromaticity. At 

Fig. 10.2 - A cross section through the beam tunnel in the arcs. 

least two families are needed and their strength can be written as 

mF = '$'F = T f 1 (‘t 
NC (8F - 5~) 

(10.1) 

DF 
mD = smF 

CT, is the chromaticity resulting from the straight sections and 

NC is the number of cells. 

- The higher field harmonics caused by the approximation to a cos9 

current distribution in the dipole magnets and by positioning errors 

of the wires. The field can be written as a sum of the harmonic co- 

efficients bn for normal multipole fields and an for skew multipole 

fields. These coefficients are obtained from the Fourier expansion 

of the azimuthal field component. 

Be(r,B) = B, ,, ( k )n-l (bncosn8 - ansin r&l) (10.2) 

B. is the induction on the axis and r. = 2.5 cm is the reference radius. 

The tolerances on the field components were taken to be the same 

as those imposed on the FtiAL magnets: 

Normal and skewed quadrupole: a2, b2 = 2.5.10 -4 

Sextupole : b3 = fj.10-4 

Skewed sextupole and all higher nultipoles4 
including the 18-pole = 2.10 

: -. 
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This distribution was assumed to be a GauBi.an centered at zero 

with a rms value a third of the tolerances listed above. A cold iron 

magnet has much higher values of the multipole components and their 

relative strength also changes with current due to iron saturation. 

- Persistent currents. These currents induce mainly a constant se- 

tupole field with a strength proportional to the filament diameter. 

For the 10um filaments used in the HERA cables the relative strength 

of the persistent current sextupole relation to the dipole field 

is -2 . 10 -3 at the injection energy of 40 GeV. If left uncorrected 

these sextupoles would introduce a chromaticity of 5, = -181 and 

6, = 143. We assume that the mean value of the persistent current 

sextupoles are compensated by a bucking field such that only the 

+ 10% fluctuations must be included in the computations must be in- 

cluded in the computations. 

The resulting nonlinear aperture was investigated using a fast 

tracking programne4'). The particles, with a given initial amplitude 

are tracked around the ring and their amplitude checked after each 

sextupole. If at least one particle is found outside the goemetric 

aperture then the amplitude is unstable, if all particles (in ge- 

neral 16) survived 100 turns then the amplitude was called stable. 

The stable amplitude for the cell depicted in Fig. 10.1 is plotted 

versus manentum i,n Fig. 10.3. The computation was done at the in- 

jection energy of 40 GeV for a phase advance of 60' and 40' per cell. 

Fig. IO.3 - The stable amplitude limits at the injection energy 

of 40 GeV are plotted versus momentum for a phase ad- 

vance of 60' corresponding to Qx/Q, = 33.15 / 35.18 

and a phase advance of 90' yielding Qx/Q, = 25.16 / 29.23 

The limits are evaluated for a rectangular and an 

elliptical phase space distribution. The maximum 

horizontal beam size (2.20x) at 40 GeV and 820 GeV 

is shown for comparison. 

Within the accuracy of the computation the non linear aperture is 

the same for 60' and 90' phase advance. For a rectangular beam phase 

space and cx = cZ the non linear aperture is on the order of 14 mm. 

It might be more realistic to assume an elliptical phase space and 

in this case the aperture is around 18 nun, The aperture at 820 GeV 

is slightly larger since persistent current effects can be neglected 

. . . . j:.. 
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into DESY. At DESY the protons are captured into three 100 m long 

bunches. The momentum spread is 1.2 . 10s3 corresponding to a bunch 

area of 0.005 rad. A peak voltage of 1.43 kV at a frequency of 

0.891MHz (h-3) is needed at injection.The protons are accelerated 

through transition (ytr = 5.680) and transferred bunch by bunch into 

PETRA. Note that the protons are injected at 7.6 GeV which is above the 

the transition energy (Ytr =6.0) in PETRA. The frequency at injection 

is 2.817 MHz and the peak voltage is 11.22 kV. Such a system can 

easily be realized using ferrite loaded cavities. Longitudinal in- 

stabilities do not appear to be a problem - theLaslett Q shift is 

-0.103 at injection and(Z/n)must be less than 40fi to avoid the mi- 

crowave instability. 

PETRA is loaded with 18 out of 20 possible bunches spaced 384 ns 

apart. PETRA will then accelerate the protons to 40 GeV, limited by 

the saturation of the dipole magnets. At injection the r.f. frequency 

is 10.33 Wiz with a peak voltage of 19.8 kV. At the end of the ac- 

celerating cycle the r.f. frequency is 10.41 MHz and a peak voltage 

of 8.35 kV. The Laslet Q shift is only -0.040 at injection and 

(Z/n) must be less than 14.4 Ohm at 40 GeV. 

Since the required frequency swinq is only 0.6% cheap re- 

entrant r.f. cavities can be used instead of ferrite loaded cavities. 

At 40 GeV the bunches can be made short without creating a large 

Q-shift and it is therefore possible to go directly to the final r.f. 

frequency of 208 MHz in HERR. At 40 GeV in PETRA the bunch is 10 m 

long. Clearly the bunches must be compressed to about 1.3 m before they 

are transferred to HERA. The simplest way to do this is to perfonn a one 

quarter bunch rotation in an abruptly increased bucket. This reauires 

much less voltage than adiabatic compression of the bunch and the voltage 

is only required during the short time of one quarter synchrotron oscil- 

lation. The bunches must then be transferred between PETRA and HERA in 

one go and this is possible since the ratio of the circumference is 80 

to 220. The bunch rotation can be done by simply pulsing the accelerating 

cavities to some 500 kV for about a msec. 

The PETRA cycle is repeated 12 times until HERA is loaded with 210 

bunches spaced uniformly by 96 ns except for a notch 1 11s lonq. The 

notch is needed for the risetime of the beam abort kickers. 

There are several reasons for choosing a rather low r.f. frequency 

in HERA. 

Firstly we have seen that a low frequency makes the final bunch 

compression in PETRA easier. 

The inductive wall impedance shiftsthe coherent synchrotron frequency 

according to eq. 9.19. Landau damping breaks down if this shift exceeds 

the incoherent frequency spread of the particles in the bunch. The 

voltage required to orevent this (eq. 9.19) is proportional to u:.~. 

for a given ratio of bunch length to bucket length. Even for a (Z/n) 

as low as 5 R the r.f. peak voltage must be 100 MV for a r.f. frequency 

of 208 MHz and a bunch length of 38 cm. Lower frequency r.f. cavities 

are difficult to fit into the ring due to their larger diameter. 

10.3 Interaction Re9ion- _ 

The interaction reqion in an electron-oroton collider is complex. 

It must bring the two different beams into a small angle low beta 
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collision geometry and it must turn the electron spin to be either 

parallel or antiparallel to the beam direction at the interaction 

point. Furthermore, the dispersion in the lattice must be made to 

disappear in the straight section, and sufficient space for r.f. 

cavities, injection and ejection system must be found. 

Rather strong quadrupole fields are needed to focus the proton 

beam and it therefore seems advisable not to pass the electrons 

through the field of the proton quadrupoles. 

In the design we must first decide whether to use a head on col- 

lision geometry, or to opt for a crossing angle. Since luminosity 

and beam-beam tune shift vary in the same manner with crossing angle, 

a larger angle would simply achieve the same conditions as a head 

on collision but requires more protons and electrons. To optimize 

the luminosity, the interaction region must be designed to produce a 

small value of the betatron function at the interaction point. The 

minimum value of the betatron function is presumably limited by the 

maximum chromaticity introduced by the vertically focusing quadru- 

poles. The vertical chromaticity introduced by the eight vertically 

focusing quadrupoles is given by: 

(10.3) 

f is the focal length and B* the value of the betatron function at 

the interaction point. The quadrupoles must thus be positioned as 

close as possible to the interaction point, To set the scale, the 

arcs contribute ca 
Y 

= 30 to the vertical chromaticity. The arbitrary 

assumption that the interaction region should make a smaller contri- 

bution yield the inequality 5 < 458. 

In the head on collision geometry the electron and the proton 

beam must be separated by a dipole magnet. In order not to flood 

the interaction region with synchrotron radiation this bend must 

be rather gentle and the vertically focusing proton quadrupole will 

therefore be located rather far from the interaction point. 

In the present layout (Fig. 3.2) we have chosen to cross the 

beams at an angle of 2 10 mrad in the horizontal plane. A horizontal 

crossing is advantageous since the width of the electron beam is much 

larger than its height. The large crossing angle makes it possible 

to install the proton quadrupoles directly following the electron 

quadrupole. In the present layout the front face of the vertically 

focusing quadrupoles is positioned at + 7.5 m and at t 10 m with 

respect to the IP for electrons and protons respectively. It is pos- 

sible to detect particles down to 13 (32) mrad. This is more than 

sufficient (Fig. 2.12) to measure the formfactors with high preci- 

sion at values of Q2 which overlap with present data. Note that the 

two machines are totally independent. It is thus possible to inject 

into one ring while leaving the other at high energy. It is also pos- 

sible to vary the center of mass energy by changing the proton energy 

and keeping the electron fixed at 27.5 GeV where polarisation is ex- 

pected to occur. 
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The next problem is to incorporate the spin rotators. Several 

possible designs exist. The solution presently adoptedis shown 

schematically in Fig. 10.4. 

V 
to IP - 

“rr 
HERA spin rotator 

(schematic) 

Fig. 10.4 - Principal layout of the spin rotators. 

The essential part of the rotator is a horizontal bending magnet 

which causes the spin to precess by TI around the vertical axis 

and is surrounded by two vertical bending magnets of opposite sign 

that generate a spin rotation of + 71/4 about the radial axis. A 

pair of vertical bending magnets restores the original beam direction 

without changing the spin direction. There is again one such rotator 

at each end of the straight section; the firstmakes the polarisation lon- 

gitudinal and the second restores the transverse polarisation. For 

opposite helicity at the interaction point, all vertical bends are 

inverted, while the horizontal bends remain unchanged. Since these 

horizontal bends are rather strong, they are designed to be a part 

of the normal bending in the arc. In the HERA design each horizontal 

rotator magnet replaces exactly 5 of the 78 normal cell bending 

magnets per octant. 

The horizontal bending magnets must thus deflect the particles 

through a well defined angle. a = 50.32 mrad and precess the spin 

around the vertical direction by 4 
Y 

= T. Since 4 y = (Ya) (r, both 

conditions can only be satisfied for a single energy E. = 27.8 GeV 

corresponding to a spin tune v = (ya) = 62.4 GeV. 

To operate the rotator at a different energy requires two cor- 

rection bends to feed the beam band into its nominal position in 

the arcs. With such correctors it is possible to properly operate 

the rotators in an energy range of, say 0.5 GeV around E. and ex- 

plore the optimum between depolarising resonances. 

The final layout of the interaction regions is shown in Fig. 3.2. 

The spin rotators are located at the ends of the f 180 m long 

straight sections. With the expections of the vertical spin rotator 

bends the electron ring stays in the plane. Note that the 1st 

bending magnet is located nearly 120 m from the IP. Detailed calcu- 

lations show that it is possible to position detector elements 

:.:. .:. 
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The vertical emittance for the electron beam is determined by the 

vertical and horizontal coupling. Couplings as small as 1% have been 

observed at PETRA. The spinrotator will increase the vertical coupling 

and with the present rotator we find a value of 10%. This can be 

reduced and we assume a coupling of 4% for the calculations here. To 

maximize the luminosity the phase advance per cell is adjusted in 

discrete steps of 30°, 45', 60' and 90'. 

The luminosity is also proportional to the number of bunches per 

beam. In the case of a crossing geometry the number of bunches is 

a free parameter. In the present design we have limited the number 

of bunches to 210 corresponding to a spacing of 28.8 m between ad- 

jacent bunches. 

The electron current at high energy is limited by the available 

r.f. power. At HERA we assume that at most 12 MW is available at 

the r.f. cavities. It takes about 4.0 MW to establish the required 

circumferential voltage of 166.7 MV at 30 GeV. With an average 

energy loss of 142.3 MeV per turn the remaining 8 MW iS Sufficient 

to accelerate a current of 56 mA. 

For the protons we assume a limit of 3 . 10 
11 protons per bunch. 

As a comparison 10 l1 protons per bunch have been stored at the SPS 

collider. The hope for increase in protons is based on a very smooth 

beam pipe with a low (z/n), a high r.f. peak voltage to produce a 

E, = ZOGeV- 

E,.275GeV 

E,=3OGeV- 
E,= 10&V - 

200 300 4C0 5% 600 7.3 800 E, IGeVl 

Fig. 10.5 - Luminosity as a function of proton energy for various 

electron energies, The luminosity limiting parameters 

are indicated, 
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high line density and the use of octupoles and feed back systems to 

stabilize the beam. 

The luminosity is plotted in Fig. 10.5 versus the proton energy 

for electron energies of 10, 20, 27.5 and 30 GeV. Listed in the 

brackets is the phase advance per cell in the electron beam which' 

with the parameter in the proton respectively in the electron beam which 

limits the luminosity. Note that at 30 GeV the luminosity is limited 

by the available currents - i.e. the luminosity can be increased 

by either storing a higher current or by moving thequadrupoles 

closer and lower the vertical 8 function. Indeed at 30 GeV and 

820 GeV the tune shifts are rather low Qxe/Qze = 0.008/0.014 and 

Qxp’Qzp = 0.0006/0.0009. 

At Ee = 20 GeV sufficient electron current can be stored to 

reach the proton tune shift limit. In this case a peak luminosity 

of 3 * 10 32 ~rn-~s-l is realistic. 

With the luminosity predicted at HERA we should thus be able 

to explore the kinematical region Q2 > 10000 GeV2 where surprises 

are expected to occur. With some luck this may happen before the 

end of the decade. 
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Abstract 

I. INTRODUCTION 
We have recently completed the first part of running for experiment 

E-609 at Fermilab. The E-609 hadron jet experiment uses a 132-segment 

g-steradian full azimuth calorimeter with tower structure. Additional 

parts of the apparatus are described in the paper. A novel triggering 

system allowed us to take data with many different kinds of triggers 

sim"lta"eo"sly. We give a preliminary report on data obtained in 400 

GeV pp collisions, concentrating on data from two triggers, both of which 

have no special geometrical requirement for the form of the transverse 

energy deposition. One of these was a global total E-transverse trigger; 

the other was a "2-high" trigger, which required that 2 or more calorimeter 

segments (any 2) each give a signal larger than about 1.0 GeV/c. We present 

details of an analysis of the planarity distributions of the data. A method 

of randomizing the data is presented that allows us to determine the extent 

to which the data can be explained by simple random fluctuations. This 

analysis shows that there is a few percent of jetlike events in the global 

trigger data. The "2-high" trigger, however, shows a clear excess of high 

planarity, jetlike events, on the order of 20% of the sample, over what is 

expected from random fluctuations of isotopic events. 

We have recently completed-the first part of running for experiment 

E-609 at Fermilab. The E-609 hadron jet search experiment uses a full 

azimuth calorimeter with unique well-proven design features. The flexi- 

bility of the E-609 detector system allowed us to take data with simul- 

taneous "se of approximately two hundred different trigger conditions. In 

this note, we give a preliminary report on data which we obtained using 

transverse energy triggers and related triggers which have no special 

geometrical requirement for the transverse energy deposit. 

Interest in understanding the effects of using such triggers has in- 

creased since the NA5 experiment at CERN reported an absence of clear jet 

structure in 300 GeV hadron collision events having large transverse 

energy. (') This absence, as observed by NA5 in the first hadron calorimeter 

experiment with full coverage in azimuthal angle, has stimulated several 

calculations and models (2) concerning the origins of large ET events and has 

also raised questions concerning hadron jet phenomena which had been previously 

observed at Fermilab and the ISR. (3) 

II, EXPERIMENTAL SETUP 

Our detector system, shown in Fig. 1, is located in the M6E beam line 

at Fermilab.. The results described in this note were obtained using a 400 GeV 

proton beam. The heart of the detector system is a segmented sampling scin- 

tillation calorimeter, coqsisting of 132 towers of four longitudinal sections 
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each. These towers point at the liquid hydrogen target, SO that the cascade 

shower crosstalk between adjacent towers is minimized. The front face of 

the calorimeter is shown in Fig. 2. The calorimeter has several special 

features which prevent spurious responses such as high pulse height tails 

and hot spats.(4) Transverse momentum in each calorimeter segment is the 

product of sin theta-lab and the deposited energy. Calorimeter module 

signals were balanced against each other by steering a muon beam through each 

module and adjusting the high voltage to achieve the required pulse height. 

The calorimeter response was then determined using hadron beams of various 

momenta. The analysis of the calibration data is still in progress, and the 

PT scale of the data reported here is uncertain to lo-15 percent. 

The detector system also incorporates a magnetic spectrometer using 12 

planes of drift chambers, 3 PWC planes, and a magnet with a small transverse 

momentum kick of % 0.1 GeVfc, This small value was used Co avoid large 

systematic shifts in trigger thresholds, which are determined by the geometry 

of the calorimeter and based on straight line trajectories. Another special 

feature of our detector system is the imaging Cerenkov counter (5) for secondary 

particle identification. 

Data were taken using many types of triggers concurrently. Most of these 

.triggers summed the transverse energy in the calorimeter in particular 

geometric regions (e.g., MtwO-arm” triggers or “one-arm” triggers). However, 

the results presented in this note are based only upon triggers for which no 

special geometric requirements were imposed. as described in the next section. 
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III. PLANARITY ANALYSIS 

Our analysis effort to date has focussed on the question of whether 

events observed using as a trigger the total transverse energy (called 

the "global" fxigger) show evidence for clustering of the secondary 

hadrons, i.e., "jet," behavior. We have studied "planarity" distributions, 

as used in the CERN NA5 analysis, (1) as well as azimuthal distributions, 

which have been used in the E-557 Fermilab analysis. (6) 

The experimental planarity distribution which we obtained for global 

trigger events with ET > 11 GeV into the angular region 17 < theta-lab < 122 

mrad (i.e., 30 degrees < theta c.m. < 120 degress) Is given in Fig. 3. Note 

that the side "wings" of our calorimeter array as shown in Fig. 2 were not 

used in our planarity analysis. The planarity distribution in Fig. 3 is 

similar to those reported by the NA5 and E-557 experiments. (The agreement 

concerning the absolute cross section for E T (global) triggers among the 

three experiments has not yet been studied thoroughly.) 

The central physics question concerning Fig. 3 is whether the rather 

non-planar average character of the events is due to all events having little 

or no jet structure, or whether, to the contrary, Pig. 3 contains some 

number of jet-like events (e.g., with planarity > % 0.8) which are not merely 

statistical fluctuations of the average (non-planar) events. To answer this 

question requires knowledge of the planarity distribution to be expected in 

the absence of jet behavior. We have estimated the uncorrelated particle 

planarity distribution by taking the events and destroying any dynamical 

correlation by randomizing the azimuthal angles of the particles in the 
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event. We retained the effects of momentum conservation, however, by re- 

quiring that the randomized event have approximately the same degree of 

transverse momentum unbalance as the original event. In detail the 

vector difference between the original and final transverse momentum un- 

balances was required to be less than 0.5 GeV in magnitude. Preliminary 

studies show the results to be insensitive to the exact value of this cut. 

This restriction was applied by the brute force technique of redoing the 

randomization until the cut was satisfied. A somewhat subtle point in 

this analysis is the fact that we want to randomize,actual particle mcmenta 

while what is measured is energy deposition in calorimeter segments. We have 

used a simple algorithum to combine calorimeter segment energy into clusters. 

The clusters are then the quantities randomized. The algorithum is con- 

servative in the sense that it tends to some extent to overestimate the 

planarity after randomization. 

I 
The randomized planarity distribution for the global trigger events is 

f 

II& - 

shown as the dashed line in Fig. 3. The randomized distribution fails to 

account for the frequency of events at high planarity, say greater than 0.8. 
tJ 1 _ 

I 
However, it appears that at most a few percent of the events are in the excess 

-L, - above Q 0.8. Clearly what is needed is some additional, but still geo- 
,111 ,111 ,I,) ,,), *, , metrically unbiased, trigger requirement to enrich these events in the sample. 

0 0.2 0.4 0.6 0.8 1 We have tried to achieve this by considering only events in which any two 

Planarity to more calorimeter segments each detected a pT of greater than, say, 1 &V/c. 

Figure 3. Distribution in planarity of events satisfying the 
global trigger with ET > 11 GeV. The data are shown by the 
solid histogram. The dashed histogram shows the distribution 
of the data after randomization of particle azimuths by the 
procedure described in the text. 

This minimum value is high enough to be improbable in the low pT (e -6;T) 
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single particle distribution, and yet low enough to be very probable in the 

fragmentation of partons having a few GeV/c of transverse momentum. Our 

"two-high" trigger had the sole requirement that any two calorimeter segments 

each have ET > 1 GeV, and produced events whose planarity distribution is 

shown in Fig. 4. For direct comparison with Fig. 3. this figure shows only 

events having global F.T > 11 GeV. It is evident that these events are sub- 

stantially more planar than those in Fig. 3. The possibility that statistical 

fluctuations of non-correlated particles led to the observed planarity 

distribution of Fig. 4 was estimated using the same'randomization method 

described abovqand the results are again shown by the dashed line. Our 

conclusion is that the event sample with planarity > 0.8 from the "two-high" 

trigger contains a significant fraction of events (probably > 50 percent) 

having dynamical momentum clustering (rather than being statistical 

fluctuations of events having no real jet structure). 

We have also examined this “two-high" trigger as a function of the total 

global ET deposited in the calorimeter. Figure 5 shows the data and ran- 

domized planarity distributions for "two-high" trigger events for global ET 

bins of 2 to 5 GeV, 5 to 8 GeV and 8 to 11 GeV. There is still substantial 

evidence for an excess of high planarity events in the 8 to 11 GeV sample, 

but little below 8 GeV. Note in particular the 2 to 5 GeV data that are 

vary planar but show little excess over the randomized distribution; pry 

sumably the high planarity is the result of momentum conservation. 

150 
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Pltk?XLdty 
Figure 4. Distribution in planarity of events satisfying a 
trigger requiring any two calorimeter segments to each have 
pT greater than 1 GeV/c. The events in this plot also have 
global ET > 11 GeV. The data are the solid histogram and 
the dashed histogram shows the data after randomization of 
particle azimuths. 
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Figure 5. Planarity distributions of two-high triggers for three 
ranges of global ET. The data are the solid histograms and the 
dashed histograms show the distribution after randomization of 
particle aximuths. 

We have also examined the planarity distributions from a simple Monte 

Carlo program that generated events whose single hadron pT distributions 

and multiplicity distributions agree with experiment and which are con- 

strained to satisfy transverse momentum conservation. The planarity 

distribution from the Monte Carlo cannot account for the numbers of events 

with planarity greater than 0.8 seen in the data. 
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IV. CONCLUSIONS 

From data recently obtained in E-609 on 400 GeV/c pp interactions We 

have presented results using two geometrically unbiased triggers. We find 

that while only a few percent of the "global trigger" events show di-jet 

characteristics at large ET, there is a substantial excess of jetlike events 

over that expected from random distributions of particles in events selected 

by the "two-high" trigger. Further studies of the properties of these events 

are in progress.(') Finally, we note that the "two-high" events are also 

present in the "global trigger" sample but are masked by other events 

lacking a clear di-jet structure that satisfy the global trigger with about 

an order of magnitude greater cross section. 

This experiment could not have been carried out without the efforts of 

many people at Fermilab. We would particularly like to thank Dr. H. Haggerty 

and his group for their efforts with the superconducting beam line. 
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A Search for Neutrino OscillationS 

with Am2 Y 20 eV2 
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Columbia University, 

New York, NY 10027 

Abstract 

The status of an experiment by the CCFR collabora- 
tionl to search for neutrino oscillations is reported. 
The experiment uses two similar detectors at two 
different locations in the Fermilab dichromatic neutrino 

beam. The measurement is made with a flux of 3.4 x 1018 
protons on target and is sensitive to neutrino oscilla- 

tions with 20 eV2 < am2 < 8 00 eV2 and sin2(2a) > 0.05. 

1. Introduction 

There are many theoretical suggestions2 that a 
neutrino of one type such as a v ~ may oscillate into 
a neutrino of a different type such as ve, v7, g P , or 
some presently unknown additional type. If there are 
two neutrino eigenstates of the weak interaction, \vcI> 

and \vx>, with different masses, and which are quantum 
mechanical mixtures of the neutrino mass eigenstates, 

Ivl' and Iv,>, with masses Ml and M2 : 

IvcL> = COSU~V~> f sinalv2> , 

IV,> = -sina\vl> + c0salv22 ; 

where a is the mixing angle which characterizes the 
contribution of the mass eigenstates to the weak 

interaction eigenstates. In order for oscillations 
to occur, the mass difference, Am2 = Ml2 - Mz2, must 
be non-zero. so at least one of the neutrinos must 
have a non-zero mass. In addition, a coupling must 
exist between the two neutrino types so that lepton 
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inumber is not exactly conserved. If this is the case, 
then the probability P of the appearance of a neutrino 

oftypev X 
at a distance L from the source where a v 

c1 
was initially created is: 

P(vK-vx) = sin2(2a)sin2(1.27~m2L/Ev) (1) 

where the mass difference is in eV2, L is the distance 
from the source in kilometers and EV is the energy of 
the neutrino in GeV. 

There are two classes of experimental searches for 
neutrino oscillations. Firstly, there are exclusive 
searches, which look for specific oscillations, such as 
V~ - v, or vp - v7; and secondly, there are inclusive 
searches, which look for a decrease in the apparent 
cross section caused by a specific type of neutrino 
oscillating into another state. A positive signal in 
an exclusive search in a v ~ beam would indicate the 
probability of vF going into another neutrino is non- 

zero, whereas in an inclusive experiment a positive 
signal indicates that the probability of v 

P 
to remain a 

% 
is not one. Exclusive searches for ve interactions 

in a vw beam are sensitive to VP oscillations into 

either v or vT 
in the v; beam. 

and are limited by the ve contamination 
This type of experiment is not sensitive 

to vp + vx if vx does not interact and give a charged 

lepton. A summary of the present status of neutrino 

oscillation experiments may be found in the article 
by H. H. Williams in these proceedings. 

The advantage of an inclusive experiment may be 
demonstrated by considering some possible cases. 
Suppose there is a fourth flavor of charged lepton h, 
with a high enough mass to prevent its observation 
by PEP or PETRA experiments. While the cross section 
for vhN - h-x would be highly suppressed by phase 
space at Fermilab energies, oscillations of the type 

'k - 'h would be no less likely than other neutrino 

oscillations. However, the v 
P 

- vh oscillation 

would reduce the apparent charged current cross 
section and would therefore be observable in an 
inclusive experiment. Another case where an inclusive 

experiment provides a unique probe of oscillations 
is the mixing of a muon neutrino with a non-interacting 

type of neutrino. An example of such a sterile 
neutrino would be a left-handed muon antineutrino, 

or a Majorana neutrino. If right-handed leptonic 

couplings exist, then oscillations of the type 

% - % 
would also cause an apparent reduction in 

the charged current cross section. 
The neutrino oscillation Experiment 701 at Fermilab 

is unique in two ways. First, the range of neutrino 

energies between 50 and 250 GeV, the distance from 
source to detector of 500 to 1000 meters and the 
length of the neutrino source of 342 meters are 

optimal for observing oscillations in the mass range 
of 10 to 1000 eV2. Lower energy experiments at 

reactors, LAMPF, BNL or the CERN PS cannot reach Am2 

values greater than 10 eV2. Second, the cross section 

for neutrino interactions at Fermilab is larger than 
that found at lower energy machines. The statistics 

of this experiment of 450,000 charged current events 
in both detectors far exceed those possible at 

these other machines. The sensitivity of an inclusive 

experiment to small mixing angles is directly related 

to the size of the event sample. This experiment is 

sensitive to values of ain' below 0.05. 
Inclusive searches for oscillations are difficult 

because they must either compare measurements of c 
total 
VP 

at different energies or at different distances from 

the neutrino source. The comparison of different energies 
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is severely limited by systematic uncertainties in the 

calculated neutrino flux as a function of both energy 

and time. These uncertainties ultimately limit the 

accuracy of total cross section measurements. At 

present, there are two high statistics measurements of 

the neutrino and anti-neutrino total cross section, 
CFRR at Fermilab and CDHS at CERN. 4 These experiments 

quote systematic flux errors of S-10% which limit the 
observation of changes of the cross section with energy. 
Even though the two experiments are at two different 
distances from their neutrino sources, any comparison 
between them to measure oscillations is rendered useless 

by the errors in their relative flux normalization. 
These problems of flux normalization cau5e the 

only reliable method of performing an inclusive oscilla- 
tion search to be simultaneously measuring the inter- 
action rate in two similar detectors located at two 
different distances from the neutrino source (decay 

pipe) - Since the two detectors are exposed to the same 
neutrino beam at the same time, the systematic uncer- 

tainties are minimized. For the CCFR two-detector 

experiment at Fermilab, the systematic error8 are 

below 1% and do not limit the ultimate sensitivity of 
the experiment. 

2. Apparatus 

The two detectors used in the CCFR experiment 

consist of the Lab E 1000 ton CFRR detector used 
previously in Fermilab Experiment 616, 3 and a totally 

new 200-ton detector constructed in the Wonder Building. 
Roth detectors sit on the Fermilab dichromatic neutrino 
beam line as shown in Fig. 1. 

The Lab E detector is shown in Fig. 2. It consists 

of a calorimeter target followed by an iron toroid muon 

magnetic spectrometer. The target calorimeter contains 
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_ 690 tons of square steel plates (10 ft x 10 ft x 2 in.) 
interspersed with spark chambers (every 20 cm of steel) 
and liquid scintillation counters (every 10 cm of steel). 
The target is divided into six modules of equal size 
of which the downstream four modules were used for E-701 
data taking. The muon spectrometer is made up of three 

toroidal iron magnets. Each toroid has a radius of 

5 ft 11 in. and a central hole for the excitation coils 

of 5 in. in radius. There are eight planes of doped 
acrylic scintillation counters (every 20 cm of steel) in 

each toroid. In addition, each toroid is followed by 

five spark chambers. The measured resolution of the 
calorimeter is: 

The total Pt kick of the toroids is 2.4 GeV/c and the 
momentum resolution for muons is 11%. 

The Wonder Building detector, shown in Fig. 3, is 
similar to the Lab E detector. The detector target is 

5 ft x 5 ft in transverse dimension because neutrinos 
which traverse near the 5 ft edge in the Wonder Building 
end up near the 10 ft edge of the target in Lab E. 
Fiducial cuts are made in both detectors in order to 
compare regions of the target for which identical 
fluxes are subtended. The target is made up of fifty- 

six 5 ft x 5 ft x 4 in. steel plates, seventeen 5 ft x 
10 ft spark chambers and forty-six 5 ft x 5 ft x 1 in. 
doped acrylic scintillation counters. 

The muon spectrometer in the Wonder 6uilding needs 
to be of similar size to the Lab E spectrometer because 
the kinematics of the muon angle in neutrino interactions 
do not change between the two detectors. There is one 

toroid that is 10 ft in diameter, 96 in. in length, and 
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has a hole for the excitation coils that is 10 in. in 

diameter. There are twenty 5 ft x 10 ft spark chambers 
placed before and after the toroid. The hadmn energy 

resolution of the calorimeter is 90%/G . The total 
pt kick of the toroid is 1.2 GeV/c and the momentum 

resolution for muons is 16%. 

3. Methods 

The two detectors sit in the Fermilab dichromatic 
neutrino beam which produces neutrinos through the 
decay of roughly monochromatic pions and kaons. 5 The 
400 GeV/c protons from the main ring strike a 12-in. 

long Be0 target. Charged secondaries (pions. kaons, 
and protons) produced in the forward direction (S < 
1.6 mrad) of a selected sign and momentum CAP/P = 9.4%) 

are transported through a specially designed point to 
parallel beam channel and travel through a 340 m long 
evacuated pipe where some of them decay into neutrinos 

and muons. The surviving secondary hadrons and decay 
muons are then stopped by a beam dump followed by a 
600 m long earth shield. The neutrinos travel 743 m 

from the midpoint of the decay pipe to the midpoint 

of the Wonder Fmilding detector. They then traverse 
another 310 m of earth shielding before they reach 
the midpoint of the Lab E apparatus, which lies 1080 m 

from the midpoint of the decay pipe. The general 

layout is shown in Fig. 4. The neutrinos travel with 
negligible attenuation through the shielding,and some 

of them interact in the Wonder Building while others 
interact in Lab E. 

The two triggers used to identify charged current 
events were the same in both detectors. The muon 

trigger required a particle to penetrate the downstream 

part of the calorimeter and to qo past one iron toroid. 
Such events satisfy the kinematic requirements of 9 < 

IJ 
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Fig. 4: Experimental setup. 

100 mrad and PK 5 10 GeV/c. These events can be fully 
reconstructed since both hadron energy and muon momentum 
are measured. The penetration trigger required 4 GeV 
of energy in the target calorimeter and a particle 
penetrating through at least 1.6 m of steel. Additional 
software requirements of EH > 10 GeV and BK < 370 mrad 
were imposed. Events satisfying this trigger include 
charged current events where the muon is produced at a 
large angle, leaving the target calorimeter at the side 
and never reaching the spectrometer. The penetration 
requirement implies that P 

v 
> 2.9 GeV/c. In order to 

eliminate spurious triggers due to muons originating 
in the earth shield in front of each apparatus, the 
signal from a large scintillator in front of each 
detector was required in anti-coincidence with all 
triggers. 

Given the distances from the decay pipe midpoint 

to the Wonder Building detector of 743 m and to the 

Lab E detector of 1080 m, Eq. (1) predicts the event 
ratio for the two detectors shown in Fig. 5. The first 
significant maximum in the ratio occurs where the 
argument for the sin term is 3a/2 (not 7r/2/2): the first 
minimum occurs at T. This behavior is a consequence 
of the distance ratio of the two detectors from the 
neutrino source being 0.70. 

In a real experiment, the neutrino energy, E , is 
known with some precision and the distance from tYhe 

neutrino source, L, is known to the length of the 
detector and the length of the source, which in this 

case is the decay pipe. These errors in E and L tend 
to reduce the changes in rate expected frog Eq. (1). 
For example,.if two monoenergetic neutrino beams have 
energies that differ by 20X, then after three oscilla- 

tion lengths the lower energy has a maximum when the 
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higher has a minimum as shown in Fig. 6. To keep the 

smearing of the oscillating behavior less than 0.2 
oscillation lengths, the energy resolution must be: 

AEy/Ey<0.2NL , (2) 

where N L is the number of oscillation lengths to the 

detector. For an experiment with 10% energy resolution, 

Eq. (2) implies that the detectors are sensitive to 
rate changes in the one to three oscillation length 

region. This consideration translates into an upper 
limit on this experiment's sensitive region in Am2 of 
910 eV2. 

The finite length of the decay pipe also reduces 
the measured flux differences between the two detectors, 
especially when the oscillation length is comparable 
with the decay pipe length. The oscillation length 
defined as the distance in which the argument of the 
sin term in Eq. (1) changes by K is given by: 

L osc(meters) = 2.47 x lo3 * Ey(GeV)/Am2(eV)2 . 

For an experiment using 400 GeV protons incident on the 
secondary production target, the maximum neutrino 
energy is about 240 GeV and, thus, the maximum Am2 

probed is 1300 eV2. 
The lower mass limit to the sensitive region for 

detecting oscillations is due to the experimental 
errors. From Eq. (1). it can be seen that the ratio 
of events in the two detectors is approximately equal 
to 1.27(Am2/Ev)-(L2-Ll). which must be greater than 

the experimental error. The experimental error is 
composed of the statistical and systematic error. If, 
as will be shown below, the systematic error is less 
than l%, a statistical error of approximately 1% or 
more would affect the sensitive region. A straight- 
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No. OF OSCILLATION LENGTHS FROM SOURCE TO DETECTOR 

Fig. 6: Example of oscillations for two energies that 
differ by 20%. 

forward calculation of the lower mass bound on this 

region assuming 1% systematic error and the present 
experimental statistics yields: 

Am2 >lO eV2. 

There are two methods employed in comparing the 
event rates in the two detectors. In the first method, 
events are separated into bins of measured energy and 
a ratio is computed for each bin. In the second, each 
detector is divided into radial bins around the beam 
center,and event yields in corresponding bins are 

compared. The size of the event bins in the Wonder 
&ilding is scaled down with respect to those in Lab E 
by the ratio of the distance between Wonder Building 

and the decay pipe to the distance between Mb E and 
the decay pipe. These two methods are somewhat 
complementary, although each has certain advantages 
and systematic shortcomings. 

For the radial bin method, the neutrino energy 
and its spread in a given bin is inferred from the 

energy distribution of pions and kaons in the decay 
pipe. From the kinematics of the parent pion/kaon 

decay for a particular neutrino angle, i.e., for a 
particular interaction radius, it is expected that 
there should be neutrinos of two distinct energies 
arising from the decay of either pions or kaons. 
Neutrinos from kaon decay should have energies near the 
hadron beam energy,and neutrinos from pion decay should 
cover a range below 0.43 of the beam energy setting. 
For events satisfying the muon trigger, the measured 
energy is the sum of the total hadron energy measured 
in the calorimeter and the muon energy measured in 
the spectrometer. This should be the total neutrino 
energy. Figure 7 is a scatter plot of the total energy 
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Fig. 7: Scatter plot of event energy vs. 
interaction vertex radius for the 
Lab E detector. 

and radius of interaction for such events in the Lab 
E detector at a neutrino beam energy setting of +165 
GeV. Figure 8 shows the total measured energy of 
events in the Lab E detector. Figure 9 shows the radius- 

energy plot for the Wonder Bldg. detector. The radius 

of interaction has been scaled by the ratio of the Lab 
E decay pipe distance to the Wonder Building decay pipe 
distance so that Figs. 9 and 7 should be directly 
comparable. Figure 10 shows the total measured energy 

of events in the Wonder Iuilding detector. These 

figures show that the separation into two energy 
bands is clear. 

In the case of events satisfying the penetration 
trigger, which are events with a muon for which only 
hadron energy was measured, the neutrino energy is not 
directly measurable. However, a substantial fraction 

of the kaon neutrino events of this type have a hadron 
energy which is larger than E,, the maximum energy 
possible for a pion neutrino interaction. If the 

hadronic energy is lower than Ea and greater than 10 
GeV, the muon trigger has a very high acceptance for 
events due to kaon neutrinos. The small fraction of 

events not satisfying the muon trigger is determined 
from the kaon neutrino events satisfying the trigger 
by a geometrical correction. The remaining events in 

this hadronic energy band are then due to pion neutrinos. 
Finally, for events with a hadron energy less than 10 
GeV, the muon trigger acceptance is lOO%, because the 
muon production angle is constrained by kinematics to 

be very small. Since for these events the muon is 

always analyzed. the total neutrino energy is measured, 
and they can always be identified as due to pion or kaon 
neutrino interactions. 

The energy resolution or spread in a certain radial 
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Fig. 8: Total measured energy of events in 
the Lab E detector. 
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Fig. 9: Scatter plot of event energy vs. 
scaled interaction vertex radius 
for the Wonder 'Bldg. detector. 
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Fig. 10: Total measured energy of events in 

the Wonder Building detector. 

bin depends on the width in energy of the secondary 
pion/kaon beam, the angular divergence and transverse 
size of this secondary beam and the size of the radial 

bin. For kaon neutrinos the energy spread in a radial 
bin is dominated by the spread in secondary energy, 

which is approximately 9%. Since pion neutrino energy 
spread has sizable contributions from both beam diver- 
gence and radial bin size, it is somewhat larger than 
10%. For this reason, the energy binning method in 
which the detector resolution is 10% is more accurate 
for pion neutrinos. For kaon neutrino events, there 
are small corrections to the raw event rate due to the 
secondary beam shape coupled with the finite decay pipe 

length, errors in the beam center at each detector and 
errors in the relative position of the decay pipe with 
respect to the detectors. Figure 11 shows an estimate 
of the error introduced by these three effects. This 
estimate assumes a secondary beam with o0 = 0.14 mrad 

and ox = 2.5 in., an error in the relative beam centers 
of 1 in. and an error in the decay pipe position of 1 m. 
The beam center in each detector is determined to about 
l/2 in. by fitting the spatial distribution of pion 
neutrino evente. As shown in Fig. 11, the errors 
introduced by these effects are small and with correc- 
tions can be reduced to below 1%. 

When using the energy binning method, the energy 
spread within a bin is related to the measurement 

errors in muon momentum and hadronic energy, EB, 
discussed previously. At small y = EB/Ev, the neutrino 
energy resolution is about 10% for Lab E and 13% for 
the wonder Building. For pion neutrino events, this 
resolution is substantially smaller than the radial 
binning method. In addition, the number of events 
within a given energy bin is independent of the 
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Fig. 11: Systematic errors introduced by 
three sources to the ratio of events 
observed in corresponding radial 
bins of the two detectors. 

secondary beam size and divergence. However, the 

comparison of the detectors is dependent on their 

relative energy calibration. This relative calibration 

is determined directly from the data by comparing the 
mean energy in corresponding radial bins in the two 
detectors for kaon neutrino events. The 10% energy 

spread in a typical bin allows this cross calibration 
to be made to better than 2%. With the energy binning 

method, the sample of pion neutrino events is reduced 

by 25% since only those events for which the muon 
momentum is measured can be included. 

It is evident that a combination of the radial 

binning and energy binning methods can be used to 
measure the event ratio between the two detectors 
over the full energy range covered by pion and kaon 
neutrinos. The systematic errors introduced by the 

geometrical setup and the detector resolutions are 

less than 1%. An example of how a theoretical data 
sample similar to the present one would look with 

Am2 = 380 eV2 and sin2(20) = 0.2 after the analysis 

described above is shown in Fig. 12. A fit to this 

simulated data yields measurements of Am2 = 380 + 

11 eV2 and sin2(20) = 0.20 + 0.02. The results of 

this fit are displayed in Fig. 13. A fit assuming 

zero mixing yields a confidence level below 10 
-8 . 

4. Data Analysis 

Neutrino data from 3.4 x 10 18 protons on target 

were recorded at five secondary energies (250, 200. 
165, 140, and 100 GeV) from January through June 1982. 
The total sample of muon trigger events with a 
momentum analyzed muon included 257,000 events 
observed in the Dab E detector and 192,000 events in 
the Wonder Building detector. From these events, a 

sample is selected that passes severe fiducial and 
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Fig. 13: Results from fit to Eq. (1) of the 
data in Fig. 12. Contours are 1, 2, 
and 3 standard deviations. 
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reconstruction cuts. which ensure that all events 

occur in regions of good acceptance and small back- 
ground in the detector in which they were observed 
and in the region in which they would occur in the 
other detector. After these cuts, 65,000 events remain 

in the Lab E sample and 61,000 events remain in the 
Wonder wilding sample. These events constitute the 

basis for the measurement of neutrino oscillations. 
The cuts applied to the data include good 

secondary beam centering. requiring the event vertex 

within a 40 in. x 40 in. area in the Wbnder Building 

and the corresponding 62 in. x 62 in. area in Lab E. 
restricting further the fiducial region in the beam 
direction to establish definitively a muon track in 
the target, and requiring all muon tracks to have less 

than a 150 mrad angle with the incident beam direction, 
and to be reconstructed with a momentum greater than 
7.5 GeV and a x2 per degree of freedom less than 5. 

Moreover, each event is required to pass an additional 

series of geometrical cuts demanding a reconstruction 

of the muon track that passes through the trigger 

counters contributing to a muon trigger and through 
the steel of the toroids- Finally, each event is pro- 

jected and scaled to the detector in which it did not 
occur and is required to pass these same geometrical 

cuts. This last series of cuts ensures that events 

used for comparison of rates between the two detectors 

would, in fact, have been observed in both detectors. 

This enables rate comparisons independent of any 
physics assumptions including the physics of the 
primary interaction, multiple scattering or muon energy 

loss. Thus the comparison of the flux in the two 

targets is made unambiguously even though the targets 
are slightly different. The effect of the small 

, apparatus differences is to reduce slightly the number 

of events to be used in the comparison. 

The analysis of the muon triggers is at present 
incomplete. Therefore, Fig. 14 shows a calculation of 
the ratio of events in the Lab E detector to events in 

the Wonder Building detector vs. neutrino energy without 
the presence of neutrino oscillations, based on the event 
statistics. The estimated statistical error of each 
point is displayed, but its value is set to 1. This 
figure demonstrates the statistical power of the E-701 

data. These data can be translated into the display of 
the region of sensitivity of this experiment in the 
mixing angle, a, and mass difference, gm2, shown in 
Fig. 15. This shows good sensitivity for 20 eV2 < Am2 

< 800 eV2 with sin2(2a) as low as 0.05 and always less 

than 0.15. As previously mentioned, the sensitivity 
will improve with the inclusion of penetration trigger 

events. The event sample will increase by 50% at the 
lowest beam energy settings to 20% at the highest with 
the inclusion of these triggers. 
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tical power of the data- 

.3 

-ci 
N . 2 

N c 
v, 

I 

I 
100 

Am' (eV*) 
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ABsTRAcr 

Proton-antiproton collisions at & = 540 GeV are currently being 

investigated by experiment UAl at the CERN Collider. Topics presented 

in this talk include the latest results on multiplicity distributions, 
inclusive transverse momentum spectra for charged and neutral particles, 
correlations between high-pT charged particles, jet studies with preli- 
minary information on yield and the fragmentation function, transverse 
energy distributions,a search for Centauro-like events, and elastic 

pf; scattering. 

The UAl detector’ is a large solid-angle device with charged- 

particle tracking and electromagnetic/hadronic separation capability, 
and has been described elsewhere*. Briefly, it consists of a cylindrical 
Central Detector drift chamber with image read-out (x,y,z), surrounded 
by barrel and end-cap electromagnetic (e.m.) calorimeters of 26 and 27 

radiation lengths thickness, respectively, all of which is located in 
a dipole magnetic field of 0.7 T. The outer hadron calorimetry is 

realized by the laminated return yoke of the magnet instrumented with 
scintillator slabs and is 4.9 and 7.1 absorption lengths thick in the 

barrel and end-cap regions, respectively. tion drift chambers complete 
the apparatus by surrounding the hadron calorimeters on all six sides, 

as shown in Fig. 1. 

@ D. DiBitonto 1982 
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Fig. 2 Sample of events recorded in the central detector image cham- 
bers from the data sample presented in this talk 

-@ARCED-PARTICLE MILTIPLICJTY” 

The data sample here consists of 8000 events recorded in the 
central detector with zero magnetic field, with a track reconstruction 

efficiency E 2 96%. Corrections for secondary tracks include y conver- 
sions, with the y/s ratio taken from UAS, neutral strange particle 

decays, and nuclear interactions. The acceptance was determined as- 
suming azimuthal 0 synnnetry and by Monte Carlo tracks generated and 

reconstructed by program. 

The charged-particle multiplicity distribution is shown in Fig. 3, 
as a function of the pseudorapidity variable n = log tan B/2, and is 
consistent with a flat distribution in rapidity; the dip at n = 0 is 
a result of Jacobian transformation from rapidity to pseudorapidity. 

Pseudorapidity T 

Fig. 3 Pseudorapidity density distribution for all charged multipli- 
cities corrected for acceptance and background 

The height of the pseudorapidity plateau at n = 0 is: 

g = 3.3 i 0.2 (rj = 0) 

to be compared with our previously published value’ of 3.6 + 0.3, for 
which no correction for K’ and A0 was included. This value at the 

collider represents an 80% increase from tntersecting Storage Rings 
(ISR) energies (& = 63 CeV); the shape of this distribution exhibits 

a narrowing of the plateau with respect to the ISR, i.e.,a wider frag- 
mentation region, since the plateau has increased only 2 units of y 

out of the 4.6 units available. Preliminary measurements of dN/dn at 
cn) = 5.6 suggest a multiplicity-independent value of dN/dn + 1.0 at 

large n. The pseudorapidity density for various multiplicities is 
shown in Fig. 4, and compares well in shape to similar distributions 
measured at the ISR by lhom~ et al.5. 
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Consider now the same charged-particle multiplicities, but plotted 
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as a function of the KM variable z = n’/(n*). According to the KNO 

scaling hypothesis6, multiplicity distributions assume an energy- 

independent shape when plotted as a function of z: 

KKI: (4 P, s> +($I= Q(Z) , (2) 

where P, = un/uine, is the probability of observing an event with 
multiplicity n. These distributions are plotted in Fig. 5 for two 

1 ---c---7 

lb 20 
7. a “I<“> z * n/(n) 

P$ 
5 Observed anrltiplicity distributions for (a) InI ( 1.5 and (b) 

< 3.5 plotted in KNO variables 

rapidity intervals, )n 1 < 1.5 and In 1 < 3.5. Note that although the 

shapes of these distributions are both different for the two intervals, 
they’are nearly the same over the PNAL and ISR energy regions when 
confined to the same n interval. 

In order to compare more conveniently the shapes of these distri- 

butions, we define the following moments: 
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Y2 = 
((n-(n))‘) 

(n)’ 

Y3 = ((n-(n)) ‘) 

Cd3 

yr = ((n-(n))” - 3((n-(n)fi 

(n)’ 

(3) 

These moments are plotted in Fig. 6 over a wide range in v’? and show 

very weak energy dependence, if any, thus supporting the XNO scaling 

hypothesis over the full n interval. 

Various fits to the collider data used for low-energy data are 
shown in Fig. 7. Shown are a Slattery parametrization’ from FNAL data, 

a de Groot formula’ based on a derivation from an uncorrelated cluster 
model, and finally a fit by Kaidalov and Ter Martirosyan’ based on a 

quark-gluon string Pomeron model specifically not satisfying KhO scaling. - 

o. U-I- .__.._ -L-.J 
IO IO 50 IO0 200 500 

&--*-‘----‘----I~ 
,OD 200 500 

d?- GeV \/;; GeV 

Fig. 6 The moments y2, yJ, and ys as a function of & for (a) InI < 
< 1.5 and (b) all n for all other data, jr11 < 3.5 for this experiment 
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INCLUSIVE pr SPECTRUM FOR CHARGED PARTICLES” 

The data sample here consists of charged tracks measured in the 
central detector at 0.56 T and 0.28 T magnetic field, and was taken 
with a low-bias trigger with hodoscopes located between 12 and 56 mrad 

of the beams. The total integrated luminosity for these data is 
/L dt = (1 f 0.25) (ub)-’ and is dead-time corrected. 

Pattern-recognition and track-reconstruction programs were all 
checked by physicists scanning the events, and were estimated to be 

92 (t2)% over the full detector and 97 (*l)S, in three quadrants with 
the best acceptance. The over-all spatial resolution of the detector 
was determined to be % 280 um in the drift direction and % 2.3% of the 

wire length in the charge division coordinate with a drift angle 
0 = 22.5 (~0.1)‘. Wire positions were determined by survey during 
construction and after installation, with an over-all positioning 
0 s 0.3 Inn. 

Acceptance was determined by Monte Carlo calculation assuming 

flat physical distributions in @ and in rapidity. Regions with less 
than 50% acceptance were excluded fran the spectrum and compensated 

for by geometrical factors, while accepted tracks were weighted accord- 

ing to charge, pT, y, and 0. Corrections to the final pT spectrum 

include a flattening of the spectrum due to the experimental resolu- 
tion ApT/pT = 0.02 pT, particle decays (Lorentz boost of secondaries), 

and bad track reconstruction. All tracks above pT = 5 GeV/c were 

scanned, with the result that for tracks with transverse momentum 
between 3 and 5 GeV/c, 3% were considered doubtful, while for pT > 
-> S GeV/c, 17 (+7)% of the tracks were considered doubtful. 

The invariant cross-section for charged tracks is shown in Fig. 8 
in the rapidity interval Iy] < 2.5 for 0.3 < pT < 10 GeV/c. The total 
inelastic cross-section used for normalization is estimated to be 

s 40 mb. Also shown are data from the ISR for nearly the same kinematic 
interval. In canparison with ISR results, the inclusive pl. cross-section 
at collider energies has increased by three orders of magnitude at 
pT = 10 GeV/c, and the spectrum shows considerable flattening at low 

pr- The C&D fit to the UAl data shown is by Cdorico” and it includes 

P, GeV/c 

Fig. 8 The invariant cross-sections as a function of transverse mo- 
mentum for: (a) UAl data at & = 540 GeV for charged hadrons in the 
rapidity interval Iy] < 2.5, (b) ISR data at & 2 63 GeV for a0 at 90’ 
and charged hadrons at 90’ and SO’, (c) qCD predictions at A= 540 GeV 
and & = 63 GeV for 71” at 90’. 

the effects of gluon bremsstrahlung. An empirical parametrization to 

the data is given by the formula 

d’p (PT, + pT)” 

where 

A = 0.46 f 0.1 cm? c3 GeV-z 

PTO = 1.30 i 0.18 GsV/c 
n = 9.14 + 0.77 , 

(4) 
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Fig. 9 The invariant cross-sections as a function of transverse mo- 
mentum for hadrons (& = 540 GeV) compared with a fitted curve of the 
form Ed30/d3p = Ap!&/(pt + PT~)~ 

and is shown in Fig. 9. Note that the mean pT at collider energies 
is now 

(p+ = 424 GeV/c (5) 

to be compared with the ISR value of 357 &V/c. 

The same spectrum is shown in Fig. 10 for different multiplicity 
densities and thus gives evidence for strong correlations between multi- 

plicity dN/dy and pI. This correlation is most dramatically shown when 
the mean transverse momentum, as determined from the invariant cross- 
section, is plotted as a function of the number of charged particles 
per unit of rapidity, as shown in Fig. 11. The accompanying data from 

FNAL and ISR suggest that (p,) depends strongly on dN/dy and perhaps 

less so on Js. 

1 
<n/Ay>-10.2 

<n,‘Ay>-5.7 

<n/Ay,-2.4 

h G&/c 

1 
<P,> Gev/c 

Fig. 10 The invariant 
cross-sections as a function 
of transverse momentum for 
charged hadrons (& = 
= 540 GeV) for three bands 
of charged track wilti- 

P 
Iicity in the interval 
yI < 2.5 (normalized to 

the full cross-section at 
pr = 0 GeV/c) 

Fig. 11 The mean trans- 
verse momentum of charged 
hadrons (& = 540 GeV) as 
a function of charged 
track nolltiplicity in the 
rapidity interval Iy( < 
< 2.5. (Error bars are 
purely statistical. Sys- 
tematic effects from 
acceptance and fitting 
procedures could alter the 
(Q) scale up to 10 MeV/c. 
Points without error bars 
give the global average 
of pr as a function of the 
mean number of charged 
particles per unit of 
rapidity at FNAL, ISR, and 
collider energies.) 
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INCLUSIVE pTBUM FOR NEUTRAL ELECTKCMAGNETIC PARTICLES” - 

Neutral e.m. showers in this data sample were measured in the 
end-cap e.m. calorimeters, located in the angular interval 5” < 8 i 2S0 
synnnetrically about both beams. The trigger requirement was a local 

deposition of transverse energy in two adjacent azimuthal cells, in 

addition to the basic low-bias trigger. A total of 5000 events were 

recorded with ET > 4 GeV and ET > 6 GeV for a total integrated lumino- 

sity of 1.95 (ub)-’ and 5.77 (ub)-‘, respectively. 

All 32 azimuthal calorimeter cells were calibrated relative to 
one another to within ?3% with a 4 Ci 6oCo source; the absolute 

calibration was obtained from the calorimeter response to a test 
electron beam and the same 60Co source. ‘Ihe absolute energy scale 

is ?5%, with a resolution in transverse energy of uET/ET = 12%/q. 

The event selection requirements were (i) that a primary vertex 

be reconstructed in the central detector, with no charged track point- 
ing to either triggering cell, (ii) that energy deposition in four 

*o-“o r I I 1 1 1 1 I I 6 8 10 12 
P, G&/C 

Fig. 12 Single-particle invariant cross-section as a function of pT _ 
measured at the proton-antiproton collider and at the ISR 

longitudinal segments of the triggering cells be compatible with an 

e.m. shower profile and (iii) that there be only one cluster in the 
accompanying multiwire proportional chamber (MWC) position detector 
for two triggering cells with a total charge deposited on the wires 
compatible with FT. After these cuts, there remained a total of 77 
neutral e.m. showers with ET > 3.8 GeV. 

Acceptance was determined by a Monte Carlo calculation assuming 
a Z/3 PO + l/3 n mixture, with a pT distribution taken from the charged 
particle data measured in the central detector. No direct y’s were 

assmed. Above pT s 10 GeV/c the acceptance is s 100% since both y’s 
merge into one unresolved cluster, and drops to 34% at (p,) Q 4 GeV/c. 

The invariant cross-section for neutral e.m. particles is shown 
in Fig. 12 and agrees well with the charged-particle data as measured 
in the central detector. The highest pT event recorded in these data 
occurs at 12 GeV/c in the forward region 1.6 < IyI < 2.5. 

CORRELATIONS BETWEEN HIGH-pT CHARGED PARTICLES” 

The theoretical framework i4 for this topic is parton scattering 
and subsequent framentation. Correlations have indeed been observed 

at lower ISR energies”, although the hard scattered parton appearing 
as a high-+. particle is usually obscured by the forward-going fragmen- 

ting”debris” accompanying the interaction. At the collider, however, 
this forward fragmentation is very much transformed forward, thus allow- 
ing the original hard-scattering processes to stand out more clearly. 

The relevant kinematic variable here is Feynman xT, which at collider 
energies, is quite small (see Fig. 13): 

9 = : < 0.04 . (6) 

The data sample consists of 48,000 low-bias events recorded in 
the central detector (B = 0.56 T) and another 39,000 events with the 

additional trigger requirement of at least 30 GeV transverse energy 
in the electromagnetic and hadronic calorimeters. After a software 
trigger requirement of (pT)max > 4 GeV in the central detector, 0.5% 

‘.:, :‘- ., .: 
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Fig. 13 Hard scattering Process in hadron-hadron collisions. Partons 
located in the incoming nucleons with structure functions F(x,Q*) are 
scattered out of the nucleus and subsequently hadronize as jets of 
particles described by the fragmentation function D(x,Q’). Remaining 
partons form very forward going jets. 

events remained of the low-bias events, and 2.1% of those events with 
% > 30 GeV. ‘The factor of s x 4 increase in yield from the high f+ 

data sample is due to the increased track multiplicity (C x 2) and 
yield fran the invariant cross-section (s x 2.5). As a consistency 
check, 85% of low-bias events selected with (pT)max > 4 GeV satisfy 
ET > 30 GeV. 

In Fig. 14 the rapidity difference between secondaries and a 

trigger e particle greater than 4 GeV/c is shown for secondaries with 

pr > 0, 1, and 2 GeV/c in the hemisphere towards the triggering part- 
icle, along with the azimuthal angle difference for the same events. 

Note that the very sharp correlation for pr secondaries > 2 GeV/c near 

Ay = 0 and A@ = 0, 180’ is absent when a randomly triggering particle 

is chosen (Fig. 15). The correlations both in rapidity and azimuthal 

angle are best shown by the scatter plot in Fig. 16 with the same 4 
cuts on secondary particles around the triggering particle. The cluster- 

ing of secondary particles around the high-3 triggering particle leads 
naturally to a local increase in multiplicity around the triggering 

particle, which is demonstrated by the invariant cross-section in 

Fig. 17 for the triggering cone IAyl < 0.5 and IA@1 < 30”. Finally, 
the rapidity difference between the highest pT particle in the opposite 

hemisphere from the triggering particle and other secondaries in the 

Fig. 14 (a) Rapidity difference 
between secondaries in the to- 
wards hemisphere and the trigger 
particle of pr > 4 GeV/c; 
(b) azimuthal angle difference 
between all secondaries and the 
trigger particle of v > 
> 4 GeV/c; (c) rapidity dif- 
ference between secondaries in 
the away hemisphere and the trig- 
ger particle of pf > 4 GeV/c; 
(d) to (f) as for (a) to (c) but 
for secondaries with b > 
> 1 GeV/c; (g) to (i) as for 
(a) to (c) but for secondaries 
with pr > 2 GeV/c. 
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Fig. 16 Correlation between rapidity difference and azimuthal angle 
difference of secondaries with respect to the trigger particle of 
pr > 4 Gev/c; a) for all secondaries; 
> 1 Gev/c; 

b) for secondaries with pI > 
c) for secondaries with pT > 2 GeV/c. 

Ed’u/d’p wbitrmy ocol8 

+ 
-t 

Fig. 17 pI spectrum of to- 
wards secondaries within 
Ay = +0.5 and he = +30° of 
the trigger particle in ra- 
pidity and azimuthal angle, 
compared with the minisaim 
bias inclusive pr spectrum 

Fig. 18 Rapidity difference between the highest p 
;f 

particle in the 
away hemisphere and other secondaries in the away emisphere; a) for 
all such secondaries; b) for secondaries with pr > 0.8 CeV/c; c) for 
secondaries with pT > 1.5 GeV/c. 

same opposite hemisphere is shown in Fig. 18. The clustering near 
by = 0 is evidence for back-to-back scattering of partons within the 

nucleons. 

JET STUDIES 

Jets or clusters of particles have been demonstrated by correlations 

in Ay and A0 with respect to a high-pT track. Another methodi currently 

being investigated by our group is to search for clusters with low rela- 
tive 4. The algorithm begins by first calculating the relative $ be- 

tween every pair of tracks, combining pairs with the lowest value of 
relative pT into a cluster, and then looking for a break in the ordered 

:,:: ‘.,: i . . ‘I 
; . . .::,-. ‘. .: 

.: 
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Fig. 19 Ordered 6 distribution of all combinations of pairs of 
tracks for jet-like events with a local clustering of particles 
and softer, more isotropic particles 

t distribution (see Fig. 19). Three main parameters characterizing the 

t distribution are the gradient (F = Ti - TimI), threshold To, and curva- 
ture. One main advantage of this method is topological: one is able to 

deal with a much larger category of “jetty” events not necessarily having 
a high-+. particle, or which may be soft and not at all jet-like as a 
result of bremsstrahlung effects. 

One example of an event found by the algorithm is shown in Fig. 20. 

The total energy for this event as measured in the calorimeters is 91 GeV, 
with an invariant mass of 2, 90 GeV/c’. 

To test the algorithm sensitivity to the various parameters defining 

the gradient, curvature, and threshold, the invariant differential cross- 
section for clusters found by the algorithm has been measured for various 

values of the gradient F (Fig. 21). Above 5 GeV/c transverse mcanentum 
of the jet cluster, the cross-section converges on values independent 

of F. For future analysis a cut is made on the jet pT > 5 G&‘/c. 

Results of the jet studies with this algorithm are sunraarized in 

Table I. The mean charged particle multiplicity of the clusters found 

is Q 12 tracks, with a mean relative (4) per track around the cluster 

axis of c 0.24 (GeV/c)‘. The percentage yield of clusters found is a 

lower limit with respect to the actual number produced, owing to rather 

Fig. 20 Three-jet event recorded in the central detector with match- 
ing calorimetry. The total energy of this event is 91 GeV, with an 
invariant mass of 90 GeV/c*. 

I 
15.0 

I 0011 , I I I I . 1 AL--t+ 
0.0 5.0 P,iwl '00 

Fig. 21 Inclusive p distribution of clusters found by the algorithm 
described in the tex T 
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restrictive cuts to better enhance the jet signal, although this 

clearly indicates that as the transverse energy of the event increases, 
the corresponding jet yield also increases, and at a much higher rate. 
Preliminary data from the calorimeters (not presented in this talk) sh,ow 
that this yield tends to 100% for ET z 80 GeV. 

As a first attempt to sort out the nature of the partons involved 
in the hard-scattering processes leading to jets, a preliminary plot 
of the fragmentation function of the clusters found is shown in Fig. 22. 
The phenomenological curves shown are for a parton assumption of both 
quarks and gluons; the latter spectrum may be expected to be softer 
with respect to a hard-scattered valence quark. These data favour a 

predominantly gluon parton component, according to this naive descrip- 

tion, which may be reasonable considering the very low values of xT 
we are dealing with. 

Table I 

Characteristics of clusters found in the central detector 

Trigger % yielda) Events 1 (P$ 
tax. pT 
of jet -I-- 0.22 12.8 Low bias 10,230 

44,876 

36,303 0.23 1 22.0 High ET 
(I$ > 30 GeV) 

ET > 60 GeV 
By = 3 

0.25 15.6 

a) % yield: percentage of events in which there is at least one jet which 
has N z 2, (pi) < 0.5, PT jet z 5 GeV/c, 25’ < e < 155’. 

TRWSVFRSE ENERGY DISTRIBUTION IN DIE CENlRAl CAUXUMETERS” 

Working outward from the central detector we next encounter the 
e.m. and hadronic calorimeters, shown in Fig. 23 and summarized in 

Table II. The resolution, response, and absolute energy scale of 

these calorimeters was determined in test beams; all of this was moni- 
tored during actual data taking by a 4 Ci 6oCo source (G 184,000 GeV/s) 

for the e.m. part, and by a 8 source (where possible), cosmic-ray muons 
(absolute scale), and a laser system using fibre optics for the hadronic 

part. 

The data sample consists of % 28,000 low-bias events taken with 

zero magnetic field. After a vertex requirement and timing cuts, there 

remained % 20,000 beam-beam candidates. The cross-section do/dET as 

a function of transverse energy ET is shown in Fig. 24. Note that the 
bulk of transverse energy seen in the apparatus is nearly uniformly 

distributed, since the mean transverse energy scales linearly with 
acceptance cuts in pseudorapidity. When the same data (full acceptance) 

are plotted as a function of a KNO-like variable z = ET/(%), the calo- 
rimetry spectrum matches well with the charged-particle multiplicity 
distribution measured in the central detector (Fig. 25) when the effects 

of (pT) correlation with multiplicity and smearing are included. 

‘or 

_’ 
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Fig. 22 Fragmentation function D(z), z = pr,/p cluster, for clusters 
found 
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Fig. 23 The UAl central calorimeters 

Table II 

Central calorimeter characteristics 

0 20 40 60 80 IO0 

E, GeV 

Fig. 24 do/dET spectra for various acceptances as shown on the figures 

5 

.? = E, I< E, 7 

Fig. 25 ET distribution for In/ 5 3 in the N-type variable 
z = %/(ET) 
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Fig. 26 a) Average versus observed charged rmltiplicities; b) aver- 
age ET per observed arged particle versus the observed multiplicity 

The mean transverse energy measured in the calorimeters is plotted 

as a function of the observed charged particle multiplicity in the 

central detector in Fig. 26. The strong correlation between (I$.) and 

multiplicity indicates that the bulk of large FT events are built up 

of a large nmber of particles with relatively low I+, as shown in 
Fig. 26 where the mean RI per particle is % 1 GeV. The upward trend 
of these plots reflects the strong correlation between (pT) and multi- 

plicity. 

SEARCH FOR CENTAURO-LIKE EVEMIS” 

We close our discussion on calorimetry with a search for events 
with abnormal e.m. and hadronic behaviour. These so-called Centaur0 
events are six cosmic-ray events reported in the literature” with 
(i) high hadron multiplicity, (ii) em. multiplicity consistent with 

zero and (iii) (pT) per track of at least 1 GeV/c (as measured from 

2 events). Correlations between (i) and (iii) are to be expected, 
based on the strong correlation between (pT) and (rich) which has al- 

ready been observed by UAl. Point (ii), however, remains an anomaly 
when considered in terms of conventional isospin conservation in 

hadronic interactions. 

There are problems with energy scale however, in interpreting 
these cosmic-ray events. The emulsion chambers used in these experi- 

ments detect hadronic energy via secondary e.m. cascades. The total 

hadronic energy is therefore proportional to the visible e.m. energy, 

with a constant of proportionality “;’ a function of the incoming 
particle composition, Ku o 0.2 for nucleons and J 0.3 for pions. For 
the typical visible e.m. energies of 330-370 TeV observed, the total 

energy of the Centaur0 events (lab. frame) is enonnous: 

E tot 
- 330K- 370 TeV 

Y 

9 1700 TeV (Ku = 0.2 pions). 

(7) 

This energy should be compared with the equivalent laboratory energy 

of the collider, 

(%ot)pp = 155 TeV . (8) 

Despite the large discrepancy in energy scale, a search for these 

events at the collider is nonetheless reasonable, given the high lumi- 
nosity attainable when ccmpared to the very low cosmic-ray rates 
(< 1 mm2 d-r for Etot > 100 TeV) , 
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To see what the signature for, Centaur0 events in the c.m. system 
would be, the energies and angles of the best measured Centauro event 
were Lorentz transformed under two different hypotheses”: (i) a colli- 

sion hypothesis in which a fast proton strikes an air nucleon, produ- 
cing a Centaur0 which then decays either into mixed hadrons (K = 0.3) 
or nucleon-antinucleon pairs (KY = 0.2) and (ii) a decay hypothesis 
in which a Centaur0 is produced from a decaying “fireball” with the 
kinematic constraint that lZp; = 0 in the fireball rest frame. In 
hypothesis (i), most particles are transformed into the forward region 
of the apparatus, while in the second hypothesis these particles appear 
more in the central region, since there is no target particle and the 
Lorentz factors are ?r x 10 larger. 

To distinguish between e.m. and hadronic interactions, a photon 
was defined by energy deposited in the first sample of the e.m. calo- 
rimeters (Q 4 X0), while hadronic energy was defined by energy deposi- 
ted in the last two samples of the e.m. calorimeter (% 14 X0) and the 

2, 5 absorption lengths of the hadron calorimeters. The second e.m. 
sample has been excluded, since photons and hadrons both deposit signi- 

ficant energy there. The response of the calorimeters to e.m. and ha- 

dronic energy is shown in Fig. 27. Near 0.2 GeV/c this separation is 

0.8 1.8 2.4 
MOMENTUM P (GeV/C) MOMENNM P (W/c) 

Fig. 27 Calorimeter response to photons and hadrons in the first four 
radiation lengths/p and beyond 12 radiation lengths/p 

poor, although above about 0.3 GeV/c, where the majority of particles 
are found, the separation is reasonably clear. 

A total of 48,000 low-bias events were analysed with the Centaur0 

selection criterion. Scatter plots of the raw uncut e.m. versus 
hadronic energy are shown in Fig. 28, along with the (p,) as a func- 

tion of multiplicity for the different angular regions (Fig. 29). 

60 60 
d 2 

f 
EJo z 

E 
50 so-e<1 50 

c c Monte cork3 
.E .E 

B 
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+ 30 .t 30 

20 20 

10 10 

0 0 
0 10 zo 30 40 50 60 70 80 0 10 20 30 40 50 60 70 3 

visible energy beyond 12 R.L vbib’s energy beyond 12 R.L 

Fig. 28 Visible energy in the first four radiation lengths versus 
the visible energy beyond 12 radiation lengths in various angular 
regions of the detector, no cuts applied to the data 
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Fig. 29 Mean transverse momentum versus charged-particle multi- 
plicity for all events 

The events remaining with nch > 10 tracks and pT > 1 GeV/c are shown 

in Fig. 30, along with the Lorentz transformed Centaur0 events for the 

collision (1 + 2) and decay (3 + 4) hypotheses. 

No such ananalous events were seen, setting an upper limit for 

Centaur0 production at the collider of 

o 5 1 ub . (9) 

s<r)<30* 

vitn N,>lO 

+ + 

visible energy beyond 12 AL. 

30’<6<150* 

with N.> 10 

pt>l G&/c 

Fig. 30 Visible energy in the first four radiation lengths versus 
the visible energy beyond 12 radiation lengths, with the additional 
requirement of at least 11 charged tracks per event with pi > 
> 1 GeV/c. Circled numbers refer to transformed Centaur0 events 
into the UAl apparatus as described in the text. 

Considerations that one must bear in mind for this negative result are 
threefold: the analysis assumes that Centaur0 events are vertex asso- 
ciated (i.e.,that they be within % 1 mm of the primary vertex), that we 

have assumed that Centaur0 events are not accompanied by spectator 
“debris” with normal e.m. behaviour, and perhaps most importantly, the 
difference in energy threshold between collider and Centaur0 events. 

One possible interpretation of Centaur0 events may lie in a thermo- 

dynamic model. In a sufficiently high energy regime with very high 

energy density (dET/dy - 100 GeV/unit of rapidity), particle production 

may follow a thermodynamic behaviour, producing many particles abun- 
dantly (e.g.,pions, kaons, nucleons, A’s, etc.) to the extent that the 
e.m. component, so, is overwhelmed by the accompanying hadronic component. 

LSWLL-ANGLE ELASTIC SCAll’ER1NG* ’ 

Luminosity monitors located in Roman pots at +23 m from the main 
interaction point in UAl are currently being used to study small-angle 

elastic scattering. The kinematic range accessible is 0.14 < 1 tj < 

.: 1: 
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Fig. 31 Arrangements of the 4 drift-chamber telescopes (vertical 
plane). The elastic-scattering event slows the asymmetry induced by 
the machine quadrupoles. 

< 0.2 GeVz, corresponding to 1.1 < 0 < 2 mrad. The experimental set- 
up is shown in Fig. 31 and consists of drift chambers with drift-time 
measurement in the vertical coordinate and charge division in the hori- 

zontal coordinate. 

The data sample consists of 5437 events collected at a mean lumi- 

nosity of 2r 10” cm-’ s-’ in a 7.5 h period. From the standard up-down 

event trigger for elastic candidates, the event topology consisted of 
% 20% clean elastic events, % 30% inelastic events and the remaining 

50% beam-gas and beam-vacuum events. 

The collinearity distributions for both drift plane and charge 
division plane projections are shown in Fig. 32 for elastic events. 

The resolution in the drift projection is dominated by the vertical 

spread of the beams (0.06 mrad) and by the beam angular divergence 

(0.03 mrad), while the charge division projection error is domilrated 
by the electronics accuracy of % 1% (AZ/Z). Elastic event candidates 

were accepted with (6 -0 ( < 0.3 mrad in both projections, and 
P P 

j@J f tan”’ (B,/eV) < 20’. 

Fig. 32 Collinearity plot on (a) the 
vertical and (b) horizontal planes for 
candidate elastic scattering events 

Fig. 33 Number of elastic events 
(545 total) versus ) tl . The right- 

1 hand ordinate shows do/dt with sys- 
tematic uncertainty 230%. 

0‘ 

Fig. 34 Comparison of measured slope parameter b with the compilation 
of Burq et al., for (t) = -0.2 GeV’ 

The differential elastic cross-section do/dt is shown in Fig. 33. 

The slope parameter b obtained from a fit e -bltl is b = 13.3 ? 1.5 GeV-*. 

The large error in da/dt (+30%) is due to the uncertainty in the lumi- 

nosity. A compilation by Bur-q et al. ‘z of the slope parameter for dif- 

ferent energies in p$ and pp elastic scattering is shown in Fig. 34 

for the t range near 0.2 GeV+*, and is compatible with a log sZ depend- 

ence of b when extrapolated to the UAI point. 
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CONCLUSIONS 

- ‘Ihe inclusive charged particle spectrum has been measured up to 

pr = 10 GeV/c, IyI < 2.5. 

- The invariant cross-section rises by x 10’ from ISR to collider 
energies at pl. = 10 GeV/c. 

- Correlations between 5 and charged multiplicity have been observed. 

- (p$,~ is canpatible with (pTjISR for the same multiplicity per unit 
of rapidity. 

- The inclusive neutral particle spectrum (Al’ + no + y) has been meas- 

ured up to 12 GeV/c, 1.6 < IyI < 2.5. 

- We report the first observation of strong correlations between high- 

+ charged particles in both y and @. 

- Coplanar production of two clusters in opposite hemispheres observed 

suggests hard scattering and fragmentation of partons. 

- Preliminary studies on jet production indicate very high yields in 

events with transverse energy 2 50 GeV. 

- The central pseudorapidity charged particle density is dY/dn,nzo = 

3.3 f 0.2. 

- The shape of dN/dn is narrower with respect to an extrapolation 

from ISR energies. 

- The full multiplicity distribution In/ < 3.5 exhibits KNO scaling, 

with a departure from KNO for InI < 1.5 as observed at the ISR. 

- The scaled ET distribution in z = ET/(E$J reflects fXO scaling. 

- The moan transverse energy per particle increases with charged multi- 

plicity. 

- An upper limit of o < 1 pb at & = 540 GeV has been set for Centauro- 

like events. 

- The elastic differential cross-section do/dt has been measured in 

the t range 0.14 < /tj < 0.26 GeV’ and can be parametrized as 
,-b/d with b = 13.3 _C 1.5 GeV-*. 

FUTURE PHYSICS 

The purpose of this experiment is the observation of the interme- 
diate vector bosons $ and 2’ , produced with % 2 nb and s 1 nb cross- 
section respectively, in our apparatus. The most direct experimental 

signature for the W is expected in its leptonic decay mode W’ + &‘v, 
owing to the enormous Q value given to the leptons from two-body decay. 

For an 8% leptonic branching ratio for the IV, and a 3% branching ratio 
into e+e- for the Z’, the signals for W and Z0 are then 

!;: o(BR * e’v) = 160 pb 
(10) 

ZO: o(BR -+ e’e-) = 30 pb . 

For the forthcoming pp runs, the mean luminosity is expected to be 
0, 1028 a-2 s-1, with a total integrated luminosity for 1982 of 

- 100 (nb)-‘. This would then correspond roughly to 16 W and 3 Z0 

candidates by the end of this year. 

Other high-priority items on the physics agenda include searches 

for the top quark, Higgs particle, and Wy events. ‘The large available 
e.m. energy at the collider of & = 540 GeV makes searches for the top 

quark’ 3 with masses in excess of 18.5 GeV/c’ (the current upper limit 

from PETRA) inmediately possible. In particular, searches for open top 
hadron seem promising in the light of possibly quite large diffractive 

cross-sections for new heavy flavours. Perturbative qCD calculations” 

suggest an m-* 
9 

scaling law, which together with the large charm cross- 

section observed at the ISR of 2, 1 mb ” could well produce open top 

cross-sections of ‘L S(1) ub for m 
top 

= ZO(S0) GeV/c’. Signals from high- 

pT leptons through the semi-leptonic decay of the top quarkz6 may well 

be a way to identify this quark experimentally. Observation of the 
Higgs particle is a crucial step in further verifying the standard 

model, although its experimental signature is not yet clear. One may 
well have to isolate a clean W event sample for this purpose, with 
an expected cross-section smaller than that of the W. Finally events 

in which a W is accompanied by a photon provide an important test of 

the gauge nature of the electroweak theory2’, although here, the ex- 

pected cross-section for this reaction is < 1 pb. 
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ABSTRACT 

We present results on inclusive cross section of ITO, ?I+ and 1~~ 

production and particle ratios K/r, p+$/n. A simple search for quarks 

has shown no positive results. 

High total transverse energy final states have been observed and 

show clear evidence for high energy jets. 

INTRODUCTION 

The CERN SPS pp collider, with a 4s - 540 GeV, opened a new area 

of physics with its first run in the fall of 1981. The M2 Experiment 

has a well segmented large solid angle total absorption calorimeter 

and a charged particle spectrometer. Results obtained range from the 

production of identified charged particles in the central region of 

relatively low transverse momentum (% 1 GeV/c) and high cross section, 

to the production of high transverse momentum (Z 50 GeV/c) hadronic 

jets with a much lower cross section (% nb). 
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APPARATUS 

A cross section of the UA2 detector is shown in Figure 1. At the 

center of the apparatus a vertex detector consisting of cylindrical 

proportional and drift chambers measures particle trajectories in a 

region without magnetic field. For the results presented here it will 

be used to separate events due to pp collisions from background and 

to determine the interaction point with a precision of +1 mm along 

the beam line. 

The vertex detector is surrounded by a highly segmented electro- 

magnetic and hadronic calorimeter (the central calorimeter) which 

covers the pseudorapidity interval -1 < q C 1 (polar angle 40’ < 6 

< 140’) and an azimuthal range of 300’. In the present stage of the 

experiment the remaining azimuth (*14’ around the horizontal plane) 

is covered by a single arm spectrometer to measure charged and neu- 

tral particle production (InI < 0.85). 

The forward and backward regions (20’ < 0 < 37.5’ and 142.5’ 

< e c MOO, respectively), are each instrumented by twelve toroidal 

magnet sectors followed by drift chambers, multitube proportional 

chambers and electromagnetic calorimeters. 

The single arm spectrometer (Fig. 2) has a magnetic field inte- 

gral of 1.1 T.m. Charged particle trajectories are measured in a set 

of 12 drift chamber planes. This information, together with a measu- 

rement of the interaction point, allows the momentum to be measured 

with a resolution of Aplp - J(0.5)2 + (0.5~)~ % (p in CeV/c). 
Time-of-flight information comes from hodoscopes behind the drift 

chambers. It is used together with the interaction time to measure 

the TOF over 2.5 m with a resolution of 0.48 ns. 

The spectrometerisalso used to measure no, no end y production 

by measuring photon energy and position, The TOF hodoscope is part 

of a scintillator-iron-scintillator sandwich that is also used for 

photon ‘identification. The counters after the 2 cm thick iron plate 

act as a preshower counter for a lead-glass wall. The wall contains 

2 arrays of lead-glass blocks, each having a cross section of 15 x 

15 cm2, and a depth of 14.5 radiation lengths. The two arrays are 
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separated by 30 cm in about the middle where a dB/dx counter has been 

installed. The energy resolution of the lead-glass wall has been mea- 
1 sured to be u,/E = (11.6 + 32.5/E) % (E in GeV). Each block has been 

calibrated using 10 GeV electrons, and is monitored with a Xe light 

flasher system. The calibration remained stable to within 22% during 

the pp running period. 

The dE/dx counter mentioned above is used to search for fractio- 

nally charged particles (quarks). It consists of5 scintillatot plates. 

Each plate is 4 cm thick and is viewed by two 5" PM's whose 

light guides are covered by additional scintillatots used as veto 

counters. This dB/dx counter has also been calibrated at the CEBB PS, 

and its response to minimum ionizing particles (MIP) has been studied 

as a function of the impact point. 

The central calorimeter is segmented into 200 cells, each cover- 

ing 15' in I$ and 10 ' in 6 and built in a tower structure pointing to 

the centre of the interaction region. The cells are segmented longi- 

tudinally into a 17 radiation Iength thick electromagnetic compart- 

ment (lead-scintillator) followed by two hadronic compartments (iran- 

scintillatot) of two absorption lengths each giving a total of 4.5 

absorption lengths. The light from each compartment is collected by 

two BBQ-doped light guide plates on opposite sides of the cell. 

All calorimeters, including the forward-backward modules, have 

been calibrated in a 10 GeV/c beam from the CEBB PS using incident 

electrons and muons. The calibration has since been tracked with a 

Xe light flasher system. In addition, the response of the electromag- 

netic compartments is checked regularly by accurately positioning 

a Cos" source in front of each cell and measuring the direct current 

from each photomultiplier. The systematic uncertainty in the energy 

calibration for the data discussed here is less than +2% for the 

electromagnetic calorimeter and less than *3X for the hadronic one. 

The response of the calorimeter to electrons, single hadrons 

and rmlti-hadrons (produced in a target located in front of the calo- 

rimeter) has been measured at the CHIN PS and SPS machines using 

beams from 1 to 70 GeV. In particular, we have studied the longitudi- 

nal and transverse shower development and the effect of particles 

: 
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impinging near the cell boundaries. 

The energy resolution for electrons is measured to be oE/E = 

0.14/z (E in GeV). In the case of hadrons. UE/E varies from 32% at 

1 GeV to 11X at 70 GeV. The resolution for multi-hadron systems of 

smre than 20 GeV is similar to that of single hadrons. 

Two scintillator arrays, with a total of 24 counters, surround 

the beam pipe at f10.3 m from the interaction point. These counter 

arrays cover 1.1 units of rapidity around n = t4.7. A coincidence of 

a signal from each side is required in the trigger, for the data pre- 

sented in this talk, to suppress backgrounds from non beanrbeam col- 

lisions. The same counters are used to evaluate the integrated 

luminosity for the cross section normalization. 

The total integrated luminosity for which we present results is 

79 ub-‘, calculated under the assumption that the non-diffractive pp 

cross section at & = 540 GeV is 38 mb. The systematic error in the 

luminosity measurement has been estimated to be +17X. 

RESULTS FROM THE SINGLE ARM SPECTROMETER 

no inclusive cross-section (1) 

The photons emitted in the acceptance of the large angle magnetic 

spectometer are observed in the lead-glass array. The energy deposi- 

ted in the lead-glass cells is reduced to clusters, two photons can 

be resolved into separated clusters provided their separation exceeds 

5 25 cm. From the energy and the centroid position of the clusters a 

two-photon mass is calculated. This mass spectrum is showo in Fig. 3. 

A clear TI’ peak appears over a combinatorial background of 20 to 30X 

depending on the transverse momentum, A signal due to the n + 2y 

decay is observed when stricter cuts better suited to this decay 

mode are applied to the data. This is shown in the inset of Fig. 3. 

The amount of observed n is compatible with the ratio q/n’ of 0.55 

observed at the ISR. 

From the I? signal we extract the inclusive cross section from 

1.5 to 4.5 GeV/c transverse momentum averaged over to.7 units of 

I I I I 
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rapidity. It is shown in Fig. 4. The solid line shows the T’ cross- 

section measured at the ISR at 6~ 53 GeV. The dashed line shows 

the 1% data extrapolated to &= 540 GeV with pi” (1 - 3)‘. At high 

transverse momentum we observe a large increase of the I? cross- 

section when the energy rises from 53 to 540 GeV. 

II+ and of- inclusive cross-section (2) 

The charged particle spectrum is obtained by measuring the mo- 

mentum of charged tracks in the magnetic spectrometer. From the time 

of flight measurement pions are separated from kaons up to 1.1 GeV/c 

and protons from pions and kaons up to 1.4 GeV/c transverse momentum. 

The measured rTI+ and IT- cross sections are consistent and the 

average value of the two is displayed in Fig. 5 for a rapidity range 

of 20.7 units. 

In Fig. 6 we present a fit to the (n+ + n-)/2 and II’ cross 

section of the empirical form 

E d%/dp’ a l/(1 + pT)* 

giving n - 8.3 + 0.2 . 

K/x and p,p/” particle ratios(*) 

The charged particle identification gives the possibility to 

measure separately the charged kaon spectrum from 0.4 to 1 GeV/c 

transverse momentum and the proton-antiproton spectrum form 0.4 to 

1.8 GeV/c. 

Cross-sections for particle production are found to be equal to 

those for the corresponding antiparticle and their average values 

are compared to the pion cross-section : the result is showo in Fig. 7 

for K/n and p(C)/r as a function of the transverse mass 

~=fE-$* 

The average value for K/v is 0.39 2 0.04 to be compared to 0.23 

at ISR energies. The average value for p/n is 1.02 t 0.07 similar to 

ISR energies. 

,nnn 
I”“” LI ( I 

1 
\ 

I I I I I 
0 2 4 6 

p, (GeV/c) 

Fig. 4 

Invariant cross section for 1~’ production. 
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P+P 
x 

Average 

1.02+0.05+0.05 
Stat Syst 

0.6 

\1s=540 GeV/c2 

Average 39%+2%+3% 

ISR 28% 
Stat Syst 

0.8 1.0 1.2 1.4 
Transverse Mass(GeV/czl 

1.6 

Fig. 7 

K/n and p/n cross section ratios. 

Search for fractionally charged particles (3) 

The dE/dx counter is used to get 5 measurements of the ionisa- 

tion produced by any particle that produces 5% of MIP in at least 3 

of the 5 scintillators. After analysis there are no candidates for 

fractionally charged particles in a sample of % 6000 charged parti- 

cles. This null result can be expressed as a 90% confidence level 

upper limit of 4 X lo-' for the ratio of quark yield (m 
Q 

< 0.5 GeV) 

to that of particles with unit electric charge. This limit is based 

on the assumptions that quarks are produced with the same p T distri- 

bution as pious and that they aren't absorbed in the material of the 

detector. 

OBSERVATION OF LARGE TRANSVERSE MOMENTUM JETS (4) 

Data have been taken with a trigger on total transverse hadronic 

energy in the central calorimeter. The sample contains backgrounds 

from beam halo particles which are eliminated by requiring that the 

pattern of hits in the vertex chambers and the pattern of energy de- 

position in the calorimeters are consistent with that expected for 

particles emerging from a pp collision. After these cuts there are 

< lOXbackground events left in the data sample and no more than 15% 

of the good events could have been lost. 

The distribution of events as a function of the transverse 

energy %ET in the interval -1 < n < tl, 30' < $I < 330' is presented 

in Fig, 8; it is observed to fall off exponentially as has been ob- 

served in experiments with a similar solid angle coverage at the SPS 

and at Fermilab (/s = 24 GeV). There are 10 events having CET>60GeV. 

We estimate that the uncertainty in the energy scale due to sys- 

tematic effects (150 MeV minimum cell energy, variation in response 

of the electromagnetic compartment for charged and neutral pions, and 

calibration errors) to be +5X. In the lower energy experiments, 

events with large CET (the largest accessible value is approximately 

20 GeV) have predominantly high multiplicity, cylindrically syrmsetri- 

cal configurations. It is however connnonly expected that at the 
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TET (GeV) 

Fig. 8 

Observed transverse energy distributions. 

-- 
present collider energy, /s = 540 GeV, sufficiently large values of 

LET can be reached that two-jet configurations resulting from hard 

scattering will dominate. An indication of this is already provided 

by the fact that the two highest energy points in Fig. 8 lie signi- 

ficantly above the exponential. 

A more sensitive test is provided by studying the CET distribu- 

tion into a solid angle which is substantially smaller though still 

sufficiently large to contain most of the energy for hadron jets in 

the ET region of interest (ET > 15 GeV). The do/dCET distribution 

for -1 < II < 1, A$ = 60' is shown in Fig. 8 ; it demonstrates a clear 

departure from an exponential. Figure 8 illustrates that regions of 

high energy density are confined to within a small solid angle. 

A rather spectacular illustration of this is shown in Fig. 9. 

This event is the one with the largest XET = 129 GeV that we have 

seen. 

It exhibits striking features : energy is concentrated within 

two small regions separated in azimuth by A$ = 180' and towards 

which several collimated tracks are observed to point. In addition 

the transverse energies of the two clusters are approximately equal 

(57 and 60 GsV). 

The jet like characteristics of this event are by no means unique 

as will now be shown. We put into a "cluster" all cells which 

share a common side and contain an energy Ecell > sti* 
cell ;Emin is cell 

normally chosen to be 400 MeV, though the results obtained are rela- 

tively insensitive to the exact value chosen. Clusters having two or 

more local maxima separated by a valley deeper than 2 GeV are then 

split. On the average, for XET > 30 GeV, we obtain = 4.4 clusters 

having ET > 2 GeV per event, each cluster consisting of typically 4 

cells. 

The cluster (resp. the two clusters) with the largest transverse 

energy in an event accounts for a fraction h, (resp. h2) of the total 

transverse energy CET measured in the central calorimeter. The depen- 

dence upon CET of hl and hs is illustrated in Fig. 10. In particular 

all events with XET in excess of 60 GeV have an average of 67% of the 

transverse energy contained in only two clusters. 
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Furthermore. as is shown in Fig. 11, as CET increases, ‘51 = 

E’/E’ increases showing that the two largest jets tend to balance 

each other and r+z = ES/E2 decreases showing the dominance of two jet 

systems as opposed to mlti jet. When there are two high energy clus- 

ters in the central calorimeter Fig. 12 shows that they have a strong 

azimuthal back to back correlation. The average transverse momentum 

of the pairs (El > 10 GeV) is 6 GeV/c of which at least 3 GeV/c is 

of instrumental nature. Futhermore, in those events having Ei > 10GeV 

and E$/Ei < 0.4, 6% of them have at least 5 GeV transverse energy in 

the forward/backward electromagnetic calorimeters (which are not used 

in the trigger). The azimuthal distribution for those events is shown 

in Fig. 13 and again a strong back-to-back correlation is seen. 

We do not see any significant cluster-cluster rapidity correla- 

tion. 

INCLUSIVE JET PRODUCTION CROSS SECTION 

There are 59 events containing at least one cluster with ET > 

20 GeV. The evaluation of the inclusive jet production cross section 

from these events requires the knowledge of the detector acceptance 

and luminosity. 

The detector acceptance is obtained from a Monte Carlo simula- 

tion that generates jets with the model of Horgan and Jacob, super 

imposed on a system of soft hadrons accounting for the remaining 

fraction of /s. The jets fragment into hadrons (assumed to be charged 

and neutral pions only) which are then followed into the calorimeters 

to generate a pattern of energy depositions. 

The data generated by the Monte Carlo simulation undergo the 

same analysis chain as the real data. In particular, we find that the 

distribution of cluster sizes in the Monte Carlo data is very similar 

to that of the real data, indicating that both hadronic fragmentation 

and shower developments are correctly described in the simulation 

program. 

The comparison of the ET-distribution of the Monte Carlo data 

with that used as an input provides the correction function u(ET) by 

I: ET (GeV) 

Fig. 11 

Average ratio of energy in second highest 

cluster to first and third to second as a 

function of ZET. 
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which the observed cross section must be divided to obtain the jet 

inclusive cross section. 

Fig, 14 shows the cross-section for inclusive jet production as 

a function of the jet transverse energy ET. The errors shown are only 

statistical. There is an overall uncertainty of +20% in the vertical 

scale reflecting the uncertainties in the knowledge of the total lu- 

minosity and in the Monte Carlo calculated acceptance. An uncertainty 

of +2.5X in the ET-scale, reflecting the calorimeter energy calibra- 

tion uncertainties, results in an additional vertical uncertainty of 

+20%. Another uncertainty results from the fact that, as already men- 

tioned, the trigger to record large-ET events required a coincidence 

with a pair of small angle charged secondaries. This requirement in- 

troduces a bias which may affect both the absolute magnitude of the 

cross-section and its ET-dependence. We finally note that the possi- 

ble merging of two high ET clusters produced with a small angular 

separation may increase the measured cluster energy by as much as 

2 GeV on the average. 

Our measured cross is at a level comparable with the 

QCD calculation of Horgan and Jacob (5) , which is also shown in Fig. 14. 

In the framework of this model, inclusive jet production is domi- 

nated by gluon-gluon scattering in the kinematical region of this 

experiment. The ISAJBT Monte Carlo (which has been used to fit the 

ISR data presented at this conference) also gives very good agreement 

with our data although it has different structure and fragmentation 

functions. 
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We present data obtained from a 1.7 sr uranium-copper 

hadron calorimeter. triggered on transverse energy (Er) in pp col- 

lisions ht 6 = 63 CeV at the CEXN-ISR. From the observed 

change in energy flow within the calorimeter we extract a hard 

scattering cross section from p* = 6 to 14 CAV, at y = 0. This “jet’ 

Cross section is found to agree well with a QCD motivated Monte 

Carlo model, both in slope and normalization. Properties of 

charged particles over the full azimuth in the central detector pro- 

vide B consistent picture that an increasing fraction of events are 

produced with limited transverse momentum to the energy flow 

axis, es ET is increased. 
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Rctdems of Jet SLudfes in Hadron Collhdons 

The goal of this experiment was to search for jet structure in hadron- 

hadron collisions using an “unbiased” trigger. Should a clear jet signal emerge 

In these events, then one has available a unique laboratory for studying their 

properties. In contrast to jets produced in s*e- machines. one expects a large 

fraction of events to emerge from gluon-gluon and quark-gluon scattering in the 

protons. Since only the harder collisions are expected to arise from quark-quark 

scattering, one can in principle connect up smoothly to the s*e- jets by simply 

raising the pi. Early experiments using single particle high pi triggers have 

observed events consistent with the expectations of hard scattering of partons. 

and their 5al fragmentation. These experiments suffer however, from the 

effects of “triggerbias.” in that they only select a very small subset of all 

scatterings which lead to large pl fragments. In doing so, the shape of the event 

on the trigger-side is itself distorted. On the away-side, the recoil jet direction 

in space is indeterminate since the scatterings in pp collisions do not have a 

well-de5ed center-of-mass (CMS), and primordial kl destroys the pl conserva- 

tion which provides some angular correlation. 

These problems are largely resolved by use of a calorimeter which is trtg- 

gered on transverse energy (.Er)@). The criteria essential to an unbiased meas- 

urement can be speci5ed: 

[i] The device should collect the energy of hadrons and leptons over a region 

large compared to the stze of the jet. 

[ii] The response of the device should be equal for electromagnetic and 

hadronlc snergy. 

[iii] The device should be immune on an event by event basis. to the contamtna- 

tion of spectator fragments, since it must operate in a 4-jet environment. 

A number of large ET calorimeter experiments have been performed at 

FNAL and the CEXN-SPSfs). Figure 1 shows, for example, the planarity distribu- 

tions from NA5 (C. de Marzo et al, ref. 3) at G = 24 GeV. Here, no evidence was 

seen for a change in structure when the ET in their 2n azimuth. - .W <II < .67, 

calorimeter was raised as high as 16 GeV. Similar results at X& = 29 GeV in a 2x 

calorimeter triggered on Er, have been reported (B. Brown et al., ref. 3). 

The lack of a clear jet structure in events triggered on large ET has been 

analyzed theoretically by several authors(‘). Bengtsson et al. present a 

phenomenological argument showing that the competition between “soft” and 

“hard” scattering processes which contribute to an ET trigger never reaches a 

cross-over point (see Fig. Q), at lower 6’. Field et al. argue from a QCD stand- 

point that soft gluon brem.sstrahhmg,both from the high pi jets and the specta- 

tor jets creates an ET trigger bias, masking event structure at low 6. 

In the rest of this paper we will endeavor to prove that at 6 = 63 Gel’, our 

data triggered on a 1.7 sr hadron calorimeter well satisfy the three criteria for 

an “unbiased’ trigger, and that a well-resolved jet-structure dominates the 

events for triggers with sufficiently high Er. 

Fig. 3 shows e trier of the calorlmeterfq and drift chamber. The central 

chamber is immersed In a 5.6 KG magnetic field supplied by the open axial BeId 

magnet (Fig. 4). In the final configuration of the experiment, the calorimeter 

will fully enclose ths drift chamber by the addition of two vertical walls of 

calorimeter. For this analysis, only the roof stacks are used in the trigger, and 

the floor stacks are recorded. The roof is formed of 32 stacks each containing 6 
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towers (see Fig. 3). The face of each tower is 20 x 21.6 ems and is located in a 

plane - 115 cm from the beam crossing. Each tower has efold wavelength 

shifter (WLS) readout: right and left at two depths (the first 0 r.1. and the second 

u 3.6 absorptionlengths). 

The front section (EM) has 2mm uranium metal plates (- 0.5r.l.) inter 

spersed with 2.5 mm scintillators. The rear section 1s composed of 3mm 

uranium and 5mm copper plates (in 2:l proportion), again interspersed with 2.5 

mm scintillators. Test beam measurements have shown that above * 1 Ce V the 

resolution for hadrone is * 379./a and for electrons about lS%/~. At 4 CeY 

the ratio of response to electromagnetic versus hadronic energy is about 1.14. 

These three numbers should be contrasted with 502, 15% and 1.5 for the same 

calorimeter made entirely of 5 mm copper plates. The very similar response to 

hadrons and electrons in the uranium calorimeter results from fission compen- 

sation (see C. W. Fabian et al.. Ref. 5). This in turn accounts for the signSkant 

improvement in resolution over the uncompensated calorimeter. ‘Ihis property 

makes the calorimeter unique in reducing the event to event fluctuations in 

response which trouble all conventional calorimeters. Fig. 5 shows, for example, 

how gaussian the upper end of the response is to 4 GeV hadrons. No evidence for 

a charge-exchange shoulder is observed. 

While the calorimeter is found to be linear to about 1% to electrons and 

hadrons above * 1.5 Gel’, it deviates sigticantly from linearity for hadrons 

below this value. This is presumably a result of the tradeoff of energy loss to 

dedx versus an hadronic interaction. Dedx loss is more efficient at depositing 

energy (by _ 257. relative to electrons), hence as a larger fraction of energy is 

lost in this nay. the calorimeter becomes nonlinear. At the same time. the 

fluctuations in loss diminish, leading one to obtain an improvement in resolution 

at low momenta. Our measurements are s ummarized In Fig. 8. The details of 
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Ratio of electromagnetic to hadronic response of the calorimeter 
versus momentum. 
available energy. 

The change in resolution of hadrons versus 

these effects are all important in determining the proper energy scale, as the 

bulk of the particles measured at the ISR are relatively soft (< 2 Gey). 

The calorimeter calibration is maintained by frequently monitoring the 

uranium activity over a 10 /.J sec. gate. This provides a f 2.5% inter-tower cali- 

bration. Calibration and pedestal stability varies from about 3 to 27; over the ET 

range 6 - 14 GeV. The uncertainty in Er is larger and will be discussed below. 

Posltion resolution on the calorimeter varies from 0.55 to 2 cm for EM 

showers above 0.5 GeV, independent of incidence angle. For hadrons the resolu- 

tion varies from about 3 to 12 cm because of the large parallax. Combinations of 

WLS information within a tower and the w 25 cm attenuation length scintillator 

which optically couples the towers within a stack, allow this precision. The 

fiducial region of the roof calorimeter subtends 1.93 (1.69) sr for em (hadronic) 

showers. In the CMS this corresponds to a Ap = 720(66#) and lcosdj < 0.70(0.66) 

for electromagnetic (hadronic) showers. 

The ET trigger is formed by a weighted sum over the phototube dynodes of 

the roof. This transforms pulse-height in the laboratory to transverse energy in 

the CMS. The ET signal derived is discriminated and placed in coincidence with 

a minimum multiplicity of 2 2 hits in the 44 element scintillation counter array 

(IH) surrounding the beam (see Fig. 3). A “minimum bias” trigger was formed 

from upstream and downstream counters (BB) covering 29 <r9<6’, OR’ed with 

IH. This non-calorimeter trigger recorded > 957; of the Inelastic cross section, 

and thus provided a means of checking the calorimeter trigger. In addition, the 

BB counters were used as our luminosity monitor. 

Tha data consisted of 10” triggers recorded at an average luminosity of 

1.43 x ld’ cm-e set-t for a livetime of u 7 hours. Five distinct trigger thres- 

holds were used, in addition to minimum bias triggers [Fig 71. ET is calculated 

by dust clustering energy in the wall, using the WLS informatlon to determine 

: 
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DETECTED ET 

Fig. 7 

centroids and to correct for WIS response (6 4% of ET). Clusters are normally 

3 x 3 towers, and are aUowed to expand atong a stack to account for light Ahab 

hg. While the maximum cluster is 3 x 6 towers, the average h 3 x 3. F’ig. B 

shows the match of low pi (- 500 MeV/ c) charged tracks in low multiplicity 

events, to the found clusters, in two views, cutting alternately on the other view. 

The width for these momenta is consiatent with our beam test results. While 

clustering helps reduce the summed r.m.8. noise and aids in energy localiza- 

tio~ It Is not useful in correcting for the small difference in e/n response 

remalntng in the calorimeter. Lacking this knowledge, the data are presented 

uncorrected at this point in the analysis. J%ents with more than 15Z of their Er 

in clusters on the edge of the calorimeter are removed. to reduce the effects of 

energy leakage. Additionally we required the vector sum of the clusters’ direc- 

tions to point within i 25” in azimuth and I?/ 1 < 0.5 of the wall center, in the 

laboratory. 

Triggers were also required to satisfy a set of timing and vertex cuts: 

[I] The event time calculated from the IH elements was required to lie within 

* 15ns of the nominal event time, to reduce the accidentals within the 

longer 60 ns trigger gate. [- 4.50X]. 

[2] Pileup protection using timing on the IH and BB elements rejected second 

events within * 150~ of the nominal time. This discrimination could be 

employed to within i 12%~ of the nominal time, reducing the accidental 

rate to ,$ 1.3X. Even this low accidental rate can lead to a trigger bias in 

Er4 which we estimate to be at most 9 (21X) at 6 (14) GeV. This type of 

background would tend to obscure any event structure. [-2021. 

do/dET uncorrected; error bars are statistical only. solid circles are from 
minimum bias triggers. The other symbols refer'to data sets taken ?t d;ifferent 
thresholds. The upper limit for the background from COSRIiC rays iS lndlcated- 
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[3] All events are required to have a charged track vertex within a Mucial 

volume around the beam-interaction region This suppresses any cosmic- 

ray or beam-gas background which satistles the Er requirement and 

crosses IH to satisfy the multiplicity requirement. [-WI. 

These cuts remove about 309: of the triggers before calorimeter information 

AX 2Ocm 

AZ (mm1 

AZ 2Ocn 

Fig. 8 

Match of clusters to charged tracks with pl>.5GeV at the calorimeter face. 
TWO views are shown, with each view alternately cut on 20 cm in the other 
view. 

is used. The loss of 0 and 1 prong events Is negligible since the mean charged 

multtplicity for Er > 6 GOV 1s 2 10. The loss of events from non-uniformities in 

the calorimeter (+ 14Z) has been corrected for tn Fig. 7. 

Two backgrounds not explicitly rejected by these cuts are residual beam- 

gas and cosmic rays in time with an inelastic event. Runs without beams imply 

that while the cosmic ray spectrum is quite flat relative to Er, the contribution 

to the 12-14 GeV bin in ET is s 5% (see Fig. 7). Beam gas is harder to estimate, 

but single beam runs suggest that “self-triggering” beam gas events are S 14X 

for 12 <ET <14 before any vertex or timing cuts. The high degree of vertexed 

charged track-calorimeter correlation rules out a significant fraction of 

upstream beam gas events supplying ET. in time with an inelastic event supply- 

ing the multiplicity requirement but little Er. AU the data in F’ig. 7 were normal- 

ized using the BB counters. This leads to a 7% normalization uncertatnty. The 

ET from 7.7 K events taken with a minimum bias trigger are shown also in Fig. 7. 

These have been corrected for the loss of 0 and 1 prongs (+ 6.3Z). An extrapola- 

tion to the lowest calorimeter trigger threshold shows excellent agreement in 

both slope and normalization, indicating the stability of our procedure. The 

excellent agreement between calorimeter thresholds also indicates our ability 

to control systematic effects and backgrounds which may vary with the trigger 

level. 
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‘Ihe Structure of Events 

As pointed out in the previous sections. do/ dEr in itself is not the jet cross 

section. Furthermore, with many oontributing processes to ET, and our lncom- 

plete spectrometer coverage, it is not possible to correct the energy scale 

without a complicated model of our ET triggers. Our goal is fkst to prove that 

our triggers contain jets, and then to measure the jet cross section The former 

is not highly sensitive to energy scale errors which only dilute the structure. 

The latter is highly sensitive, but fortunately it provides us with a deanite model 

by which to correct the energy. 

To study event structure the data were divided into 5 Sr bins. In each bin, 

the clusters wtth pl> 25 MeY were ordered in A’r, and those making up 807. of 

Er were summed vectorally to calculate the axis E’ of energy flow. Tbis axts was 

also required to point towards the calorimeter center (Alp = 50 ’ end 1 ?j I< 0.5). 

Using all clusters in the wall, @I > 25 Mev) and the .f? direction we formed 

the quantity analogous to thrust (T): 

with sums carried out over clusters, and .8’ being a unit vector along 8’. 

Because of geometry, T takes on values between a 0.7 and 1.0. A pencil-like 

event has T w 1; a high multiplicity isotropic event has T LJ 0.86. and the T = 0.7 

event, would be two particles opened as widely as possible in the calorimeter. 

Fig. 9 shows the thrust distributions in bins of observed ET. The striking 

feature Is the constancy of the distribution until ET PJ 7.5 and then gradual peak- 

ing of the distribution M &is raised within the calorimeter wall. While the cuts 

applied above are somewhat arbitrary. we have varied the cutoff energies to as 

high as 250 MeV; the fraction defining E’ from 70X to 909.; and the fiducial cut to 

41 = 0.30 Ap = 20”; all without chmghg the general feature of the rise with ET. 

3-6 GeV 134 we”15 0.2 - 
O’- .P t 
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Fig. 9 
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Fraction of events per 0.02 units of thrust for the 8 bins Of ET. The shaded area 
is the hard scattering component to the fit; the solid curve is the total fit. 
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To test that the triggers were not backgrounds we required, tn addition to 

the roof trigger, that the floor should record’> 3 (;sV, or that the vertex multi- 

plicity exceed the mean detected multiplicity (n M 8 for ) y 1 < 0.6). These cuts 

would highly suppress backgrounds from both beam gas and cosmic rays which 

required in-time inelastic events, and themselves put few tracks in the central 

region of the calorimeter. In neither case was a change in the T distribution 

observed. 

Whtle the distribulion of T appears to ]om smoothly from low Er (where the 

calorimeter was not used to trigger) to high Er (where it was used), we would 

like to prove that increasing multtplicity atone coupled to our pattern recogni- 

tion cannot produce increasing thrust. We would also like to quantify our results 

for the T distribuUon for jet-like events, To accomplish these goals we have gen- 

erated two classes of events: those WithmLt an explicit hard scattering com- 

ponent (“minim urn-bias”) and those with one. AU events were passed through a 

full simulation of the calorimeter response, and then processed through our nor- 

mal calorimeter pattern recognition and analysis chain@). 

1Sm’) is used to generate these minimum-bias events. Fig. 9a shows the 

excellent agreement in shape of these events for detected ET < 3 Gel’. The 

spectrum of Er from 1SAJEl was checked against data to 6 GeV and also found in 

reasonable agreement. To get to higher ET with reasonable statistics we gen- 

erated mintmum-bias events forcing higher multiphcityt’f. Fig. 9b shows the 

date and Monte Carlo for these events from 3 to 6 GeV. Again good agreement tn 

shape ts seen From 6 to 6 GeV (not shown), the value of < T> was found 

unchanged for the Monte Carlo, but as expected, the width diminished, reflecting 

the tncrease tn multiplictty. Thts latter effect is visible already in the data and 

Monte Carlo of F’tg. 9a.b. We conclude that our procedure appears insensitive to 

simple increases in multiphcity. and that the calorimeter trigger itself is not a 

bias to the thrust measurement 

To study the shape of Jet-like events as detected In the calorimeter and to 

extract the hard-scattering component in our Er triggers, we rely on the second 

set of Monte Carlo data. ISAJET was used to produce a spectrum of events con- 

taining two large pl jets and two spectator jets(s). Since these events are pro- 

duced with the theoretical cross section, our selection of them in bins of 

observed Er will have all the effects of resolution smearing on the pi spectrum 

as well as detector and algorithm biases. In addillon they have the contamina- 

tion of the beam jets (typically BOO MeV), and the opposing jet (typically 100 

MeV). The shaded regions of Fig. Bc-h show the shape of these events for each 

detected ET bin from 6 to 14 GeV. One sees that the detector appears sensitive 

to small changes in thrust with ET. 

To quantify our results we have fit by maximum likelihood with Poisson 

statistics the two contributions to the thrust distribution: a signal from the hard 

scattering model. and a background from minimum-bias-like events. Note that 

this latter component produces a shape which is consistent with rmy source of a 

random deposition of energy in the calorimeter. It is largely independent of ET. 

To reduce model dependence of the result, we have allowed the Rttii function 

from each component to slide by up to 1 bin (0.02) tn thrust. This corresponds 

to a small variation in the multiplicity and/or width of the fragmentation model. 

The average shifts are all less than 0.5 bins, and do not alter the results above 

7.5 CeV. Only the first bin appeared sensitive to the exact form of the 

m&mum-bias used, and the allowance for a shift in the fit. An additional sys- 

tematic error has been included for this data point. 

The shape of Tin the hard scattering model is insensitive to A and the exact 

form of the fragmentation and structure functions used. The advantage of this 

technique in extracting the jet component is that lt is largely geometric, and the 
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sizes of jets are comparatively well known 

The results of the bts show that a fraction of four jet events rises approxi- 

mately linearly from & 20% to w 75% as Er varies rom 6 to 14 GeV. This 

significant a change in the jet fraction with rising ET has not been previously 

seen 

Once the event fraction from hard scattering has been extracted, in this 

manner, the model can be used to correct in each defected ET bin for geometri- 

cal acceptance, beam-jet contamination, the energy scale and resolution; to 

obtain the pl spectrum of the original constituent. These corrections increase 

the cross section by only about a factor of 4, going from 6 to 14 GeV. Rig. 10 

shows the resultant invariant cross section for inclusive jet production at y = 0. 

The dashed curve is the input into the correction procedure showing that a 

proper slope is used to correct for resolution smearing. It is therefore not 

necessary to iterate the procedure. The inner errors on the points are statisti- 

cal. reflecting the data, fit, and the correction procedure. The outer errors are 

systematic, from three main sources; luminosity (i 7%), the Monte Carlo pro- 

cedure (3.5 to 2X) and the energy scale uncertainty (5X to 3.5%). Smaller sys- 

tematic errors from the calorimeter response, and the tit procedure are also 

included on some points. 

We 6nd the cross section to be well represented by an exponential edPL 

dth slope b = 1.02 k 0.09 GeV-‘. The cross section predicted using the Baier et 

d.(s). and the Onens and Reyata structure functions is shown in Fig.10. The 

latter. having a softer gluon component, predict a lower cross section at higher 

~1, but with similar slopes. 

Fig. 10 also shows the inclusive rr’ cross section at & = 63 cOJ’@). We see 

that over our pl range of 6 to 14 GeV. the ratio of single K’ to jet varies from 

w 2OCI to m 1500. This is not inconsistent with previous techniques (Bromberg et 

Fig. 10 

Invariant cross-section at y = 0 for inclusive jet production in pp collisions 
at & = 63 GeV. Also shown is the invariant cross-section for n'production at 
\k = 63 GeV, y=O (Ref.10). Lines are theoretical predictions (see text). 
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al.. Ref. 3). since in our procedure & 20% of the events at low Er are attributed 

to jets. 

While the celorimeter provides en excellent trigger on high Er events, it 

does not have the spatial granularity and momentum resolution necessary to 

study the events in detail. To compliment our calorimetric analysis we have 

looked at the classical parameters such es qr. pd. and <pl> (see Fig. lla) 

using only charged tracks in the central drift &ember. It is described in detail 

elsewhere(“). Briefly, the cylindrical drift chamber is 1.4 m long extending radi- 

ally from 0.2 to 0.6 m from the beam intersection. It Is aximutbally segmented 

in 4’ wedges, each containing 42 sense wires yielding time end pulse height 

information. The latter gives s position es well as a particle identidcation by 

dedx measurement. The spatial resolution is _ 230~ in aximuth end 1.5 cm 

longitudinelly. With a 5.6 KG exial magnetic deld, a momentum resolution of 

about 2.5% at 1 GeV is obtained for tracks with 45’ < 0 < 135’. Two azimuthal 

regions of f4’. at 90’ and 270” are excluded for beam-pipe supports. 

In our analysis. only tracka with pl > 0.075 &Y and pl< 10.0 QY were 

used. AU tracks were required to have ] y 1 < 0.6 but tight cuts on track and 

geometry give rise to a decreasing acceptance from 1 y 1 = 0.6 to 1 y 1 = O.B.Dur 

results are not sensitive to these cuts. 

Tracks are classified es seme side or away side depending on their space 

angle relative to the trigger direction E’ in the calorimeter. In Fig. lib we show 

the <qr> to the E’ axis versus ET. A value of 400 MeV on the same side is found, 

almost constant with Er. These results are similar to those found in e*e- jets, 

and those measured using a single particle trigger in pp collistons(‘~. Gn the 

away stde <q,> rises slightly as expected, since in the overall CMS the 
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a) Definition of the variables c+, and pout. 2 is in the direction 
of the beams. 

b) <z> for the same side (circles) and away side (sg,Uares). VerSUS ET. 
c) <pou3 for the same side (circles) and away side (squares). Ve?xuS ET. 

.:,. . . __ ._. .: .:. ‘::*-;.‘::.‘.’ -, ,... .;,.‘I,. . ,:,- ,r 
:. _. _.- ..:.,.y- :... .: 

-382- 



constituents are not expected to be back-tlrback. If we work only in the 

transverse plane (see Fig. llc), then the variation with Er Is seen to be largely 

removed on the AWAY side. 

Fig. 12 shows the <pl> of ~~ACACS with AQ <50”. 50 <Aq < 130. and 

AQ > 130'. where & is the azimuthal angular diCTeranca from 2’. Note the 

nearly linear rise with ET on both sides oC the event, end the naarly constant 

level of - 400 MeY at 90” to tha trigger. The diierance in <PI> on same and 

AWAY sides may be attributable in part to primordial 9, e.nd perhaps more 

likely, to the small d.iCTerance in rapidity acceptance on the two sides, because of 

the calorimeter trigger. 

Fig. I3 shows the Uow of transverse energy versus AQ. This quantity is 

formed summing Er in Aq bins, and normalizing the result to unity. Dedx inCor- 

mation from the drift chamber is used whenever possible to make mass assign- 

ments, and only tracks withpl > 0.250 GsY are used. An acceptance correction 

for geometrical losses is applied, but not Cot loss due to overlap of tracks in the 

4” sectors. The general Ceatures CoIlor those observed in A%’ correlation(% 

very strong forward and backward peaks, which narrow with rising ET. We note 

that the width on the trigger side is seen to decrease to about 10’; considerably 

smaller than the calorimeter acceptance. 

Finally. we have done a shape analysis of the distribution of charged tracks, 

in an attempt to extract the fraction of jet-like events, just a~ was done with the 

calorimeter. We formed the quantity c’ (semi-circularity) Cram the eigenvalues 

A and B. obtaIned by disgonalization of the transverse momentum tensor in each 

went: 

o=1-(A-B)/(AtB) (2) 

I I / , I / I’ I 
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Fig. 12 

<pl; in c.m.s. for the tracks with ArP relative to %’ for 
AVS 50’ (circles) 50” APS 130’ (open circles), A+‘> 130’ 
(squares) versus ET. 
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Fraction of visible energy flow for the tracks for Acpbins Of 10" 
for E bins of: a) 1.5-3GeV; b) 6-7.5 Ge"; c) 7.5-8.5 GeV; d) 8.5-10 
me"; :) 10-11 Ge"; f) 11-12 GeV;- and g) 12-14 GeV. 

If the whole event is employed, then circularity (C) is related to planarity 

(P) by C = 1 - P. Small values of C or c’ correspond to collimated events, while 

C u 0.5 is typical of isotropic events. Again by Ming, using IS&ET shapes. we 

obtain a traction 30 l 152 at 5-8.5 GeV And 60 f 10% At 11-14 GeV. Fig. 14 shows 

the data and the results. This is in excellent Agreement with the calorimeter 

result. 

We have observed A signiacant change in event shape when triggering on 

increasing ET collected over a Large solid angle. The traction of triggers which 

we Associate with hard-scattering structure increases from & 20% to AbOUt 75% 

As Er rises Cram 6 to 14 GeV. The cross section relative to single highpl IF' pro- 

duction changes from - 200 to - 1500 over this range of 9. The detailed struc- 

ture of events in the driCt chamber also yteld a consistent fraction of hard 

scattering events, at each ET. The event structure exhibits limited transverse 

momentum to the jet axis; M away side rapidity correlation; an incrossa of 

<pi>, and an angular extent of energy flow which is much smaller than the 

calorimeter size. 

The emergence of A clear jet signature in pp collisions now opens up the 

door to unbiased studies of quark and gluon fragmentation. with rates compar- 

able or exceeding those Available in s+e- machines. 
. . 
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coarser calorimeter. special precautions were taken to ensure linearity for 

hadrons below 3 GeV and photons below 0.5 GeV. Each hadronlc shower is 

divided Into two components, pure electromagnetic and pure hadronlc. For 

the lateral development of the showers we have used a two-dimensional 

Gaussian form where the variance was taken as one haIf of one “equivalent 

absorption (radiation) length” for hadrons (photons). This is 24 cm and 1.2 

cm. respectively. The hadronic width is ahowed to Increase with depth The 

magnetic field, minimum-ionization energy loss of charged particles, depth 

of interaction point, particle decays. WLS readout, light-coupling between 

towers, and the electromagnetic to hadronic energy response and resolu 

tions were incorporated. These parameters were compared with beam test 

results and adjusted accordingly. 

7. F. E. Paige and S. D. Protopropescue, ISAJET: A Monte Carlo Generator for 

m, and @ interactions, BNL 29777 (19EO). Jet production cross-sections 

are calculated using standard QCD perturbation theory in the leading log 

appodmation. The jet production and fragmentation are decoupled. The 

coupling constant used is 

I&(@ = l/E In(QM 

8=(33-21)/12 

where f is the number of quark flavors with Ms < 4 and A = O.lC;eF. The 

effective Q. which must be of the order of the transverse momentum 

involved. was chosen as [R. Feynman. R. Field, G. Fox. Phys. Rev. D15 (1975) 

33201: Qv = zs^ fG/ @s + t- t ii’). where f. f. 0 are the standard invariants 

of the elementary scattering process. The partons are u. d. s. and g. The 

structure functions of Baler et aL 12. Phys. C2 (1979) 2651 are used. ‘ihe 

program produces two high Pl jets and two spectator jets. In this anaIysis. 

the partons are given primordial kr of 0.55 GeV (FWBM). In the fragmenta- 

tion process, high PI partons may emit hard gluons. The value of o(gr) = 

0.35 GeV was chosen both for the high Pi and spectator jets. The Ilght- 

quark jets reproduce properly the data observed in jet production in e+e- 

interactions at PEP/PEXRA. 

8. By “minimum-bias” event vre refer to any inelastic strong interaction lead- 

ing to multi-particle production at low transverse momentum. ISAJET is 

also used to generate these events with no explicit high Pl fragmentation 

component. The program uses a simplified version of the cut-reggeon field 

theory of Abramovskii. KancheIIi. and Gribov [Sov. J. Nucl. Phys. 19 (1974) 

308]. A leading baryon is generated and the remaining energy is divided 

among se&al “cut pomerons.” which fragment Into hadrons using the 

modified Field-Feynman [Nucl. Phys. B136 (1976) l] ansatz. Short range 

rapidity correlations are introduced through resonances. The multi- 

pomeron technique approximates we5 KKO Scaling and is tuned to repro- 

duce the observed multiplicities at the ISR and SPS-collider. Higher multi- 

plicities can be forced by selecting a Iarge number of cut pomerons. 

9. J. F. Owens and E. Reya, Phys. Rev. D17 (1975) 3903. 

10. C. Kourkoumelis et al.. 2. Phys. C5 (1930) 95. 

11. II. Gordon et al.. Nucl. Instrum. Methods 196 (1932) 303: D. Cock&II et al., 

Nucl. Instrum. Methods 176 (1980) 159. 

12. A. L S. Angeiis et al.. Phys. Scripta 19 (1979) 116; C. Kourkoumehs et al.. 

Nucl. Phys. B155 (1979) 39; For example G. WoIf et al.. Proceedings of the 

1979 InternationaI Symposium on Lipton and Photon Interactions at High 

Energies (Fermilab. 1970) p. 34. 
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QUARK ANTI GLUON JETS FROM THE SPLIT FIELD MAGNET DETECTOR 

AT THE ISR 

CERh'-Dortmund-Heidelberg-Warsaw Colleboration(*) 

presented by W.M. Geist 

ABSTRACT 

Events ere analyzed in which a single identified hadron (n*, 

K*) with high transverse momentum is produced at a polar angle of 

about 50'. These events show e prominent, coplanar 4-jet structure. 

Detailed measurements of the momentum and quantum number structure 

of the jets and of correlations among them are presented. The data 

allow the determination in e model independent way of the quark or 

gluon origin of both sideways jets. When confronting the data with 

predictions from lowest order QCD remarkable agreement is found, 

e.g.,scalar gluons are ruled out. It turns out that experiments of 

this type ten contribute significantly to an experimental study of 

the triple gluon vertex. 

The experiment was performed at fi = 62 GeV and 44 GeV using 

the Split Field Hagnet detector. 

Invited Talk presented at the Summer Institute on Particle Physics 
Stanford 1982 

(4) Members of the CDHW Collaboration are: C.D. Buchanan, 
K. Doroba. D. Drijard, A. Firestone, H.G. Fischer, H. Frehse, 
W. Geist, R. Gokieli, P. Hanke, H. Heiden, W. Herr, 
W. Hofmann, P.G. Innocenti, E.E. Kluge, J.W. Lamsa, T. Lohse, 
W.T. Meyer, T. Nakada, H. Panter, A. Putzer, K. Rauschnabel, 
R. Sosnowski, J. Spahn, J. Spengler, 0. Ullaland and 
D. Wegener. 

1: _;., :.. 
‘-’ 

. . ..‘.,l.:: 
,. .(‘. :.. ..,;: 

_.__ I. 

0 W.M. Geist 1982 

-x9- 



1. INTRODUCTION 

Experiments dealing with high transverse momentum phenomena in 

hadron-hadron collisions aim at 8 measurement of parton-perton 

scattering. Recently it has become clear thst events triggered by 

a single identified meson with high transverse momentum provide the 

cleanest testing ground for these ideas on a quantitative level 111. 

The experiment presented here is based upon this concept. It 

makes use of a single hadron trigger at the Split Field Magnet 

detector (SFH). Fig, 1 shows the top view of the upgraded SFH, e 

spectrometer consisting of many multiwire chambers [2] which measure 

momenta of charged particles in almost the full solid angle. The 

shaded trees (at polar angles 8 of about 50" relative to the 

beams) indicate the geometrical acceptance of the three-level 

trigger scheme 131 for single hadrons (T) of transverse momenta 

p? 2 3.5 GeV/c(*). Atmospheric Cerenkov counters covering the trigger 

region separate pions from heavier particles (65% K+/35% p and 

90% K-/10% y for the two charges). The detector is surrounded by a 

time-of-flight system (TOF) for particle identification, a liquid 

argon calorimeter (LAR) for x ' detection at 8 ; 270" [4] completes 

the set-up. At an energy of Jii = 62 (44) GeV a total of 10' 

(3 * 10‘) triggers were taken; so far about 110 * 10' (20 * 10') 

events with pz 3 4 GeV are fully reconstructed. 

The data end all model predictions shown are preliminary; the 

data are, however, acceptance corrected if the acceptance was 

smaller than about 85%. If not explicitly stated otherwise only 

events with p$ > 4 GeV/c taken at /ii = 62 GeV sre studied. 

2. FOUR-JET STRUCTURE 

It goes without saying that, given e detector with good 

acceptance for the full phase space, event topologies can be well 

measured. Fits. 2 displ%-, for high P; events at fi = 62 GeV, the 

(4) The superscript T is dropped for inclusive distributions. 
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Fig. 2 Density of particles in high transverse momentum events 

(PI > 4 CeV/c, /ii = 62 GeV) relative to density from 

normal inelastic collisions for three intervals of the 

secondaries’ transverse momenta PT. 

density of charged secondaries (excluding the non-identified 

trigger) relative to the particle density from normal inelastic 

collisions at the same energy. The ratio is shown as funCtiOn Of 

the c.m.s. rapidity y and of the azimuthal angle 0 about the beam 

axis for three intervals of the secondaries’ transverse mOmentUm 

PT. For pT > 0.4 GeV/c one observes two maxima at + 2 0’ and 
s = 180’ reflecting abundant production of secondaries collimated 

around a common axis, i.e.,of particle jets. The “toward jet” is 

Lined up with the trigger at ) = 0” and the wider “away jet” 

recoils in a coplanar configuration at * 2 180”. The relative 

particle yield in both jets increases strongly with pT indicating 

a substantial “hard” component in these jets. 

The rapidity distributions for secondaries with pT, 1 SeV/c 

emitted into the “toward” azimuthal wedge (4 = 0” t 25’) and into 

the “away” wedge (4 = 180’ + 25”) are shown in fig. 3(a) for non- 

identified triggers at different values of p:. In the toward 
region one finds the marked correlation pattern of the toward jet. 

The particle density in the wider away jets increases strongly with 

Pz and becomes more asymmetric around y = 0. The Latter trends are 
not only a consequence of “just kinematics.” This is proven by 

fig. 3(b) which shows, for the away wedge, a non-zero difference 

between particle densities associated with n* and K- triggers. 

Since energy-momentum conservation should be independent of the 

trigger’s flavour the observed difference must reflect dynamics 

(see also sect. 5). 

Whereas the production of sideways jets is convincingly 

demonstrated by figs 2 and 3 the existence of jets along the beam 

direction is not obvious from these data. To visualize the 4-jet 

structure of the events analyzed here a scaled momentum flow F(8) 

is introduced: F(a) = Q(e)/<q(e)>LN ( , q e) is the momentum 

-391- 



PARTICLE DENSITY 
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.a) 

Fig. 3 (a) Rapidity distribution for toward and away wedges as 

function of Pz for secondaries with pT > 1 GeV/c. 
The rapidity of the trigger is indicated by an arrow. 

tb) Difference between W+ and K- triggers of rapidity 

distributions in the away wedge. 

projected onto the scattering plane (*I of a single particle 

produced at e and Q(e) is the sum over q(a) in a given bin of s 

excluding the trigger. The factor <q(e)>‘N, the average of q(e) 

over all inelastic events, was chosen in order to remove the effect 

of two different momentum scales - transverse and Longitudinal - 

encountered in hadronic interactions. The pattern of F(e) is 

displayed in arbitrary units in fig. 4(a) for events triggered by 

non-identified hadrons with ps b 6 CeV/c and in fig. 4(b) for normal 

inelastic events. Fig. 4(a) shows (a) clustering around the trigger 

direction, i.e.,the toward jet, (b) two “spectator” jets along the 

beam direction (at e = 0’ f 15” and e = 180” t 15”) similar to 

those in fig. 4(b). and (c) a prominent structure betveen e 2 200’ 

and e ,” 340” due to away jets. It is common to figs 2, 3(a) and 

4(a) that the distribution of particles produced at ( 2 180” (or 

e > 180”) is much wider in terms of y (or e) than the narrow toward 

jet. This asymmetric behaviour is explained on the basis of 

figs 4(c,d) where scaled momentum flows are shown for events with 

pz 4 4 GeV/c and with a secondary trigger particle with transverse 

momentum larger than 2 GeV/c (excluded from F(e)) at either 

e z 245” or e ; 295”. In both cases one now finds in addition 

narrow jets along the secondary trigger. Hence the wide enhancement 

in fig. 4(a) is a superposition of narrow jets emitted at varying 

polar angles [51. 

Independent evidence for a 4-jet topology is derived from the 

dependence of the charged multiplicity of the full event on pz. 

Fig. 5 shows that the measured multiplicity of charged hadrons, 

corrected for decays of neutral particles and for Losses, increases 

strongly with p; up to about 3.0 GeV/c with Little change at Larger 
T 

PT’ This can qualitatively be understood as follows: the 

multiplicity of the sideways jets is expected to increase with p: 

(i.e., with jet energy) similarly to jets from e+e- collisions. On 

the other hand the multiplicity of the spectator jets decreases due 

to the reduced energy available - as it has been found in Drell-Yan 

(*) The scattering plane is defined by the direction of the 
trigger and the beam axis. 
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(a) 
6) 

Cd) 

Fig. 4 (a) Scaled momentum flow as function of polar angle for events 

with Pf > 6 GeVlc. 

(b) Same as (a) but for normal inelastic events. 

(C) S=m= =a (=) but fo= P; > 4 GeV/c and a back-to-back 
pseudotrigger with pT > 2 GeVlc. 

(d) Same as (c) but for a back-to-antiback pseudotrigger. 

Fig. 5 Corrected charged multiplicity <rich> as function of 2 

(trigger not identified); the systematic error of o 0.6 

is not shown. 
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processes 161 - such that the total multiplicity becomes 

approximately independent of p:. More detailed calculations confirm 
this interpretation [7,8]. 

3. THEORETICAL. FRAMEWORK 

3.1 Hard scattering and QCD 

Rather large cross sections for meson production at high 

transverse momentum in hadron-hadron collisions are expected from 

hard scattering of partons. Fragmentation of the scattered partons 

gives rise to the toward jet including the trigger particle and to 

the away jet as shown in the diagram below: 

. T, toward jet 

spect. jet 

/ / spect, jet 

< 
Q 

I 

/R away jet 

While the direction of the toward jet is determined to a Large 

extent by the trigger T, the angular dependence of away jet 

production reflects the shape of the matrix element for parton- 

parton scattering. 

The non-interacting hadron constituents fragment into jets 

preserving the beam direction (spectator jets). Thus the 4-jet 

structure presented in the previous section is explained and turns 

out to be a consequence of the compositeness of hadrons. The 

manifold pattern renders the interpretation of measureme*tS more 

difficult as compared to e.g. e+e- collisions. This drawback 

is, however. overcompensated by the fact that only hadron 

collisions are a Laboratory for gluon scattering: in the diagrams 

below the most important QCD subprocesses for hard scattering of 

quarks (- ) and gluons (F6%') are given: 

One realizes the unique situation that gluoos show up in the 

Born term via the triple gluon vertex as a consequence of the 

non-abelian nature of QCD. 

A Monte Carlo program was set up [9] to compare the data with 

detailed predictions based upon lowest order QCD. Its basic 

ingredients are outlined in the Appendix; more details are given in 

ref. t91. To illustrate more global predictions the calculated 

inclusive cross section for v* production at n = 62 GeV and 44 GeV 

are shown in fig. 6 (solid lines) together vith the measurements 

[3,10]. There is remarkable agreement within a factor of d 3 for 

p.$z 4 GeV/c and nearly perfect agreement for p$ > 6 GeV/c. 

However, better precision on the input to the simulation program is 

needed before drawing safe conclusions. It is nevertheless 

interesting to point out that these QCD calculations contain a 

Large contribution from gluons in addition to quarks (dashed Line) - 

mainly via the triple Rluon vertex. Very good agreement is also 

obtained for the inclusive particle ratios [3] at fi = 62 GeV/c 

as exemplified by the dependence on p,' of the fraction of ,- among 

negative particles in fig. 6(c). 
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3.2 The origin of mesons with high transverse momentum 

One may anticipate that the triggering particle carries moht 

of tbe energy of the scattered par-ton and therefore reflects its 

identity to a certain degree. In the following the most plausible 

sources for triggering r+ (= u;i) and K- (= 6;) are discussed: 

obviously mesons at high pg could be due to scattered sea quarks; 
two examples for K- production are sketched below. Positive pions 

can furthermore be produced as leading particles from u-quark 

fragmentation B la Field-Feynman [ill (see below), whereas K- 

triggers do not contain any valence quark of the proton, such that 

they may only be second generation hadrons from valence quark 

fragmentation. Both K- and r+ can, finally, be produced by 

gluon fragmentation. This implies a short range compensation of 

quantum numbers, e.g., of charge or strangeness as indicated below 

for K- production: 

3.3 Kinematics and the away jet 

The influence of parton-parton kinematics on the configuration 

of sideways jets is outlined in the diagram below: 

Colliding quarks have approximately equal and opposite momenta in 

the proton-proton rest system before and after the interaction. A 

trigger particle at 0 # 90” therefore forces the momentum of the 

away jet to line up with the trigger direction (“back-to-back” 

configuration). In the case of quark scattering off a parton with 

a “softer” structure function, e.g., like a gluon, the parton-parton 

rest system moves relative to the overall c.m.8. system such that 

both the toward and the away jet populate more often the same 

longitudinal hemisphere in the proton-proton c.m.6. (“back-to- 

antiback” configuration). Hence triggering off 90’ offers a way to 

enrich away jets of a certain type on kinematical grounds. 

Away jets due to gluons are neutral objects. From gluon 

exchange one expects that the average away jet due to valence quarks 

carries net positive charge since the gluon couples equally to u 

and d quarks such that for away jets u : d z 2 : 1 as in the 

incident proton. 

4. TOWARD JETS: STRUCTURE AND ORIGIN 

I” sect. 2 jet-like clustering of secondaries about the 

trigger direction was found. It is of interest to compare these jets 

to the ones obtained from e+e- collisions. In order to do so the 

distribution of the secondaries’ tKS*SVerSe WXde*tS pTJ relative to 

their average direction was measured for the toward jet [121. The 

distribution is of exponential shape with <~TJ> 2 0.45 GeV/c (not 

shown) as in ece- reactions [13]. This quantity determines, of 

course, the width of the toward rapidity distribution in fig. 3(S). 

For a more detailed study of toward jets a fragmentation 

vdriable z F is defined by ZF = ‘p” . “T/I;TI, where ‘p” and ST are 

the momenta of a secondary in the toward jet and of the trigger 

particle. Fig. 7(a) shows the normalized distribution in ZF of 
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XT 
Fig. 8 Dependence of <z TR> on xT for data obtained at /s = 

62 GeV and 44 GeV and a QCD prediction. 
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100 : 
1 -b 

0.5 

I I I 

M(K+T;) GeV 

Fig. 9 Effective msss distribution (background subtracted) for 

n+n--pairs, where s- is the trigger particle with 

Pz > 4 GeV/c. A Breit-Wigner function is superimposed. 

This is only true, however, if there is no abundant resonance 

production which may give rise to e.g. s+ production at high p; via 

the process d + pt_+ v+. To resolve this problem a background 

subtracted effective mass distribution for s - + psirs including the s 

s- trigger is shown in fig. 9, s Breit-Wigner function (solid line) 

is superimposed snd reproduces the data well. Prom the measured p* 

signal one estimates that only about 5% of all pion triggers come 

from p decays. This is consistent with da(o’)/do(n-) 5 1.3 at 

PT a 4 GeVlc since only a few veryasymmetric p* decays yield s pion 

with rather high transverse momentum. Measurements on resonance 

production st high transverse momentum will [l(b)1 give veluable 

information on parton fragmentation into leading resonances. 

So far the data suggest that v+ (s-. data [l(b)] not shown) 

production at high pz . is dominated by u cd)-quark fragmentation. 

This is finally confirmed by fig. 10 which shows the relative 

density of positive and negative particles from spectstor jets for 

lT+ and s- triggers 8s function of the Feynman variable xF. For 

XF < 0 there is no dependence on the trigger flsvour, 8s expected 

from gluon exchange. On the other hand there is an excess for 

XF > 0 of positive particles accompanying s- triggers and of 

negatives associeted with v+ triggers. This is 8 long range 

correlation, not the familiar short range (Ax 2 0.1) compensation 

of charge. It excludes large contributions from sea-quarks and/or 

gluons to both s+ and s- production, for which all ratios should be 

unity (except for short range charge conservation). This conclusion 

is else supported by the measured inclusive x+/r- ratio [3] which 

is significantly different from unity snd reflects the relative 

shape of u- and d-quark stsucture functions. 

The origin of s+ triggers being established these data are 

used as a reference for an analysis of K- production. Fig. 7(b) 

shows the normalized eF distributions for K- triggers in analogy to 

fig. 7(a): for K- triggers the ratio R(opp./same) (t 8.6 for 

:.. ..: 
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XF 

Fig. 10 Relative densities of positive and negative secondaries 

associated with r- and r+ trigger with $, 4 C~V/C .YB 

function of xF. 

Zp > 0.3) is much larger than for n + triggers proving that there is 

a stronger compensation of the trigger charge, or, in other words, 

the triggering K- and ite associated toward jet come from B more 

neutral parton. The same trend is, however, predicted for valence 

quarks fragmenting into second generation K- [ll]. The solid lines 

in fig. 7(b) show QCD predictions for the charge structure of toward 

jets associated with triggering K-. The data are well reproduced by 

the model in which gluons dominate K- production. The differences 

found in fig. 7 for r’ and K- triggers rule out K- as fragments of 

Q-quarks for which R(~pp./same)~- = R(~pp./same)~+ should hold. 

A measurement of K” 8 production in toward jets gives B much 
bigger yield (factor 2) for K triggers than for pion triggers (not 

shown, [Is]). This corresponds to strong local compensation of 

strangeness for K- triggers. Jets due to s-quarks do carry 

6 trangeness, therefore also this potential source of K- production 

can be discarded. 

The data presented in this section imply that pions at high p: 

are predominantly leading fragments of valence quarks. K- triggers 

turn out not to be leading fragments of s- and a-quarks. Other sea- 

quarks ShouId even contribute less to K- production since they 

cannot fragment into leading K-. Hence the only remaining partons 

that could dominate K- production at high p; are, so far, valence 
quarks and partons vithout net charge and without net strangeness. 

5. AWAY JETS: STRUCTURE AND ORIGIN 

A measurement of the longitudinal structure of away jets is 

dis’played in fig. 11 for V+ triggers: the normalized distribution 

of charged particles in the away wedge is given as function of a 

scaling variable % = pT/&T. The knowledge of <zTR> (sect. 4) makes 
it possible to also shov the dependence on 4 = xg . <zT$; for an 

exact balance of the transverse momenta of both sideways jets, $ 



I 
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left as the dominating source for K- production at p$ 2 4 GeV/c. 

This also explains the finding that a back-to-antiback configuration 

occure more often for K- than for w + triggers (fig. 3(b)). With d- 
quarks and gluons 88 the parent partons of v- end K- at high p:, 

respectively, the inclusive ratio of w- and negative particles 

(; r- + K-) in fig. (8~) is a measure of the relative production 

rate of d-quarks and gluons. Hence fig. 8(c) shows that gluons 

are produced at about the predicted relative rate. which is mainly 

due to diagrams including the triple gluon vertex. 

The charge ratio for away jets in the back-to-antiback 

configuration for fl+ triggers is smaller than that of fig. 12(a) 

and is consistent with a contribution from fragmenting soft neutral 

partons. 

All measurements presented so far support simple parton ideas 

or are even in rather remarkable agreement with QCD predictions. 

This encourages more subtle investigations making explicit use of 

Monte Carlo calculations. As an example a determination of the 

gluon spin is described in the following: as mentioned in sect. 

3.1 the angular distribution of away jet axes is related to the 

shape of the matrix element for hard scattering, i.e.,the gluon 

spin [161. Experimentally, away jet particles with mcare than about 

40% of the away jet momentum (xg >, 0.5 or $ ; 0.4) are used as an 

approximation of the jet axis. Fig. 13 shows the normalized 

distribution in rapidity for these particles for n+ triggers with 

4 GeV/c Q pI < 6 GeV/c. The normalization was done such that 8 

comparison with simulations is independent of the predicted rate. 

The smooth curves are the results of Monte Carlo calculations [161 

for scalar and vector gluon exchange. Evidently, scalar gluons 836 

at variance with the data. Reasonable modifications of the 

ingredients of the Monte Carlo program are, if anything, in favour 

of vector gluons. The more symmetric rapidity distribution from 

scalar gluons corresponds to little angular dependence of the 

\ 

- I 
I 

0,6 - 
I 

Rapidity , y 

Fig. 13 Rapidity distribution for away secondaries with XR , o 5 

associated with n triggers. The solid lines correspond to 

predictions for vector and scalar gluons. 
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matrix elements compared to the Moller-type scattering for vector 

gluons. Since triple gluon vertices should not exist for scalar 

g luons , also the measured cross section for K- production msy be 

taken as evidence against scalar gluons. 

6. CONCLUSIONS 

A few selected measurements of hard scattering processes in 

hadronic collisions were presented; they come from a second 

generation experiment et the Split Field Magnet. The apparatus was 

triggered by single identified hadrons produced with high 

transverse momentum at a polar angle oi 50”; the events were 

recorded and reconstructed in almost full solid angle. 

(a) 

(b) 

Cc) 

The following results were obtained: 

The events show a prominent, copLana four-jet structure: the 

toward jet associated with the trigger, the recoiling away jet 

end the two spectator jets along the beam direction. These 

features ere a manifestation of dynamics, not only a simple 

consequence of momentum conservation. 

A measurement of quantum number correlations and of the 

fraction of the jet energy transferred to the trigger particle 

shows that n+(n-) triggers are leading fragments of u- 

cd)-quarks. The data provide detailed tests of fragmentation 

models. 

The correlations between trigger flavours and properties of 

spectator jets confirm the above interpretation of II t 

production and suggest that there is no flavour exchange in 

hard processes. 

(d) The charge stucture of away jets is different for V+ end 

K- triggers. Together with correlations measured in the 

toward jet (d this rules out a quark origin of K- triggers, 

but indicates that they are leading fragments of soft 

flavourless partons. 

These conclusions do not depend on any detailed model; in 

particular, they are independent of Monte Csrlo calculations. 

(e) Predictions from leading order QCD are in surprising agreement 

with inclusive and correlation data. In this framework gluons 

dominate K- production. A model dependent analysis of away 

jets shows that gluons have non-zero spin. For vector gluons 

the triple gluon vertex is expected to give the largest 

contribution to K- production and the predicted cross 

section agrees well with the data. 

More details will be obtained from a study of II’, strange 

particle and (anti-)baryon production in the sideways jets end from 

a measurement of dependencies on trigger angle, transverse momentum 

and primary energy. 

The correspondence between the flavour of the trigger (the 

leading particle in the jet) and the flavour of the parent parton 

allows for a tagging of various subprocesses on an event-by-event 

basis by an appropriate choice of the trigger particle, e.g.,K- 

triggers at moderate transverse momenta enhance toward jets from 

gluons. 

Thus it turns out that experiments using single particle 

triggers provide a sensitive test for the parton origin of jets. 

They allow settine experimental bounds on the cross section for 

parton-parton scattering and on the triple gluon vertex. 

Especially the ISR is a valuable tool for studies of gluon 

scattering at high luminosity. 
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APPENDIX REFERENCES 

A Monte Carlo program to predict leading order QCD effects in 

deep inelastic hadron-hadron scattering: 

(a) The incoming partons (quarks and gluons) are described by 

scaling violating structure functions as derived in [17]; the 

distribution of the partons' transverse momenta kTi"side 

the protons is assumed to factorize from the structure 

function and is given by an exponential distribution in k;'wlth 

<k 3 = .85 GeBJc. 

(b) The parton-parton cross sections of [la] were taken; 

'Je(Q') - 2 [~n(Q'Jr')l-' with A - 0.3 GeV was used and the 

scale 9' was calculated from the Mandelstam variables O, t, u 

on the parton level: Q' = s‘ +*$"+ ur. Partons are massless. 

(c) Parton fragmentation functions D(z) ate assumed to factorize 

from the structure functions. Gluons split 1191 into a quark 

and an antiquark which fragment independently. Scaling 

violations are predicted by QCD and are introduced into the 

scheme of [ill by an Q' dependent exponent b(Q', Q:) 1191: 

D(z, Q') + (1 - z) b(Q’, Q:) for z + 1 

where 9: = 4 GeV' and z is the fraction of the psrton energy 

carried by one fragment; b(Q', Q:) is different for gluon and 

quark fragmentation. Transverse momenta qT of fragments have an 

exponential distribution in q; with 8n average "f 323 neV/c. 

More details can be found in [PI. 
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Abstract 

Soft badron production, the small x region. in QCD jets is 

reviewed. The most striking prediction is that there should be no 

central lateau in the dominant two jet events in e+e- annihilation. 
The &F growth of the average multiplicity is shown not to be 

affected by the first higher order corrections. 

I. Introductio" 

The most striking success of QCD has bee" the existence of 

jets of hadrons. These jets were definitively see" first in e+e- 

collisions and now clean two jet events have appeared from the ;p 

collider at CERN. Detailed quantitative predictions of QCD jets 

are much less certain. It now appears that hadronization effects 

are both necessary and quite model dependent. 1 All tests of QCD 

in jet analyses have concentrated on hard hadrons, the soft hadrons 

furnishing the uncertainties appearing in the various models 

of hadronizatio". 

In fact it has "ever been clear whether QCD would be able to 

make predictions for the slow particles emerging from jets. The 

issue is, perhaps, still not clear. The leading logarithms for 

soft particle production have now been completely calculated in the 

past year, 2.3 and they show a most remarkable result. If one plots 

x 2 versus Rn l/x as !.ndicated in Fig.1. this cross-section is 

predicted to peak4 at Il" l/x s 114 IL" Q2/u2 with a broad dip going 

down to Iln l/x s l;2 Ln Q2/.g2. This is a most unexpected result. 

In hadronic physics we are all familiar with a broad central plateau 

which slowly rises with energy. The prediction for soft particles 

coming from genuine QCD jets is that this central plateau becomes 

a central dip with the typical particle being rather energetic 

compared to its kinematic limitations. 

U"fortu"ately, there is as yet no systematic procedure for 

correcting and improving this leading logarithmic result. Ultimate- 

ly, such a procedure is crucial. However, the first corrections 

to this leading logarithmic calculation have recently been done5 

and are found not to change the qualitative picture described above. 

In fact, these corrections are vanishing small at large Q2. 

I think the emergence of this dip at small x in x g would be 

a major qualitative success of perturbative QCD. (The quantita- 

tive predictions suffer from the usual uncertainties of higher 

order corrections and hadronizatio" effects.) It is not completely 

-406- 
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clear at what energies this dip should appear. It could appear at 

the highest PETRA and PEP energies. If the dip does not appear at 

these energies it could be found, perhaps, at the pi CERN collider 

in those events which have clear two jets transverse to the beam 

directions. It should be clearly visible at the Fermilab collider 

and at the Stanford single pass collider. 

II. The Leading Logarithms 

Some years ago there was an intense effort directed at prov- 

ing factorization for various processes in QCD. 5-9 In the case 

of e+a- annihilation into a hadron carrying a fraction x of its 

maximum possible mome”tum,o”e defines an inclusive cross-section 
do 
iii;;’ Factorization then takes the form 

Q2 L’ 2 x*-l dr - 

Q2+ IO 
An En(Q2) 

where A ” depends on the details of the produced particle and on 

non-perturbative effects in general. En(Q2) is calculable from 

the renormalization group and perturbation theory as 

En(Q2) - Cn(a(Q2))e 
(2) 

After determining y” and C n to some order of perturbation 

theory,one can attempt to calculate soft particle production in 

the following manner. A, reflects the conversion of gluons (We 

shall suppose that only the small x region is of concern,in which 

case gluons play the dominant role. In this region the quark 

distributions simply follow the @on distributions.) into hadrons. 

This is a conversion which is not calculable In perturbation 

theory. however, since only masses of order U are imrolved, A 
* 

IS regular in ” and cannot sig”ifica”tly affect the x distri- 

bution of g at very large Q2. Thus. we may consider the 

.__ 

-. ._ _’ ._ . 
.: .:s. : :__ ; 

>.:.: .:: __..I 
.. 

__._.: ,:. 
.._. 

_. .-. .-’ . . 
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problem of the x distribution of gluons of mass p . For this 
cross-section we may write 

L+im 

x E.,L dn 
dx 

Q2 I 2ni x -"*I En(Q2). (3) 
L-i- 

When x is small the x-"+' = e-("-l)'n 1'x factor in (3) suggests 
that one distort the contour to the left toward the line Ren=l. 

However, En, as calculated from (2) is singular at the point " =I in 

perturbation theory,and for this reason it is not clear whether (3) 

can be used to obtain the Small x region from perturbative QCD 

c*1cu1*tio*s. 

In order to calculate the small x behavior,* necessary task is 

to determine the behavior of yn(g2) for small g2 and small n-l. 

Ynk2) is The structure of 

.+. - 
1 rs ("-l;zr-. * (4) 

s=l 

All those terms involving s=l we call the leading series. They have 
the maximum number of powers of an l/x for a given order of CI. 

Those terms with s=2 are called the next to leading series. At the 
moment we are discussing the leading series, the leading logarithmic 

approximation. In Section III we shall briefly discuss the next to 

leading series, which has been calculated. We know of no systematic 
procedure to calculate crs for 823. 

The pioneering discussions of the small x behavior of x-$ 

were given by Bassetto, Ciafaloni and Marchesini, 10 

Petronzio and Pokorski 11 
by Furmanski, 

and by Konishi. 12 These authors evaluated 
the leading terms for gluon ladders. Theyfound the remarkable result 
that 

Y" = $ @n-l) + -1. 
n (5) 

That is, the singularities at n-l have gone away and in their stead 
Y" is non-***1yt1c in a at n=l. 

Although (5) is a correct evaluation of the ladder graphs.it 

turned out that non-ladder graphs give contributions to the leading 

logarithms also. These contributions were evaluated expliCitlY 

through three loops 13 where the form 

y* = $ E-n-1) + (n-l) + 71 f-F--T (6) 

was suggested. This equation for y, was later proved' to sum 

correctly all the leading terms for an arbitrary number of 100ps. 

The remarkable feature which arises from this analysis IS that it 

is possible to obtain the correct answer, Eq.6, for the leading 

terms if one considers only ladder graphs but with a restriction on 

the regions of phase space 
2,13 allowed for the produced gluons. This 

is a restriction which does not follow from any analysis of the 

ladder graphs by themselves. The restriction is easy to state. 

Referring to Fig.2 the restriction is simply that 

p <<kl<< k 2 
. . . << k n = Q/2 

in. say the center of mass frame where q=(Q,O,O,O). Thus. the lead- 

ing logarithms correspond to a branching process where later emis- 

sions occur with smaller angles than earlier emissions. The angular 

ordering given in Eq.7 was found independently by Ermolaev and 

Fadi".14 

We may determine the small x behavior for the production of 

gluons of mass u in e+e- annihilation by substituting (6) into 

(2) and (3). (It turns out that C" is finite in the region in 

question.) One finds that 

2 du const G( 2, e 
.tn312 Q2/A2 - .t"3'2!12/h2 

' x&i = IJen3/2 ;2,n2 _ Qn312 V2/n27 112 
(8) 

with 

_. 
:.‘.:: ,I 

.: ‘:L-: .- ,. -.::. .l., .; :I. 
._ _..._._ .I...’ 

:_ ._ 
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;i(Q2) = const. e . (9) 

The peaking of x g at Ln l/x 7+ l/4 fn Q2/u2 is clearly exhibited 

by (8). Except for *'factor of l/fi , (9) is the result found in 

9ef*.lO-12. This peaking at an l/x - l/4 Il" Q2/u2 and the dip for x 

values much smaller than that value follows from (6) but not from 

(5). If we had used Eq.5 we would have found a broad mwimum center- 

ed about Iln l/x - l/2 Iln Q2. That is the behavior of a rising 

central plateau. The behavior exhibited in Eq.8 is thus not a 

kinematic effect, but rather a" effect which occurs only in gauge 

theories and follows from the emissio" of soft vector particles from 

a conserved vector current. 

III. Corrections to the Leading Terms 

A result for which corrections cannot be computed must be taken 

with some caution. Ideally, one would like to have a guarantee that 

(8) and (9) are asymptotic behaviors in QCD for which subdominant 

terms could be systematically calculated. So far no such procedure 

has been found, although I think it is likely that a relevant form- 

alism will in time, be found. Lacking a systematic procedure,the 

next best thing is a brute force calculation of the next to leading 

terms In (4). This has been done.5 The resulting anomalous 

dimension has the form 

c2 a(*-1) 

Y" = Y" co1 I?+ /& 
+ --------I + c3a , (10) 

(*:1)2+? 
n 

with y:) being the y of Eq.6, For a and (n-1) small the 

corrections are indeed small compared to the leading logarithmic 

terms. The main effects are a fn 9." Q2/h2 term added to the ex- 

ponential in (9) and a shift of the peak in the x distribution to 



smaller values of x. The explicit form of this shift is given in 

Ref.5. 

IV. Co"cl"sio"s 

The distribution and multiplicity of soft particles produced 

in QCD jets appears to be very different from that emerging in a 

hadron-hadron collision without hard scatterings. The most striking 

effect is the suppression of soft particle production relative to 

those particles having intermediate energies, p = 0(&j ). This 

suppression follows from the requirement that particles emitted 

later in the branching process have smaller angles. However, when 

a particle is almost at rest it requires a large emission angle in 

order to have a reasonable phase space for production. The only 

resolution to the simultaneous requirements of both a large and a 

small emission angle for very soft particles is a suppression of 

their production. We thus expect the lack of a central plateau to 

be a very general feature of gauge theories for soft particles 

emerging from jets. We also strongly feel that soft particle pro- 

duction in non jet events in hadron-hadron collisions is completely 

different than soft particle production from hard jets. However, 

once a hard jet is produced the distribution of produced hadrons 

should not depend on how that jet was produced. Thus p-p colliders 

should be a good place to study jet properties. 

We have not at all addressed the question of whether non- 

perturbative effects might destroy the analysis described above. 

Presumably, non-perturbative effects should not affect the far off- 

shell evolution of gluons which leads to (8) and (9), but the 

situation is not entirely clear. The gluon and quark evolution 

necessary to get (8) and (9)tahs place over a very long time during 

which color separation might occur. However, color separation is 

not required to occur since the quark-anti-quark pair initially 

produced in the e+e- annihilation does not play a significant part 

in the evolution leading to (8) and (9). It has been suggested15'16 

that perturbation theory might already shield the parton evolutions 

from forming large color fluctuations without the necessity of non- 

perturbative effects. It is important to extend and clarify this 

idea. Recent critiques of the purely perturbative approach are 

given in Refs. 17 and 18. 

1) 

2) 

3) 

4) 

5) 

6) 

7) 

8) 

9) 

10) 

11) 

12) 

13) 

14) 

15) 

16) 

17) 

18) 
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h'F.DTRINO MASS LlMITS FROM OSCILLATION AND 

DOUBLE BETA DECAY EXPERIHBNT'S 

F. Boehm 

California Institute of Technology, Pasadena, CA 91125 

INTRODUCTION 

In the framework of grand unified theories the weak interac- 

Cion states describing physical neutrinos are predicted to be mixed 

states'. If, in addition, finite rest mass is associated with these 

states, several new phenomena are predicted to occur. Neutrino 

mixing,including light and heavy neutrinos. can lead to observable 

effects in weak decays, such as new monochromatic lepton lines. 

Another consequence is the well known neutrino oscillation process, 

i.e.,the transition from one neutrino type to another. I would like 

to first review the static aspect of neutrino mixing. its experi- 

gental consequences and current. results, and then turn to the dynamics 

of a mixed neutrino systeti discussing our present knowledge of neu- 

trio0 oscillations. Finally, I shall discuss the neutrinoless double 

beta decay. an old field which has reappeared as a powerful and 

sensitive way of testing lepton non-conservation and neutrino mass. 

1. STATIC NFJITRINO MIXING AND HBAVY NEUTRINOS 

Following general practice' we write the weak-interaction 

neutrino state V,(E = e,u,r) a8 a superposition of mass-eigenstate 

neutrinos vi (I = 1.2,3), 

(1) 

~ : .:,.:‘:.:. :.--:..i 
_... . .._. _ . ..>. 
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The expansion coefficients ULi which are the elements of a 

unitary matrix represent the mixing amplitudes. 

It may be argued that the state vII is predominantly composed 

ofalight neutrino ~1, with small admixtures of one or two heavy 

neutrinos VI and V3, restricting IU 
&,a I2 <Cl. As a consequence. 

there will be a branch proceeding via the heavy neutrino, with 

branching ratio BLi : IULi\*. Shrock' has pointed out that the tm- 

body decays, K-W, n-W, 71-@V offer sensitive tests in a search for 

these branching*. What would be expected is a monochromatic lepton 

line, due to the decay of the heavy neutrino, at some energy below 

the regular lepton peak. For example, in the decay K+ + u+V the 

muon momentum range between 100 MeVfc and 220 MeV/c was explored' 

with good momentum resolution, and stringent limits could be set 

for heavy neutrino mese.es. Figure 1, taken from a recent paper 

by Yamasaki3, shows the data from this search. In a similar fashion 

the decays II -c WV' and T + @v5 were explored spectroscopically. 

No evidence for heavy neutrinos was seen,and the resulting limits 

of the branching ratios BLi are depicted in Fig. 2. 

In nuclear beta decay @ heavy neutrino may give rise to a 

dfscontinufty or "kink" in the beta spectrum. Shrock' has ana- 

lyzedthe existing spectroscopic data finding no evidence for kinks. 

These results are also shown in Fig. 2. In a similar fashion, by 

analyzing the "R decay spectrum. Simpson6 finds branching ratios of 

less than lo-' to 10-l for m v heavy of 0.1 to 10 keV. 

Another relationship capable of supplying information on 

branching ratios into heavy neutrinos can be taken from double-beta 

. .-. .: ‘Z., 

.,-. . . . . . . 
:.. .: :;: . 

. .‘, ..; ‘. 
“’ 

I 

____ t-.l~-t.t--i----.--~.---t--- 

100 140 180 220 260 

Momentum (MeV/cl 

Fig. 1 

Momentum spectrum of charged particles from k decay 
(taken from Ref.3). 
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Fig. 2 

Limits for branching ratios into heavy neutrino decay 
as a function of heavy neutrino mass as established from 
various experiments. 

decay. Simpson'argues that the mass limit from double-beta decay 

which is about lo-40 eV (see part 3 of this talk) can be inter- 

preted as an average Majorana mass which for small mixing is given 

by 

% - ‘ullght COS% + m v heavy 
ain% c40 ev. 

with m vlfght ” %hewq 
it followa that 

dn2ft~4 x 10-'/m v hsavy m@v) ' 

an argument which holds for mu < pV. The resulting limit is also 

shown in Fig. 2. 

Other limitations shown in Fig. 2 were derived from branching 

ratios and are quoted in Refs. 2 and 8. We conclude that there is 

no evidence for heavy neutrinos that have masses between 10-I and 

10J MeV, with branching ratios larger than lo-' to 10e6. 

2. DYNAMIC NEUTRINO MIXING -NEUIRINO OSCILLATIONS 

The dynamics of a mixed neutrino state follows from Eq. 1 by 

considering the evolution in time of a mass eigenstate Vi(t), 

vi(t) - e-lEit; gi = &q. 

Assuming that at least one of the masses mi of the pure states Vi 

is non-zero, neutrino oscillations will occur. 

For the simplified case of 2 neutrinos, vllland VI1,, the 

matrix URi contains only one independent parameter, the mixing 

angle 8. The probability for appearance of a new state 9.2 in a 

‘..:. 

..-. ‘Y.... 
.I‘.:.:.:.‘..: j::. 
:.., >y..:. : :‘;‘-I: 

_.__ :., i ‘Y -; 
1.1. z:. -_. 
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detector a distance L (m) away from the source emitting neutrinos 

in the state 1, is given by 

p (v&*- VL2) 
sin220 -- I- cos(2.53 Am’(L/E,,)) 

I 
. (2) 

2 

The quantities sin*28 and Am2 Z Im:- 1~22 ((e?) are the two param- 

eters characterizing neutrino oscillation in this 2 neutrino model; 

Ey (MeV) is the neutrino energy. Similarly, the probability of dis- 

appearance of a state L1 is given by 

P(V 
El 

+ X) -1-P(U 'L) 
a1 a2 

). (3) 

The oscillations are characterized by an oscillation length 

A (m) - 2.483 (MeWlAm (eV2). 

For illustration, the values of L/E" to be explored by various 

experiments are shokn in Fig. 3. 

We now review the experimental results on oscillations in the 

appearance channels vu + ve and v * v . 
IJ r 

No evidence for oscil- 

lations has been reported,and the current best upper limits of the 

parameters Am2 and sin'20 are shown by the solid lines in Fig. 4. 

The curves which are 90% confidence limit contour lines have been 

composed from the data referred to by the label. A detailed list 

of references is contained in the recent review by Baltay' in 

Neutrino 81. The regions to the right of the curves are excluded. 

As for forthcoming results, several experiments have been 

proposed with the aim of exploring the region of smaller Am2 and 

sin228. The sensitivities expected to be reached in these experiments 

.HIGH 
‘MED. ENERGYtLAMPFf 

SR lLLSR GO1 GoD 

’ REACTOR ’ 
s”xR 

I 1 I I , I 
, I 

Id2 IO-’ I IO IO’O 

L m 
,F ma ( 1 

Fig. 3 

Illustration of the L/E, value far various oscillation 
experiments. 
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LAMPF 31 

b-._ -- AMPF 638 J 

- 
IO 

sin228 

Fig. 4 

Limits for neutrino oscillations v,, + ve and v,, + vT. 

Tbe solid curves represent current experimental limits 
at 90% c.e. The dashed curves illustrate forthcoming 
experimental limits. 

are shown in Fig. 4 by dashed lines (the experiments are identified 

by Laboratory and proposal number?. It appears that en improvement 

in sensitivity of more than en order of magnitude should be attainable 

in the next 2-3 years. 

Disappearance experiments have been conducted at high energy 

accelerators as well as with the help of fission reactors. Their 

results, in terms of the two parameters Am2 and sin'28 are summarized 

in Fig. 5. By far the most stringent limits come from a recent 

Tie+ X experiment" at the GGsgen power reactor. Since this work has 

not yet appeared in publication, I shall briefly describe it hers. 

The Caltech-MunicL-SIN group" has just completed a measurement 

of the neutrino spectrum et a distance of 38 m from the core of the 

2800 MW reactor at G&gen, Switzerland. The set up of the experiment 

is sketched in Fig. 6. The neutrinos were detected by the reaction 

me p-e+n using a composite liquid scintillation detector and 'He- 

multiwire proportional chambers". A time correlated e+, n event 

constituted a valid signature. Compared to our earlier experiment 

at Grenoble" the signal-to-noise was markedly improved by enforcing 

position-correlation cuts for the time-correlated events in the 

scintillation cells and the "Be chamber. Cosmic ray related fast 

neutron background was effectively reduced by means of pulse-shape 

discrimination. Events from charged cosmic-ray particles were 

&iminated with a tight liquid scintillator-veto. 

About 11,000 neutrino induced events were recorded in e six- 

months reactor-on period. Background was recorded during a one- 

month reactor-off period. Figure 7 (a) depicts the time correlated 

,. .: : 

.: .,: : _. 
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Fig. 7 

(a) Reactor-on and reactor-off spectra. Bin width = 
0.305 MeV. The errors shown are statistical. The 
contribution of the accidentals is indicated by the 
dashed curve. (b) Experimental positron spectrum obtained 
by subtracting reactor-off from reactor-on spectra. The 
solid curve represents the predicted positron spectrum 
assuming no neutrino oscillations (Y no osc). 

positron spectrum. Figure 7 (b) shows the difference spectrum re- 

actor-on minus reactor-off together with a curve representing the 

expected spectrum for no oscillations. The latter was obtained 

from the on-line beta spectroscopic measurements at the laue-Langevin 

reactor by Schreckenhach et CZZ'~ studying *'?J and *"Pu fission 

targets. These two isotopes account for about 89% of the total 

fission energy at the Gi;sgen reactor. The remaining 11% are due 

to fission of "'IJ and 241Pu. The calculations of Ref. 13 were 

used to evaluate the contribution to the beta spectra from "'U and 

2SlPU. The variation in time of the contributions of each fissicn- 

ing isotope is well known and was taken into account. 

In the data analysis cuts were made for the time correlation 

of e+ and n signals, for the positron correlation. and for the 

pulse shape in the scintillator. The latter makes it possible to 

eliminate signals from proton recoil following a neutron collision. 

The calculated spectra to which the experimental spectrum was com- 

pared were obtained by multiplying the no-oscillation spectrum with 

the oscillation functions P$. L, Am*,@ and integrating over 

detector and core dimensions. 

Figure 8 shows the ratio of the observed yield to the yield 

expected for the no-oscillation case, as a function of LIE;, 

together with the best fit for Am * = 0 and for two possible Am'fO 

solutions. A systematic x2 test to all possible values of Am* and 

sin*29, including those shown in Fig. 8, followed by a maximum 

likelihood ratio test resulted in the 68% and 90% confidence limit 

contour lines displayed in Fig. 5. The same procedure was also 

._ .I,.?. 

: _:. .. T.‘., 

. . . :I,.i..: ;:. 
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15 

Fig. 8 

Ratio of experimental to predicted (for no oscillations) 
positron spectra. The errors of the data points shown 
*re statistical. Oscillation functions consistent with 
the data are shown for various sets of oscillation par- 
ameters. 

applied to the ratio of the data of Ref. 11 taken at L - 8.7m to 

the present data (L - 38m),and the resulting contour lines are 

also shown in Fig. 5. This ratio test is somewhat less restrictive 
._ 

because of the moderate statistical accuracy of the data of Ref. 11. 

It must be concluded from this experiment that there are no 

neutrino oscillations with parameters larger than those given by 

the curves GJ in Fig. 5. For large mass parameters it is found 

that sin'28<0.17 (90% c.1.). and for maximum mixing the limit is 

Amm2<0.016 eV* (90% c.L.). The results are in clear disagreement 

with those by Reines et al." For the integral yield it is found 

that the experimental value divided by the predicted no-oscilla- 

tion value is 1.05+-0.05 (68% c.E.1. 

A brief summary of present and future reactor experiments 

is contained in Table I. 

The limits for \)p disappearance are not very restrictive 

at present, the constraint on bmm2 for full mixing being about 

7 eV* ", but several experiments have now been proposed to search 

for oscillations in the V,,-+ X channel. As an example the curves 

in Fig. 5 illustrate the expected sensitivity limit (90X c.1.) 

for the CDHS and CHARM experiments9 at CERN and for a Brookhaven 

experimentg. These experiments will be able to provide an almost 

2 order of magnitude improvement in sensitivity to An?. Another 

experiment at Los Alamos' may further improve that limit. 

Recent searches" for particle-antiparticle transitions 

V,,+<= and V,+G 
e 

revealed no evidence having oscillation param- 

eters Am* (full mixing) larger than 0.7 eV2 and 7 eV2, respectively. 

;::.: -I ,- :, 
-, :. : _),‘.. 
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Table I. seatus 0f Ract0r 3.-c X Oscillation Experiments 

Reactor, Collaboration 

ILL (Grenoble). 
C&tech&n&h-ISN" 

L(m) 

7.8 m 

Ad8 = t/2) 

< 0.15 #iv* 

ststus 

completed 

D*gen I, 
Caltech-Wunich-SIN'" 38 m c 0.016 ev' completed 

Giisgen If, 
C&ech-Munich-SIN1a 48 m C 0.01 eV* in progress 

Savannah River, 
UC 1rvi.ne~~ 

Bugey, Aunecy-ISN" 

15-50m 

13.5m, 
18.5m 

ill progress 

in progress 

3. NEUTRINOLESS DOUBLE-BETA DECAY 

Double-beta decay, a second-order semileptonic process accmn- 

panying a transition from a nucleus Z to Z + 2, may be observable 

if the transition from 2 to Z + 1 is energetically forbidden. The 

process is known to proceed in two ways, (1) via standard second- 

order beta decay Z+(Z+2) + el + VI + e2 + ~2, known as the 2v- 

double-beta decay, and (2) by the no-neutrino process Z+ (Z+Z) + 

el + e2. This second process violates lepton number and, if observed, 

would signal that neutrinos have a finite Najorana mass, or that 

there are right handed currents, or both". It should be noted that 

other mechanisms not involving neutrino exchange have also been dis- 

cussed". It is this second process which is receiving much atten- 

tion today,but I shell have to include the first process in the dis- 

cussion as well, since it is of help to elucidate the nuclear param- 

eters. 

Inasmuch as double-beta decay is somewhat outside the general 

interest of particle physics, I would like to be more explicit in 

the discussion that follows. 

For the 2v f+process the situation is illustrated in Fig. 9. 

The transition from Z to Z + 2 proceeds via a set of giant Gamow- 

Teller states in Z + 1. Its strength, as far as the nuclear physics 

is concerned, is given by a second-order perturbation matrix-element 

between initial state I, intermediate state m. and final state f, 

: 
: - . . : ::c. .:. . . . . . _,__ 
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z+2 

Kin. Energy eze 

Fig. 9 

Energy levels and energy spectra in double-beta decay. 

The decay energy is shared by four leptons,which results in a dis- 

tributon of the energy of both electrons sketches in the figure. 

The OV decay, on the other hand, may proceed by virtual neu- 

trim exchange, as illustrated in Fig. 10. The neutron II1 emits an 

electron e, and a neutrino. The latter is absorbed by the neutron 

n2 which then emits an electron eZ. The decay energy is shared by 

the electrons. A detector measuring the total electron energy thus 

will exhibit a monochromatic peak at energy Eo as illustrated in 

Fig. 10. If the neutrino is a Dirac particle emitted as a right- 

handed CR it cannot be absorbed without breaking helicity and charge 

conjugation. In order for the process to go, it will be required 

that (a) the neutrino be a Majoram particle (v”Z CM). (b) there 

will be a helicity flip (vi + VL . T Two mechanisms have been identi- 

fied20’21 which can give rise to a helicity flip: 

1. The lepton wave function has an explicit right helicity ad- 

mixture with the lepton current given by 

“v Pv 
lla 74 - 

m; + P,’ 
eYx(l+Y5) v”. 

We assume here that the hadronic current is purely left-handed. 

2. There is a neutrino mass term in the standard left current of 

the form 

5 =z eY~t(l + ys) + 17(1-y5)l v”. 

. . ::-, 
;-: ._ .: .:::,.-I -. ..: ..- 

:. 

The Majorana neutrino thus violates lepton number by two units. 

Let us now consider the rates for both, the 2V and the ov 

processes, as based on the work by RosenzO. The rate for the 2V 
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process can be written as follows: 

Fig. 10 

Illustration of neutrinoless double-beta decay. 

p I =- 3x10-2' P*JqJ C(f,Z) <*E 
lM~(,,12 

Te 

+E ,*+1>2 bear-') 
!I 0 

where F2V(~01 - E;' + 22~;' + . . . is the 4-fermion phase-space factor, 

C(E~Z) is the Coulomb function, MGT is the second-order Gamow-Teller 

matrix-element describing the transitions via states in Z f 1 (see 

Fig. 9) and As is the average nuclear energy difference between 

these states and the initial state. With a lepton energy so of 

about 5m a, the energy denominator is roughly 25me. The main un- 

certainty in this decay rate stems from the nuclear matrix element 

lMGTl * and may be as large as a factor of 10". 

2v A rough estimate for the 2~ half-life yields T+ 2 102"' 

years. 

In the element tellurium (2 = 52) double-beta decay has been 

experimentally studied for two isotopes, 1zeTe+'2BXe and "'Te + 

')0X% By forming the ratio of the half lifes, the matrix elements, 

assumed to be the same in both decays. can be eliminated. Thus one 

has 

2; TF 12’ 
72v 130 

= - - 5600 . 

c 

A similar estimate for the OV process can be made. Both right- 

hand current (NC) and mass mechanisms have been includedzO"'. For 

a transition between groundstates (O+ - Of) this rate is given by 

..- :- 
l.‘,: --:; 

_. .., ,’ 
:_ ::. .: 

: -: 
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5. .’ 

II 2 
GT P - = - s x 10"s PoJEo) C(EoZ) - 

TW 
I I 

(pear-l). 

4 (53 ' "p 

The quantity Fo,(Eo) is the 2-fermion phase-space factor. It has 

terms in mass (m in units me) and RHC (Q) in the following form, 

Fov(Eo) = m~fm(E~)+m~fm~(~~)+"*f~(~,). 

fm - 
E;+ 10Ek + . . . 

0 
has the same energy dependence as in allowed 

beta decay (s-wave) and f,, - E', + . . . has higher powers in enegy 

reflecting the content of orbital angular momentum (p-wave) in the 

RHC process. The quantity 1 1' represents the Gamow-Teller matrix- 

element divided by an average nucleon separation distance (- 0.5 

nuclear radius), mp being the proton mass. 

Again, a rough estimate gives T% ov=10'5'2 rj-* (or m-')(years). 

We note that the OV decay is 10' times faster than the 2v 

decay, if rl = 1 or m = 1.. The reason for this is twofold: the matrix- 

elements are larger and the phase space factor is larger, the latter 

having to do with the fact that the virtual neutrino is constrained 

to the nucleus and thus can have a momentum given by py - 6cfRt:35MeV/c. 

As before we can form the half-life ratio- for the tellurium 

isotopes and find", 

T?u 128 1320 (m = 0) 5 _ 
To" 130 I 

31 (rl = 0) 

'r 
80 b = 11) 

Let us have a closer look at the tellurium results. Geochem- 

ical lifetime measurements have been conducted over a long period of 

time. The results are shown in Fig. 11. The data points arranged 

in chronological order are labelled by author and provenance of the 

ore. Clearly the lifetime values scatter considerably in excess of 

the error limits given by the authors. This seems to point to the 

fact that there are unresolved difficulties in our understanding of 

the xenon abundance in tellurium ore. 

Until recently the only "'Te measurement was that by 

Hennecke2* giving a half-life ratio R = T"* 4 /Tip0 = 1600?50. 

ratio can not be explained by 2~ decay alone,and has therefore 

inspired several researchers20'2"23 to invoke the presence of 

decay. A recent measurement by Kirsten et al.2' however gives 

ratio of R = 10,OOOf,mooo invalidating that claim. 

This 

0" 

a 

What is measured are the numbers of "'Xe and "'Xe atoms 

assumed to be formed by double-beta decay in Te ore. From these 

numbers the half-life ratio: 

is obtained. This ratio involves (besides the 2~ ratio) the ratio 

of the matrix-elements 

1.2 Rosen2Q 
PE- 

0.5 Eaxton" * 

The two quoted calculations show that p is not very sensitive to 

details of the evaluation. The neutrino mass then is approximately 
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Fig. 12 

Values of In\, and rl from double-beta decay life-times 
of "'Te and 13'Te, The three axes correspond to 
the calculations of Ref. 20, 21. and 23. 

calculation" the mass limit is mv < 15 eV. The results for Se and 

Ge are su&arized in Fig. 13. 

The results" in 48Ca of To" > 1.6 x 10" y and T 
2v > 3.6 x 

1019 y are more difficult to interpret in terms of neutrino mass 

limit. Recent work by Belotti et ~2." gives limits for To' of 

10'8 - 1Ol9 years for the cases of "Ni, "Ho, 'DoMo, l*'Nd, and 

lsoNd. 

Before concluding this section, I would like to mention 

several further considerations. First, It should be noted*' that 

in addition to the upper mass limit presented here, the 66 exper- 

iments also provide for a lower limit of the neutrino mass. Since 

the mass term is proportional to mvpu/(m:+ p,,? which for m,,>> pv 

approaches p /m v v)' 
we have for p v135 MeV/c a mass limit of my > 

few GeV. 

Next, it is important to be able to distinguish between RHC 

and mass terms. According to Rosen" and Doi et aZ." the selec- 

tion rules for the mass term are: h.J= O+; O++O+ only. While for 

the RRC term (where there are momentum dependent terms in the matrix 

elements) AJ = o+, 1+, 2+; o++ 0 +, 1+, 2+. The effects of these 

selection rules are surmnarized in Fig. 14. Thus if a 66 branch to 

the 2+ state is observed, it would constitute evidence for right- 

hand currents. 

1n a more esoteric vain, it was pointed out by Rosen" that 

the angular correlation between the two electrons is different for 

RHC and mass mechanisms. Preferential opposite emission is 

predicted in the latter case since Al = 0 is required. while a 

: :,: .: ,I : : 
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Fig. 13 
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Fig. 14 

Splection rules for double-beta decay to 0+ and 
2 states. 

: 
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Values of rn” and n from double-beta decay life-times 
of “Se and ‘6Ge. The axes correspond to the cal- 
culations of Ref. 29. 
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deviation from this will occur for right-handed particles. 

As to the outlook, there are several experiments with 76Ge in 

progress now, including one at MilanoJ3, at Caltech", and Battelle35, 

using large high resolution Ge detectors and improved background 

s"ppression. It can safely be predicted that an order of magnitude 

improvement of the present sensitivity will be achieved mm, leading 

to a more stringent limit of the neutrino mass, as illustrated in 

Fig. 15. Work is in progress on a new "Se measurement by the Irvine 

group2'. An experiment on "6Xe is in preparation"6 using a liquid 

Xe TPC. Compared to the geochemical experiment, clearly these lab- 

oratory experiments are more decisive if evidence for the important 

neutrinoless BBprocess should be established, and should be pursued 

vigoro"sly. If neutrinos are of the Majorana type, present evidence 

points to the fact that their masses cannot exceed 3 or 10 eV. This 

result appears at variance with the findings in the % decays. 

If taken literally, these experiments could lead to the con- 

clusion that electron antineutrinos are not Majorana but rather Dirac 

particles. 

This and other developments of the evidence for neutrino mass 

are summarized in Table II. Much of the claims for finite mass of 

1980 have proved to be invalid, except fot the 'H spectrum, an 

experiment which is waiting to be challenged. 

lo22 I 

5 

2 

‘02’ ‘0 5 IO 15 20 

m, (eV) 

Fig. 15 

1. ‘. 

.:i,, _ .- :. 

.. .< 

Illustration of neutrino mass limits which can be 
achieved from life-time measurements in 7sGe. 
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Evidence for the existenoa of neutrino sources other than the 

decays of relatively lcq-lived particles (n,~,h,C) was first seen 

in 4OOGe~protanbeamdumpexperiments carried out at the CERN 

sPs.1-3 Such experiments provide a technique for studying the 

prcduction of short-lived particles produced in protcn-nucleus 

interactians which decay into states containing neutrinos. 

Considerable suppression of conventional v sources is achieved 

by interacting a primary proton beam in a large high density 

target. Only very short decay paths for II and I: mesons then exist, 

as determined by their absorption lengths in the target material. 

The use of targets of different effective density enables 

separation of the pranpt v frcan conventional, or -prcanpt, v 

fluxes by an extrapolation to infinite target density. 

The praapt neutrino flux extracted is expected to be 

predaninately due to the production and subsequent semileptonic 

decay of charmed particles. Results of the secondcEIpJ beam dump 

run4-6 indicate several possible ananalies with this 

interpretation. But it must be erqbasixed that the experiments are 

difficult, with large potential backgrounds and, at present, very 

low statistics. 

This paper reports preliminary results of the first beam dq 

neutrino experiment at Fermilab, E613. Design goals of the 

experiment were to measure cross sections, energy and angular 

depenaence separately for pranpt vu, 7, and ve (v,) events, along 

with the A dependence of pranpt neutrino production using different 

materials. Refinements over the CEEN experiment.9 included: 

1. Large increase in solid angle acceptance of the detector. 

2. Decrease of mpranpt target associated backgrounds relative 

to pranpt signals. 

3. Different target materials for A dependence determination. 

(Tungsten target data only are reported here). 

4. Extensive study and measurement of potential upstream 

backgrourud sources. 

E-rime&al Setup 

A plan view of the experiment iS shown in Fig. 1. The 

calorimeter detector is located only 56 meters tistream of the 

target, rather than -800 meters as in previous CERN experiments. 

This enables measurement of neutrino events from O-37 mr. 

The very close target-detector distance was made possible by 

use of the "active" beam donp shown in the figure. A magnetized 

iron shield llmeters in length deflected muons vertically above 

and below the detector. This was followed by 11 meters of passive 

iron, which shielded the detector fran lcw manentm muons deflected 

by magnet return yokes and scattered back tcward the detector. The 

residual muon flux at the face of the detector was -1.2 x lo5 per 

lb" protons, or a reduction factor of approximately 104. Typical 

beam intensities were fran 1 - 4 x 10" protons/pllse, with a 1.0 

second slc~ extracted beam spill. 
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Most data accumulation during the initial experimental run was 

with tungsten targets of either full or one-third effective 

density. 

The detector, shcwn schematically in Fig. 2, consists of a 150 

metric ton calorimeter made up of 30 n-odules. Each module has 

twelve 6.4 mn Pb plates separated by 6.4 ran gaps of liquid 

scintillator for a total of 14.4 radiation lengths, 0.5 absorption 

length and 105 rpn/anz per module. The i’rcdules are separated 

vertically into five horizontal calls, each viewed on opposite 

sides by a photcmultiplier tube. Energy response of the 

calorimeter is linear, with a measured resolution a/E = .55/e for 

hadrons and .27/A for electrons. The use of lead plates in the 

calorimeter provided gcod separation of charged current electron 

neutrino fran neutral current events. 

Between each calorimeter module are two R?C! planes of 

horisontal and vertical wires co 2.54 an centers. These are 

operated in a proportional node with analog pulse height readouts. 

Fiducial mass of the detector is 80 metric tons, with a sensitive 

region of transverse dimensions 3 x 1.5 m’. Beam axis is centered 

vertically on the detector and 0.75 m fran one side, as iLlustrated 

in Fig. 1. This horizontal asysmetry allows measurement of 

neutrino interactions at larger production angles. 

‘The calorimeter is follcwed by a mucdl spectramater consisting 

of drift chambers and solid iron magnets. A trigger was initiated 

by energy deposition of sufficient amplitude within one of 24 
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overlapping groups of 16 calorimeter cells, coupled with a null 

signal from the triple wall of veto counters in front of the 

detector. The trigger threshold varied between 5 and 12 GeV 

(equivalent hadronic energy) for msst of the detector. 

Data Collection 

For the 1981 run, data werecollected with 1.3 x 10" protons 

incident on a full density tungsten target and 0.3 x 10" on a 

segmented target with effective density one-third that of tungsten. 

Live time for data accmulaticn averaged 70%. The total beam 

exposure after correction for live time and bad spills was 1.0 x 

10" protons. 

Because of significant cosmic ray trigger background during 

the 1 set spill length, triggers were also accumulated during a 

team off gate of equal length to monitor this flux. The beam on 

trigger rate averaged 30 per @se, of which 0.2 were neutrino 

induced interactions, 12 were cosmic rays, and the remainder were 

largely due to showers fran muon interactions in material above and 

balcw the detector. 

Background 

Control of beam line backgrounds is of critical impsrtance in 

a praspt neutrino experiment. Very small arssunts of scraping of 

the proton beam upstream of the dlrmp could significantly increase 

the muon neutrino flux due to long secondary decay paths. These 

additional events would then be seen as a false pranpt signal after 

the extrapolation to infinite target density. 

.:-. ::=:. 
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Beam backgrounds were measured by more than 30 n'onitors 

positicned along the evacuated pipe through which the beam is 

transmitted. These monitors had measurement sensitivity for the 

interaction of 16' of the protcn beam. Monitors were calibrated 

by inserting foils of kncwn thickness into the path of the beam, 

and additionally changing the beam pipe vacuum by measured amounts. 

Monitor readings were reoorded on tape for each beam pulse, 

and data cuts made for readings above selected values. No evidence 

for a change in neutrino rates was seen for test runs in which beam 

line changes produced mxlitor rates different by more than an order 

of magnitude fran normal values. 

For the *stream 130 meters of the beam line, which was at 

0' with the detector, the average measured background represented 

an interaction of 3 parts in lo6 of the beam. Approximately half 

of this background was due to beam gas interactions for beam line 

gas pressure Joe2 Torr. The neutrino background produced was 

determined to be 0.3% of the pranpt signal for the full density 

tungsten target. 

A significant non-prompt ccfqwnent to the neutrino signal seen 

in the detector is expected due to finite target density. This 

background is especially large for charged current muon neutrino 

events, and is considerably reduced by use of tungsten targets in 

this experiment. A anparison of proapt signal to full density 

target background for different experiments is given in the 

follaving table. Included is the Fermilab muon beam dump E595.7 

TABLE1 

Experiment Pranpt Signal/Sackground Target 

CDHS, CHARM (1-P events) 0.4 CU 

ES95 (u beam dump) 0.1 Fe 

E613 (1-u events) 1.1 W 

E613 (0-u events) 4.6 w 

Extrapolation to infinite target density using data on both 

full and partial density targets Allis extraction of a pranpt 

signal in each experiment, but large target backgrounds 

significantly affect the measurement error of the pranpt cunponent. 

For the proapt single muon measurement of ES95 high statistics 

amnpensate for the poor pranpt signal to background ratio. 

The beam expceure for each target must also be carefully 

measured to avoid large biases in extracting the pranpt signal. 

Data oollection for E613 alternated between full and partial 

density targets to reduce the effect of possible time dependent 

changes of the SEM intensity monitor. A system of large acceptance 

ionization chambers and scintillation counters downstream of the 

target directly monitored the beam intensity on target for each 

pulse. For the cunplete run these monitors agreed with the SEX on 

a pulse by pulse basis to better than 1.5%. 
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Approximately 0.2% of the team interacted in the S&I and 

-get WE just upstremn of ths target. This prcducad a 

significant, but calculable, background of 8.3% of the ncn-praapt 

neutrinos fran the full densityw target. A mrrecticn was applied 

in the target extrapolation for this upstream background. In 

addition, a correcticn was made for hadrons pinching through the 

tungsten targets into the ircn dump immediately mtream. The 

net effect of these corrections cm the extrapolation is to reduce 

the effective density ratio of the two targets fran 3 to -2.7. 

Event Selection 

The raw trigger rate of 225000/10L6 protons was reduced to 

1ooo/10'6 by omquter analysis which rejected non-neutrino events 

and e fiducial volumecuts and anenergycut of Fis > 20 

Gev. Reuaining ewnt candidates were visually double scanned for: 

i) 1-u events at. (vu interactions) 

Nc: ii) O-u events (vu + Ve @xJ + v CC interactions) e 

Fig. 3 illustrates typical events in each of these classes. 

For the 1-u events, the presence of the secandary mucn 

provided an unmnbiguous signature in the detector. The major 

systematic effect to he resolved was the acceptance of the 

danstrean muon spxtraneter. A study of the 0-u event candidates 

produced a sample of cc vu (miss) consistent with Mcnte Carlo 

expectations for the nmnber of vu"" events having the mucn outside 

the qectraneter acceptance. An independent mnplter selection was 
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also performed for 1-u events, which required the muon pass through 

at least 2 drift chamber superplanes. Results were in qcod 

agreement with those fran the visual scan. 

Separation of ve and t?Z events in the 0-p sample was achieved 

using their longitudinal shower develapnent in the calorimeter. 

Because of the Pb plates a typical electron shmer was attained 

within me module, but a hadron shower extended -5-6 modules. 

Having determined the 2 origin of an event within a given 

module, observed awdule energies were shifted so the event occurred 

at the front of a "shifted nrzdule." 

The scaling variable Ys is then defined as: 

where E2s is the observed hadronic energy in modules 2 through n 

and + is the total energy in all modules. For neutral current 

events, Ys should be -1.0 with a spread determined by II' 

prcducticn. For incaninq electrons however, Ys should peak near 

0.0, since Em Xl for a purely electraaaqnetic shower. These 

effects are shown in Fig. 4. 
az. 

A "e mteractim is a linear ambination of the two curves, 

hut IC events strongly approximate the solid curve of Fig. 4. 

This enables a bin by bin subtractian of the vuNc interactions 

normalized to the vu"" data, with a resulting distribution in Ys 

containing only ve, a and NZ (we + c,) events, as seen in Fig. 5. 

yS dist. for NC events 81 Electrons 

o “NC” events 

D 0 Electrons 

I 0 

r\ 
‘ 

0 ‘0.5 1.0 1.5 2.0 

Figure4 
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Op events -CR- pNC 

Evis> 40 GeV 

X*/DOF= 16/19 

The data in the figure were fitted to a linear ambination of the 

expected Ys distributicn for v cc, e ;e"c and NC (ve + iie) events. 

A secohd method of extracting the cc ve events is obtained if 

we asstnne 110 ananalies. Then, 

u 
V e 

= uv 
" 

and g Cue, = g (vu) 

and all neutral current events can be subtracted fran the 0-u data. 

The ve rate obtained in this manner is consistent with that 

obtained using the longitudinal shower develqxnent to separate ve 

and EIC events. 

Target Extrapolation 

The pranpt neutrim signal is obtained by extrapolation to 

infinite target density, as shmm in Fig. 6. The extrapolation is 

much flatter for ve events than for vu events, as is expected. 

In order to determine pranpt neutrino yields as a function of 

energy and angle, the infinite density extrapolatico was done on a 

bin ty bin basis. 

cc Results L 
Table II shows raw data, corrected results, and the 

extrapolated pranpt signal for vu and 7,. 
‘.: 
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TABLE II 

ja6Jel uo suo\oJd I L 0 L /stuaha 

1-p Results 

Corrected Events/1016 
VP Protons (1016) Raw EventS Protons 

2.7 2.1 197 208 t 15 

" U 1 .o 7.9 415 116 k 6 

Pranpt 62 t 14 

2.7 2.1 93 80+ 9 

v " 1.0 7.9 145 42+ 4 

Pranpt 19% 7 

A statistically significant pranpt signal is obtained for both 

v and 3. Most charm productian mdels predict equal v and ? fluxes. 

Fran the pranpt rates obtained in Table II we find the flux ratio 

ii&+, = 0.64 f .3 FOR Ev > 20 GeV 

If it is assumed that the major mtritution to praqt 

neutrinos is central prcduction of @, a charm prcductim cross 

section can be extracted. 
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Additional prodtiicnnodelassunptions are: 

i) Excitation functiai Of O(G) - de3 

ii) Protcm elasticity -0.3 

iii) A' dependence 

iv) IB (0 + v) = 16.4 f 2.4% as obtained 

fran e+e- data 

V) E $ = (1-1X1)" eSbr' 

2PL PI 
where X r and fi = or M I s (PL2 + M$J2 

For the choiceof parmaeters 

n = 3, b = 2, r, = p1 

the total ISproductioncross secticnis thendetermined tobe: 

us= 16 ub i3 (statistical) *3 (systamatic) 

Charmproducticncross sections reportedby other beam dunp 

experiments have included slightly different&l parameters. For 

arnparism,we have translated their results to thisnxxlelas shown 

in Table III. 

TAR03 III 

Experiment Flavor um) vb 

EEEC (O-2mr) Yl 45 * I.5 

V e 26 f I.5 

a-mm (O-2mr) vu 14 f 5 

E595 (O-40 mr U l5*5 

350 Gev) 

E613 (O-37 mr) V 16 k 4 " 

The degree of model dependence of the charm production cross 

section was further examined by fitting the data with a model 

proposed by J. Leveille, ' in which n = 5 and b = 3.45 with m, = (P, 

+ rjp substituted for P,. For the Leveille xrdel we obtain a 

cross section of 28 + 6 ub. 

The dependence of the pranpt l-u events on neutrinc energy and 

transverse mxnentum is sbcun in Fig. 7 and 8. The dashed lines are 

predictions of the n = 3, b = 2, r, = p, mDde1, and the solid lines 

those of the n = 5, b = 3.45, rl = m, model. A reasonable 

agreement with the Xv and P, distributions iS obtained for either 

IKdel. 
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o-p Results 

For those events without a final state muon (0-p events) the 

extrapolation to infinite target density produces a prcmpt neutrino 

sample consisting of electron neutrino and v u neutral current 

events. 

Table IV shows raw data, &am off date, corrected results and 

the pranpt 0-u signal fran the target extrapolation. 

w 

0-p Results 

Protons 
l/P (1016) Rmu Events ~eamoff Corrected Events/l0'6 

2.7 1.9 198 12 125 + 9 

1.0 7.6 563 26 96 + 8 

Pranpt 79 f 8 

As for the 1-u results, we consider models for ChWXl 
production in the form 

3 
E d”m (1-1X()” esbrl 

ap3 

where X is Feyranan X of the charmed particle and rl = P, or m, z 

(P,2 + %2)V2. par centralprcrluctionof ~6, where the charmed 

quarks share the energy of the incaning protons, n is expectedBpg 

tobe in tha rangeof 3-5. For diffractive production of A$, 

hews, the AC distribution is expected to have n = 1 or 

less.lolll 

Figure 9 and 10 show the dependence of the pranpt 0-p events 

on neutrino energy and transverse rramentum. AS for the 1-v data, 

the dashed lines are predictions of the n = 3, b = 2, r, = P, 

model, and the solid lines those of the n = 5, b = 3.45, r, = m, 

model. Again, reasonable agreement is obtained using either model. 

Systematic data biases are expected to be smaller for 0-u 

events than for l-p, due to the lack of muon acceptance 

corrections. Hence, for these data we have investigated the model 

dependence further. The dotted line in Fig. 9 and 10 shows the 

prediction for a diffractive model of charm production with n = 1, 

b = 2, rl = Pi. The data clearly favor central production over 

diffractive production. 

~0 obtain a limit on the A$ diffractive production, we first 

normalize the n = 5, b = 3.45 m, We1 to the data in the 20-120 

Gev range. me data are then examined for evidence of an n = 1 term 

in the 120-200 Gev range. Assuming a mixture of the n = 1 and n = 

s models, we find that less than 5.3% (90% confidence level) of the 

prarrpt events cn tungsten ame fram diffractive production after 

correcting for the different acceptance of the awatus for 

central and diffractive events. Assuming diffractive production - 

A'.', central production - A"', an d BR (A$+) = 4.5 f 1.7%, this 

gives a limit of o(Az 5) ~13 pb, 

1 
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This result is substaritially lcwer than recent estimates of 

150 lb". In their original form, "hidden charMdiffractive models 

seem not able to explain the apparent large differencebetween the 

observed charm prcductim cross sections at 400 GeV and at ISR 

energies. 

Neutral current events can be extracted frcm the 0-u data to 

obtain a pranpt (we + GeJcc signal, as described in a previous 

eecticn. When this is done, we find 

RE 
‘ve + :e)a 
(Vu + QE 

= 0.78 f .19 mVIs >20 GeV) 

When R is plotted as a functim of neutrino energy as shown 

in Fig. ll, an apparent energy dependence is seen. Error bars 

shown are statistical only, however, and most systematic effects 

are largest at the lm energy limit. As an example, for 20 &v C 

30 Gev the acceptance for vu" events is .27, whereas it rises 

rapidly to .77 above 60 GeV. For all events atmve 30 GeV we find 

R = 1.0 + 0.3 

Values of R, as determined by different experiments, are &cm 

in Table V. 
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TABLEV experimental data. 

RATIO OF “eE To “““” KlRlxFFmEm- 

Experiment R = C'Q'V~) CC Ev >20 GeV 

(THAFUY 0.48 f .16 

.22 
CUBS 0.64 i 

.ls 

E613 0.78 f .19 

The consensus of the CEPN experiments is that R -0.6 f .l, 

while the result of this experiment can not as yet either confirm 

the CERN results or the expected value of 1.0. For the second E613 

experimental run, recently cunpleted, a muon charged current 

trigger has reduced lw energy acceptance problems considerably, 

and enabled a significant increase in statistics. A definitive 

answer as to the existence of this apparent ve, vu universality 

breaking is expected in thi near future. 

Supersynmetry Limit 

The results of this experiment have also been analyzed to set 

limits on the mass and decays of supersymnetric particles.'l NO 

ancmalous signal is seen above the visible energy cutoff of 20 GeV. 

But stringent new limits can be set using three pieces of 

i) (ve/vJCC = 1.09 + 36 for E, > 40 GeV. 90% CL upper 
limit for ananalous events is 0.56 of the 
Ycc u events. 

ii) Anonalous Pure electranagnetic events are <40/10'7 
protons. This is a 90% limit: none are Obsetved. 

iii) Limit of 7 0-u events with visible Pz >1.5 GeV/c in a 
sample with 573 vuoc events. 

The calculation used for production of gluinos (g) is that Of 

Kane and Leveille. I5 Photino (c) and goldstino (G) cross sections 

were first calculated by Fayet. 16 

We obtain limits for the following types of interactions. 

I. Gluino decays into a long lived photino, which interacts in 

the calorimeter, the interaction occurring through a scalar 

guark 0. 

Ftan the PA distribution, we obtain limits on M-as a 9 
function of m$/ms, as shawn in Fig. 12. The @tin0 

interaction cross section used is u- = C E x 1O-38 cm', where 
Y 

C a ("z/m )4. 0 

II.' Gluino decays into a short lived photino, which then decays 

into a goldstino and photon. 17 The cross section for 

goldstino interactions is 0 = Ci E x 10e3' on', where Ci = 

t: .: : _._ . . 

I-. .:: ..::-. ,:- 
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Figure 12 

0.015/(Ass w))4, Ass is the supersynmetry breaking 

parameter. Limits are obtained using the P, distribution and 

the overall limit for ananalous events/vuOC events. Results 

are shaYninTableVI. 

III. Gluino decays into a photino with intermadiate lifetime, the 
- - 

photon fran y + 6 being seen in the calorimeter. Fran the 

limit on ananalous pure ai! events we determine limits on the 

ratio of photino lifetime to phntino mass. These are sh 

in Table VII. 

Iv. Gluino decays into a goldstino and a glunn, with the 

gnldstino interaction cross section as in II. Again limits 

are obtained using the pr. distribution. Results are shm in 

Table VI. 

TABLEVI 

UXWRLIMITSFORA,, WeV) FGRCASRII, (G+;@ 

- - - I 
AND Y + G y) AND CASE J-V, (g + G 4) 

rn; (Gev) A ss (TsV) 90% CL Limit 

case II caserv 

3 .36 .69 

4 -20 .41 

5 .13 .23 

_. 
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TABIEVII 

FXCLmEDFu?G1m!3oFmJTImLIFETI.mm7CASR III 

Mg o=w Excluded G-/M; (Sec/GeV) 90% CL 

3 8.0 x 10-l' - 7.6 

4 8.3 x l.O-11 - 0.63 

5 1 x lo-l0 - 6.8 x 1o-2 

6 1 x lo-lo - 7.8 x lO-3 

Conclusions 

Results fran the initial run of the Fermilab neutrino beam 

dump experiment E613 confirm the existence of pranpt ve and v 
U 

production first seen by the pioneering CERN experiments, and 

provide significant evidence tmard understanding this production. 

Cross sections, energy and transverse mcmentum distributions 

are in good agreement with expectaticos that the daninant signal 

seen is due to the hadronic production and subsequent semileptcmic 

decay of charm. Model dependent charm production cross sections 

u(c) are determined to be .l5-30 pb, predminautly fran central 

proiucticn. No positive evidence is seen for diffractive AC 

prcduction, with stringent limits found for (1-X)' production. No 

evidence is seen for ananalous events of the type predicted by 

supersymetry models. 

Two u&standing guestims remain to be resolved in future 

runs. The present measurement of R = (v~v~)~, while consistent 

with me, does not rule cut the possibility of a significant 

deviaticm fron one, as seen in thecwN experiments. Adecisive 

measurement of this ratio is of utmost importance, as the CRRN 

results defy any siniple explanatim using standard theoretical 

mdels. 

Additionally, the large difference in cross sections and the 

amount of diffractive production seen by this experiment (6 -27.4) 

and at the ISR (h -65) are not readily resolved. The ISR 

experiments find diffractive production of Ac to be duninaht, but 

this type of production should have only a small energy dependence. 

It is tqed that this question can be resolved during initial runs 

at the Fermilab Tevatron. 
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RECENT RESULTS FROM CLEO AT CESR 
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I. Introduction 

In the period August-December, 1981, both the Cornell Electron Storage Ring 

(CESR) and the CLEO detector’ benefitted from major upgrades. 1) The interaction 

region quadrupoles were removed and reinstalled in 8 mini-b configuration. As 8 result 

the luminosity increased by a factor of seven to 350 nb“ per day. 2) The conventional 

CLEO solenoid was replaced by 8 superconducting solenoid. The new coil enables 

operation at 1.0 T compared with the old value of 0.4 T. 3) Four dE/dz modules 

replaced the remaining Cerenkov modules. All of the eight particle identification 

modules are now of the dE/dz type. In the 7.5 months since completion of the 

upgrade CLEO has acquired an integrated luminosity of 10 pb-’ at the T(3S), 30 

pb-’ at the T(4S), snd 2 pb-’ at the T. 

In Section II we report our observation of continuum D’ production, and in 

Section III we present branching fractions for soma decay modes of the T family. 

The topic of Section IV is the viability of nonstandard models of b quark decay. 

@ Carl Rosenfeld 1982 
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Section V discusses b decay phcnomcnology in the standard model and the cxperimcn- 

tal constraints on the weak mixing snglcs. In Section VI we consider possibilities for 

B meson reconstruction, and we present upper limits on the branching fractions of 

some favorable decay modes. In Section VII we summarize our major rcSUltS. 

II. Continuum D’ production. 

This topic nicely illustrates the benefits of improved !uminosity and resolution. The 

data come from 23 pb-’ of recent running at the T(4S) and the nearby continuum. 

WC consider the oroccss 

e+e--+cZ--tD’+X 

L Doll+ 

L K-s+. 

For this analysis’ we treat every charged track observed in the central drift chamber 

both 8s 8 IT and 8s 8 K. For 811 assignments K-r:n$ and the charge conjugates we 

calculate M(Krl) and A E M(KTIQ)- M(Kq). When the Km system is a D’, 

the resolution (a) of A is only 1.0 McV because measurement errors approximately 

cancel. Figure 1 shows the distribution of A when 

IId( M(D)/ < 45 McV, 

and Fig. 2 shows the distribution of M(Kn) when 

IA-(M(D**)- M(P))\ < 1.5 MeV. (2) 

In both figures the D* signal stands well above the background. All the particle 

combinations entered in these distributions satisfy the requirement thst the D’ energy 

be at least 70% of the beam energy which reduces the background 8nd ensures that 

the D’ is not the decay product of a B meson. For further 8nalysis we accept 85 8 

3- 

j- 

I 

.I40 .I45 .I50 .I55 .I60 .I65 .I70 .I75 

MKw* -MKw (GeV/c*) 

Fig. 1. Distribution of A G M(K* nr rF)- M(K* rrr) for all trsck com- 
binations meeting requirement (1) snd having 2>0.7. The shaded histogrsm is 
for events in sidebands around the Do mass. 115 <IId( M(D)1 < 205 MeV. 
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Fig, 2. Distribution of M(K*‘s?) for track combinations meeting rcquirc- 
mrnt (2) snd having 2 > 0.7. 

D’ those particle combinations which satisfy both of the requirements (1) and (2). In 

Fig. 3 we show the fragmentation function Wz do/dz where e E ZE(D’)/W and W 

is the center-of-mass energy. Also shown in the figure is 8 Mark II measurementa of 

this function at 29 GcV 8s well 8s measurements of the corresponding functions for 

D* snd Do at lower energies.4 At the crude level of comparison permitted by the 

8V8ilablC statistical precision, the CLEO result appears consistent with most of the 

other measurements. For the cross section we find u(D*+, z > .7) = 0.6& 0.1 f 0.2 

nb. lsospin invariance implies equality fpr the charged and neutrsl D’ cross sections, 

and we conclude that o(D’+ + D”, ,s> .7) accounts for 4Of 7 & 13% of produced c 

quarks. 

III. A potpourri of T spectroscopy 

The branching fraction Br(T-,r+r-). The T is sufficiently heavy that the 

rate for the QED process T-rq-+r + r - is nearly the same 8s the rate for the 

corresponding decay to /.L+/J-. CLEO hss measured the rate for the r+r- decay 

mode and obtained the expected result. We select r pairs which decsy in the “1 vs 3” 

charged track topology. Two recent measurements5 of the branching fraction for 

this configuration are both 25*3%. Figure 4 shows the visible cross section for 

e+e--tr+r- as a function of the center-of-msss energy w. The points at the 

right, taken at the T(3S), the T(4S), and several continuum energies, establish the 

level of the pure QED process. The curve indicates the W-* projection of this level 

to the T energy. The measurement at the T stands about 3.5 u above the QED 

cross section. The final result is Br(T +r+r-) = 3.0&1.0*1.0% which may be 

compared with the fi + - P branching fraction of 3.250.756 8s given in the Review 

of Particle Properties.’ 
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The branching fraction Br(T(W))+p+p-. In Fig. 5 we show the rate for 

e+e---tb+p- as a function of W. Using these data in the same way as we used 

the data of the preceding figure we can obtain Br(T-r/~+fi-) = 2.9*0.7% which 

agrees well with the value quoted above. We wish to focus attention, however, on the 

data point at W = 10.33 Gev, the mass of the T(3S). This point is also significantly 

above the level of the QED process, and we obtain Br(T(3S)-tk+fi-) = 3.2 f 1.6%. 

Potential models’*a predict approximately 2% for this branching fraction. Using the 

relation rTor = r,,/B,, and the measured value9 of rca we obtain rror(T(3S)) = 

13 * 6 KeV. 

The branching fraction Br(T(3S) -+n+r-T). This measurement is another 

good illustration of the utility of the recently upgraded luminosity and magnetic field 

in the detector. The analysis” is based on 10 pb-’ of integrated luminosity at the 

peak of the T(H). Of the events under the peak, 55% are resonance decays. In 

Fig. 6 we histogram the mass recoiling against every pair of oppositely charged tracks 

treating them as pions. The enhancement at the T mass, though small compared to 

the background, is statistically significant. Twenty-two of the events from this data 

sample have been identified as examples of 

For these events we show the histogram of the mass recoiling against the pions 

(which was not used in the selection) in Fig. 7. Clearly this sample is nearly free 

of background. 

We have two independent methods for estimating the branching fraction. In 

Method A we fit the distribution of Fig. 6 to the sum of a Gaussian and a smooth 

background. In Method B we use the rate for the s+n-C+T events in conjunction 

with the measured value of Br(T-+p+p-). Method A has the disadvantage of high 
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9000 

8000 

~ 
9.305 9.3559.40s 9.455 9.505 

9.290 9.440 9.600 9.760 

MISSING MASS (GeV/c2) 

9.920 

Fig. 6. Distribution of the mass recoiling against every pair of oppositely 
charged tracks for T(3S) events. The inset shows the fitted distribution used 
to calculate the branching fraction Br(T(3S)-+n+n-T). 

,- 

q CIOKG 

q IOKG 

9.379 9.400 9.430 9.460 9.490 

MlSSlNG MASS (GeV) 

Fig. 7. 
.events. 

Histogram of the mass recoiling from the pions in T(3S)+x+r-L+~- 
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background while Method B has the disadvantage of small sample size. We give the 

results in the following table. 

Method A Method B 

No. of T(3S) decays 29000 35000 

Acceptance 0.58 0.21 

Br(T -+ p+p-) - 0.033 

No. of events observed 911 f 220 f 66 22&5 

Br(T(3S)+ r+r-T) ’ 5.4 f 1.3 * 0.5% 4.4 f 1.2 f 0.5% 

Average Br = 4.g& O.g& 0.5% 

The model of Kuang and Yan’l predicts 1.3-3.456 for this branching fraction. 

Although phase space favors T(3S) + rrT by a factor of six over T(H)-+ xnT, the 

model predicts r(3S)/r(2S) FY 0.1 because of cancellations in the matrix element. 

We have to give the model high marks for this result. 

IV. b quark decay-ruling out nonstandard models. 

We investigate b quark decay using data taken at the T(4S). We believe that this 

resonance decays to a pair of &flavored mesons for two reasons. 1) The width is 

greater than the beam energy spread, and we measureI’ P(4S) = 2Ok6 MeV. This 

width is about 500 trmes the width of the T. 2) The yield of electrons and muons from 

the resonance is most easily explained as coming from the weak decay of a quarkla 

having a mass near 5.0 GeV. Possibly T(4S)-+ B*B-r7BB, but this alternative is 

equivalent to the BB decay for the purposes of the following discussion. 

Most of the interesting possibilities for how a b quark might decay fit somewhere in 

Fig. 6. We consider in turn these various alternatives. The definitive demonstration 

that the b is not stable is just the observation of the T(4S) by CLEO and CUSB. 

We can be ccrtarn on the one hand that b-flavored particles are produced and on the 

b decays via 
a charged 
Higgs boson, 
M(a*) < M(b) 

b decays via 
W* or 2’ 

The Standard Model, 

6n is a singlet 

Fig. 6. A classification of models of b quark decay. 
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other that they decay well within the beam pipe. The lifetime limit from an early 

CLEO analysis” is r~ c 10-l’ s. 

The fight charged Riggs models. in one class of variations on the standard model 

the b is heavier than a charged spin-zero boson a * which may be an elementary Higgs 

particle’5 or a hyperpion. Is We use the term ‘Y-liggs model” to cover both cases. The 

decay b+qa- is semiweak (the decay amplitude has only one weak vertex), so the 

rate handily outstrips the rate for the usual weak decay modes. Models for which 

M(a-) < M(r) are already ruled out by data on r decay.6*‘5 If M(a-) < 2.4 C&V, 

the ra- decays to c(-V,, and r-V, with the latter mode predominant above 1.9 GeV. 

For 2.4 GeV< M(a-) < M(b) the a- can decay to SF as well as TV,, but theory 

offers no unambiguous guidance as to the branching fraction. Our strategy for ruling 

out these models is the following. If &(a--+a?) FJ 1001, then we would have a 

negligible yield of electrons and muons. If &(a-+r-&) M lOO%, the leptonic r 

decays produce barely enough electrons and muons. In this case, however, the energy 

appearing in charged particles is too low because of the neutrinos, on average 2.4 per 

B decay. We have measured’7~‘a the following inclusive properties of the T(4S). 

1) The charged energy fraction, 

PC = (I$ (IPA + m~)1’2)/M(T(4S)), 

where the average is over events and the sum is over charged particles resulting 

directly from E decay or from the decay of short-lived daughters including KS” and 

A. We treat all particles as pions because the identity of most is undetermined and 

because most are in fact pions’a 

2) e/B E the rate for a B decay to produce an electron of energy greater than 1.0 

GeV. One GeV is the minimum required for electron identification in CLEO. 

3) p/f3 E the rate for a B decay to produce a muon which penetrates the CLEO iron 

absorber and traverses the muon detector. On account of the variable thickness of 

the iron the muon acceptance rises from zero at 1.0 GeV to 80% at 2.2 GeV. We have 

incorporated this dependence in the model calculations of p/B. 

For these quantities we find pC = 0.60&0.03, e/B = O.OgO&O.O14, and H/B = 

0.033&0.005. We have calculated the corresponding predictions of the models by 

Monte Carlo. The simulations cover the full range of possibilities for the Higgs mass 

and branching fractions, the proportion of b-rua- vs b-+ca-, and the production 

ratio of B+B- to BOB’. Figure g summarizes these results. The models populate 

the region below and to the left of the boundary curves. The best fitting model is 

ruled out at a confidence level of 99.5%. JADE, CELLO, and MARK 11” have searched 

for e+e- -r a+a- and have shown that the a * does not exist in a region of M(a*) 

vs &(a--tr-Dr) which partially overlaps the sensitive region of the CLEO analysis. 

Ezotic modele which forbid mizing of b with the light quarks. These models 

generally call for soma enlargement of SU(2) @ U(l), and the b decays via its coupling 

either to a gauge boson or to a Higgs boson of the enlarged group. In Table 1 we 

give a sampling of the models in this category. We note that not all of these models 

are t-less, and the merit of testing them would not be reduced by discovery of the t 

quark. 

We would prefer not to confront models one-by-one but instead to seek some 

commonality which will permit us to test them in large groups. These models, as well 

as the standard model, conform to the following assumptions. 1) The b decays to 

three fermions from the menagerie of “established” quarks and leptons augmented 

only by extra neutrinos or neutrinolike leptons. 2) The decay conserves charge and 

color. These assumptions imply that b decay final states belong to one of three 

classes: a) q1q2%. b) h&q, c) 41% where q is a u, d, s, or c quark and e is a lepton 
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or antilepton (including neutrinos). Standard model final states are in both classes 

a) and b). In our examples of exotic models the final states are either in class b) 

exclusively or in class c) exclusively. Our objective then will be to rule out models in 

which the b decays exclusively to !-Q or to &jS. 

The strategy for dealing with the b +Uq models depends on the three inclusive 

measurements described above. If all the primary leptons were electrons or muons, 

e/B or p/B or both would be grossly too high. If instead all the primary leptons 

were taus or neutrinos, then pc would be much too low. It is possible to fabricate 

a model which matches two of the three measurements, but we can demonstrate 

systematically that no modal can match all three. For this purpose we use a Monte 

Carlo which simulates b decay in a spectator picture as shown schematically in the 

following figure. 

IL$!g$?&& g,,. 

Hodronizotion 

, - hn 

For the hadronization we use the Lund algorithm.25 There are 40 ways to choose the 

flavors of the fermions which are represented by the following “factored” list 

- -ee- 
w 
=lJ 

T(4.S) --+ B+ B- 1 
er x d 

x b-r ;; 
[I s 

T(4S)+B0B0 -YY. 

We have celculated (p~)i, (e/B)i, and (p/B)i, i = 1,. . ,40. None of these 40 cases 

fits the measurements, but WC must also consider mixtures. We specify a mixture by 

a vector of branching fractions a sz Q, i = 1,. . ,40 where cri> 0 and C;q = 1. 

Then 

PC = C ai(Pc)i, 
, 

e/B= Fa(e/B)i t P/B = F Q&l% 

We construct a x2 for the model in the usual way, 

x*(a) = k@?- pc(mea*)12/d 

+ [e/B@)- e/B(meas)]‘/d 

+ [r/B@) - a/B(measf/ob I 

and we use the computer coda MINUIT to search a space for the minimum x2. Table 2 

describes the best fitting modal. This model is ruled out at a confidence level of 99.7%. 

The general method just described is also effective for the b-r&q class of models. 

In this case every B decay produces a baryon. The pE, e/B, and h/B are not 

sufficient to invalidate these models because, by judicious choice of quark flavors, 

a modal can be engineered to compensate the loss of charged energy via neutrinos 

by an overabundance of protons. By including the proton and lambda yields in the 

comparison of the models w&h the data we foreclose this possibility. CLEO has 

measured26 p/B = the rate for a B decay to produce a proton in the momentum 

Interval 0.7 <p < 1.5 GeV end A/B s the rata for a B decay to produce an identifiable 

A. The lambda acceptance ranges from 4% to 8% over the momentum interval 

0.6 <p ~2.2 GeV. The results are 0.06 f 0.04 for p/B and 0. f 0.003 for h/B. The 

baiyons are now in a dilemma like the leptons-if they are protons, they tend to 

make p/l3 too high, and if they ere neutrons, they tend to make pr too low. The best 

fitting model in this class, which we describe in Table 3, is ruled out at the 99.99% 

confidence level 
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Table 2. Minimum x2 solution for the b-L@ models. 

Br(T(4S)+ B+B-) E 1 x*/DoF = 13.013 

b final state 
Branching 
fraction PC e/B 

e+r-s + c-r+8 4% .64 .73 ,012 

fifr-s+ p-r+s 12 .64 ,056 .23 

r+r-s 04 .46 ,073 .000 

average .49 ,097 ,036 

(residual/o)* 13.3 0.2 0.3 

Table 3. Minimum x2 solution for the b-, Qg models. 

Br(T(4S) + B”Bo) = 1 x*/DoF = 26.315 

b final 
state 

Branching 
fraction PC e/B P/B 

e+ml 7% .71 .84 - .27 - 

p+iia 5 .71 - .44 .27 - 

&? 17 .59 ,004 ,042 .18 .04 

r+Wi 25 .49 .058 ,012 .31 - 

r-aa 46 .37 .056 ,012 .02 - 

average .46 ,099 .036 .15 ,006 

(residual/u)’ 17.0 0.4 0.2 5.0 3.7 

Ezotic models with b-d, b-s miring. In these models the b decays via its coupling 

to the W* end Z”, but the W(2) representation for the b is nonstandard. An 

example is a model proposed by Georgi and Pais27 based on SU(3)@U(l). In this 

model the b quark decay modes are the following. 

b+wQP 63% 

e-v&, p-v,u 12 each 

uvd 7 

e+e-d, p+p-d 2 each 

The neutral current decays are a feature of all models in this category because the 

GIM mechanism is not applicable when br. is not in an SU(2) doublet. Kane and 

Peskin’e have demonstrated a lower bound on the neutral current decay rate: 

B+-+~+~-d > o,12, 
r = Br(b + CPq) 

Our strategy for eliminating these models is to show that the rate for b-r!+!-q is 

below this bound. 

The major backgrounds to the neutral current events are the following 

1) Parallel decays: 

T(4S) + BB 

L L e,-VX, 

e*+ux* . 
This background creates only unlike-sign dileptons. If the electron and muon 

efficiencies are equal, N.. = N,,, = iNer. 

2) Fakes. Occasionally a hadron masquerades es a lepton. The rate of double fake 

events is negligible, but the rate of events with one real lepton and one fake is 

significant. The real-fake events are equally likely to be like sign or unlike sign. 

._. I._ 
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Supposing again that the (real) electron and muon efficiencies are equal, we expect 

N[e* (fokc)eF (real)] = N[e* (fake)pr (real)], 

Nb* (red)pF (fake)] = N[e* (real)B’ (fake)]. 

Another potential background is cascade decays, 

T(4S) + BB 

L &-uDXI 

L e2+vx2. 
CLEO identifies electrons and muons only if their momentum exceeds 1.0 GeV, and 

less than 2% of D decays produce such energetic leptons. Consequently the cascade 

decay background is less than 7% of the rate from parallel decays. The background 

from continuum DD production is negligible for the same reason. 

In the following table we give the dilepton tallies*e from 11.2 pb-’ at the T(4S) 

peak and 4.7 pb’ below the peak. 

Ner N,, Ncr 

Like sign, on T(4S) 2 2 5 

Like sign, below T(4S) 0 1 0 

Unlike sign, on T(4S) 8 10 16 

Unlike sign, below T(4S) 0 1 2 

Of the 34 unlike-sign on-peak events approximately 10 are real-fake background end 

the balance ere parallel decays. To suppress systematic error in our estimate of the 

number of neutral current decays we consider 

s=Nee+N,,-Ne, 

for the unlike-sign events. The CLEO electron and muon efficiencies, 0.160 and 0.167 

respectively, are nearly equel, and therefore the expectation value of S is close to 

zero for both parallel decays and real-fake events. From the table above we obtain 

S = 2&6. The corresponding upper limit for the ratio of the neutral current to 

the charged current semileptonic decays is r < 0.12 at the 94% confidence level and 

r < 0.09 at the 90% confidence level. The future of the singlet bL models does not 

look promising. 

The (c# b), model. Of the classes of nonstandard models listed in Fig. 8 we have 

considered and rejected all but this one contender. In this model, proposed by Peskin 

and Tye, the virtual process b-t&‘- proceeds with no suppression from weak mixing 

angles. The b lifetime is considerably shorter than in the standard model, but most 

other aspects of b phenomenology are much the same.M Confronting this model will 

be a difficult experimental challenge. 

V. b quark decay-measuring perameters of the standard model. 

Three properties of b decay comprise most of the standard model phenomenology: 

the b lifetime, the semileptonic branching fractions, and the ratio 

r(b+ uW-)/r(b-rcW-). 

The theoretical expectation for the lifetime is CT a 300 pm, and at the T(4S) the 

@r of a B meson is less than 0.1. A lifetime measurement clearly requires a better 

spatial resolution than CLEO will be able to achieve in the foreseesble future. 

.The semileptonic branching fractions. The prediction of a spectator mode131 

which includes the QCD nonleptonic enhancement is 

:- 
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where UJ E r(b-+u)/r(b-rc). A better model,31 which includes nonspectator con- 

tributions, predicts 

0.137w 
Br(B* --+ evX) = 0.147 - ~ 

lo~o;il~~ ’ 
Br(B’ -t evX) = 0.091+ 1+2.lu,. 

We do not know the proportions f and l- f of T(4S) decay to charged and neutral 

I3 mesons, so CLEO can measure only the average 

Es f Br(B* -tLvX)+(l- f)Br(BO-+LyX). 

The results,‘a 

z(evX) = 0.127~0.017~0.013, 

BT(/wX) = 0.122 f 0.017 f 0.031, 

are in excellent agreement with the model. 

Options for measuring r(b-+u)/r(b+c). The most obvious approach would 

be to measure Br(B-+DX) by observing the D mesons. We have looked for D’s 

at the T(4.5’) and we have found modest signals in the two-body decay channels as 

we show in Figures 10 and 11. The signal in K* rrF corresponds to 3d- 15 1 Do’s 

per B decay. Despite this “success,” the general approach founders because only the 

D-+ Ks channels are visible above the combinatoric background, our K identification 

efficiency is only about 656, the branching fractions for these channels are small, and 

they have not been measured with sufficient precision. 

A more promising technique takes advantage of the dominance of the c+s tran- 

sition. We infer the rata for b-r c from the inclusive kaon rates. The following table 

gives our kaon results.32 

BB Continuum 

K* /event 1.58*0.13 0.90 l 0.04 

KO/event 1.24 f 0.21 0.69 l 0.04 

CHARGED D 

P, > 1.0 GeV 
Ra < 0.3 
- ON 
--- OFF 

1.90 2.10 

M (K’sr*) (GeV/c*) 

Fig. 10. Distribution of M(K’a*) for events at the T(4S) energy (solid) and 
below (dashed). 
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1 
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1.0 2.0 3.0 

ELECTRON MOMENTUM SPECTRUM 
(G W/c 1 

Fig. 12. Measured electron spectrum from the T(4S) and the predicted spectra 
for B -+ euX using four alternatives for X. 

I I I I 

f3-~vD(50%) - ~ 
200- 6--/wD’(50%) 

I I I I 
1.0 1.5 2.0 2.5 

pmuon(GeV/c) 

Fig. 13. Measured muon spectrum from the T(4S) and the predicted spectra 
for B+pvX using three alternatives for X. 
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following diagram. 

Br(E -cY X,) 

Er(B-eevXc) 

For computing the V-A matrix element, X is treated as elementary. Clearly 

choosing X to be 50% D and 50% D’ gives an excellent fit, and no b+u at all 

is required. If we simulate models with successively higher proportions of b-+u for 

fixed M(X,,), eventually the x2 deteriorates. In this fashion we obtain an upper limit 

on b+u as a function of M(X,), and we show this result in Fig. 14. Just how 

to garner from this exercise an overall upper limit is not altogether obvious, but we 

suggest r(b-+u)/r(b-,c)<0.2 as not too far off the mark. The lepton spectrum 

approach to the determination of this ratio is evidently the most successful. 

Constraints on the K-M angles. We next want to show what additional con- 

straints our upper limit on (b+ u)/(b-+c) places on the weak mixing angles of the 

standard modal. In this discussion we follow the Particle Data Group conventions and 

notation,’ 

/ .i 
/ I 

Xc= fD,D*,Dn)-,I 
ELECTRONS 

i 

.3 .5 .? .9 1.1 

Mx,(GcV) FOR El-Xev 

\bJ 

With no loss of generality the quark states may be chosen so that 0 5 pi 5 n/2 and 

0 5 6 5 R. Analyses by Barger et a1.34 and Pakvasa et a1.35 constrain the angles as 

follows. 1) The comparison of nuclear @ decay with p decay determines V, E cl 

with the result s1 = 0.23. 2) Strange particle decays determine V,, = slca with 

the result c3 > 0.87, sa < 0.5. 3) The K?-KS” mass difference and CP violation imply 

that cg = &l and that (cgss,ss) is somewhere inside the unshaded region of Fig. 15. 

Fig. 14. Upper limit for r(b+u)/r(b -+c as a function of M(X,), the mass ) 
of the hadronic system resulting from b+evu 



: 

Within this region we show the contours of constant r(b+ u)/r(b-+c). The hatched 

area to the right of the 0.2 contour is ruled out by the CLEO measurement. 

VI. B meson decay. 

What we know so far about the B meson mass is the following. Let 

AA4 = M(T(4S))/2- M(B). Since the T(3S) is below threshold for BB decay, 

A.M < 112 MeV. Theoretical predictionsa for the width of the T(4.5’) depend on AM, 

and the measured width implies AM< 50 MeV. If the T(4S) were above threshold for 

decay to B’B, then the CUSB experiment would expect to see the ~from the B*-r qB 

transition, and they do not.36 The theoretical expectationa for M(B*)- M(B) is 50 

MeV from which we infer that AM< 25 MeV. 

Whether a precise determination of M(B) is of scientific importance in its own right 

is unclear, but as an adjunct to some other measurements its utility is clear-cut. In 

particular knowing the mass would help us to know the ratio 

Br(T(4S) + B”Bo)/Br(T(4S) -+ B+B-), 

and knowing this ratio is crucial to separating Br(B* -+eYx) from Br(BO-+&X) 

and to measuring B”-B” mixing. A better determination of r(b-+u)/I’(b-+c) would 

also benefit from a precise value for M(B). 

Reconstruction of a B would yield a mass value with greatly improved precision and 

is a worthy goal. In T(4S)-tBB events, however, the average charged multiplicity 

is 12 and the average 7 multiplicity is 12. Our efficiency for detecting all the debris 

from a typical B decay is low, and the combinatoric background is overwhelming. A 

brute force approach has not worked. 

.:.. _ ,, .: 
‘;,.:.T..y :;. .. 
,..:. ..‘:,. ;,. 
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Instead we should try finesse. In this context finesse means a low multiplicity final 

state with a high branching fraction and a clear signature, for example, 

B-+qlK and B+ $Kr. 

Some predictions3’ for Br(B+ QX) are as high as 3%. We have searched for these 

decay modes3a and for the inclusive $ signal with the following results: 

Br(B+ $X) < 1.9% using single muons, 

Br(B + $X) < 1.4% using dimuons, 

Br(B* + QK*) < 196, 

Br(B”+$K*rF)<2.5%. 

All of the above limits are at the 90% confidence level. Evidently finesse has not 

worked either, at least not yet. 

VII. Summary and acknowledgements. 

The highlights of this presentation have been the following. 

1) CLEO has observed D’ production from the continuum. The 0”s with .a > 0.7 

account for 40 f 7 f 13% of produced c quarks. 

2) We have observed additional T family transitions, and in particular 

Br(T-+r+r-)= 3.0&l.Ofl.O%, 

Br(T(3S)-tp+F-) = 3.2kl.656, 

Br(T(3S)-rr+r-T) = 4.9~0.9~0.5%. 

3) Most nonstandard models of b quark decay have been ruled out. 

4) r(6-t U)/r(b+ c) < 0.2. 

5) Br(B+ +X)< 1.4%. 

Looking ahead, we anticipate further substantial improvement in the CESR 

luminosity within the next year. If our past experience is a true guide to the future, 

the higher luminosity will propel us toward further advances in our investigation of b 

quark physics. 

The CESR staff has worked tirelessly to improve the accelerator, and we are much 

indebted to them for their success. Funding for this research came from the National 

Science Foundation and the U. S. Department of Energy. 
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WHAT HAVE WE LEARNED FROM THE UPSILONS? 

Juliet Lee-Franzini 

SUNY at Stony Brook, Stony Brook, New York, 11794 

INTRODUCTION 

The Upsilon family holds a special place in present day particle 

physics because it offers several arenas for the confrontation between 

theory and experiment. In the area of strong interactions the T sys- 

tem had established the validity of the potential model approach through 

the properties of its triplet S stateS. The recent meaSurementS 

of its P-wave levels yielded further proof of the flavor independence 

of the color interquark forces. They indicate also, that potential 

models' predictions are favored over those resulting from QCD Sum 

~&e computations. Furthermore, a study of the fine structure split- 

ting allows us to choose amongst the various ansatz proposed for the 

LOrentz structure of the potential to describe the spin dependence of 

the color forces. New measurements of the hadronic transitions between 

the radially excited states and the ground state confirm the general 

correctness of the QCD multipole expansion description, but suggest 

modifications of its detailed formulation. Finally, the measured lep- 

tonic branching fraction of the T can yield the most precise value of 

"En once the theoretical uncertainty for the latter's extraction is 

solved. 

In the weak interaction sector T"' decays supply us with b-fla- 

vored mesons, almost at rest, whose decay properties elucidate the 

nature of the b quark couplings, and extend our knowledge of the quark 

mixing matrix. Finally, in the Higgs sector, by virtue of its large 
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mass, the b-quark coupling to the Higgs field is larger than for all 

other fermions. we are therefore able to put stringent limits on the 

existence of the axion by combining two heavy quarkonia searches. 

In this paper I discuss in detail the Upsilon contributions to 

the three areas, using data taken by the CUSB Collaboration 1 , pri- 

marily after the installation of mini-6 insertions in CESR in late 

1981. During that down period the CUSB detector was also reconfigured 

with substitution of cathode readout proportional chambers in place 

of drift chambers for innner tracking, and the addition of scintilla- 

tion counters surrounding the central detector to allow for muon trig- 

gers. Figure la is a pzrtiallyexploded ( end caps are pulled away 

from their running position 1 cut away isometric view of the CUSB 

detector and fig. lb shows two sections of the detector along and 

perpendicular to the beam. Figure 2a shows Rvisible measured by 

CUSB as a function of total c. of m. energy, with the four bound states 

prominently featured. Figure 2b shows schematically the level di- 

agram. The various transitions which were studied by CUSB in this re- 

cent period are indicated by arrows. 

I. T and Wflections on QCD. 

A. The Search for Other Narrow States and the Measurement of AR. 

we have searched for new narrow resonances in e+e-+ hadrons in 

additia to the four 3Sl states , in the c. of m. region from 10.24 

GeV to 11.6 GeV. It is expected that one of the next higher radial 

excitations, n==5 2 or n=6 3 , could have as narrow a natural width as 

4 3s1. Below the flavor threshold, either vibrational states and/or 

D states made visible in e+e- annihilation through S-D mixing, will 

appear as narrow resonances whose widths are identical to the beam 

Fig la) A partially exploded cut away view of the CUSB detector. 

,Pb GLASS@561 

1 I 

Fig lb) Cut away end and side views of the CUSB detector. 

-. 

,: -: I_.i 
. . . . . :_ ,.,“;’ 
.,~.-. . .._ 

,:::‘: :. . 

‘. 

-468- 



9.6 100 104 IO.8 Il.2 11.6 
MASS (GeV/c') 

Fig 2a) R,fsible "9 center of mass energy from CUSB. 

T"~'s- 
BOO-. PF / 

F 
r” 
c 600.. 92% - 
s 
4 400.. 77 

o1 T?S. 
PP / 

Fig 2b) Level diagram for the T system. Arrows indicate 
transitions discussed in the paper. 

energy spread. In the three regions which we have searched, we found 

no positive signal; figure 3a shows the result of our most recent scan. 

We use a maximum likelihood method to establish the 90% c-1. limits: 4,5 

(i) r ee 2 0.3 KeV for a reeonance of width = 40 MeV, 10.6<&<11.6 GeV, 

(ii) r < 20 ev, in the region 10.34<&<10.52 GeV, and ee - 
(iii) r < 20 eV. in the region 10.24<&<10.31 GeV. The limit ee - 
established for region (ii) where string vibrational states are 

expected to exist is = a factor of 4 below theoretical estimates. 6 

The level of Rvisible, however, changes from 2.29 _+ 0.029 below 

the T"' to 2.54 f 0.040 above the T"' , see figure 3b. Since this change 

is abrupt across the flavor threshold, it is reasonable to suppose that 

this increase is due to the production of B mesons end their excited 

states. Therefore,using the appropriate efficiencies computed for CUSB 

for continuum events and for BEi events we obtain that R below T"' is 

3.54 * 0.05, above the T"' is 3.85 + 0.05 and AR = 0.31 t 0.06. 4 All 

errors quoted are statistical only; systematic uncertainties are of the 

order of 10% end cancel out in the evaluation of AR. This increase in 

R of 0.31 is remarkably close to the expected contribution from having 

passed the threshold for the production of charge l/3 quark. As a side 

remark we note that the R value above the T"' is very close to those 

measured at PETRA and PEP; therefore it is not likely that we have crossed 

the production threshold for WpersYmnetric quarks ( R = l/2), 

or even for technipions ( AR = l/4 ) in the intervening region between 

CESR end PETR?! energies. 

B. Dynamics of T wcays. 

The fact that quarkonia ground states decay into three gluons as 
.7 

postulated by nppelquist end Politzer' did not receive direct confir- 
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Fig 3a) 901 confidence level upper limit on ree YS center of IMSS 
energy from 10.24 to 10.31 CeV. 

77 
T” 

6 I 

I- 

1 . I , 
10.4 10.6 IO 6 Il.0 I I.2 11.4 11.6 

Mass (GeV/c* ) 

Fig 3b) &eihle across the free flavor threshold, showing the 

change in &islble. 

ration until the existence of the T system because the J/Q system did 

not have sufficient energy available to make the three jet nature of 

the decay apparent. In OUT detector we measure the fractions of 2 jet 

and 3 jet final states by the use of a thrust-like variable T' based 

cm energy measurement. In figure 4a our thrust distributions for the 

T ground state and the continuum are shown; they are clearly widely 

separated. 8 The ability of CUSB to sense small amounts of admixture of 

two jet events in the three jet populations gave us the first indica- 

tions that there were possible 3S + 3~ transitions from the first two 

excited radial states. Figure 4c catalogues schematically the 2 jet 

and 3 jet contributions from such a state. In this way we have found 

for the T" a 20% + 4% excess of 2 jet final states which we interpreted 

as evidence for T” + y 3P, 
3 
p + 99. Figure 4b shows the measured thrust 

distribution from the T", which is visibly more W-rusty" then the 3 

jet ground state (dashed line) distribution. Similarly, the excess 2 

jet fraction measured on the T' was 7% ? 3%. However, in this case the 

excees obtained from thrust measurement is only a lower limit of the 

possible 3~ + Zg because of the presence of a large fraction (see next 

section) of soft pions resulting from hadronic cascade transitions 

which lower the thrust and result in a lower apparent value of the 2 

jet excess. 8 

C. Hadronic Cascades. 

Hadronic transitions from the first radial excited state to the 

ground state in the Upsilon system has been observed by several groups 
9 including CUSB . It was the comparison of the rate T' + Tim with 

that for I)' + Jmrr which gave an independent proof of the vector na- 

ture of the gluon. From the 33~1 CT") state hadronic transitions can 

: -:. .:. : ;,:: 
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-:-: 
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Fig 4a) Thrust distrfbutions Fig 4b) Thrust distribution for 
for T and continuum T $1 data; dashed Line is 
data. expected thrust for T", solid 

line is best fit for variable 
amounts of T and continuum thrust. 
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Fig 4c) Schematic repreSentatiOn of 23~1 end 339 decays, *howing 
excess 2 jet contribution. 

occur to both the first radial excitation and to the ground state. In 

CUSB we detect these transitions by looking for events with two pions 

accompanied by a dielectron or dimuon pair resulting from the final T 

or T' decay. Figure 5a shows a typical T(3.S) -f Tczs)~'v--+ e+e-?T+TI- 

event in CUSB, together with the selection criteria and efficiencies 

for such events. Figure 5b shows a scatter plot of the total energy 

deposited by the pion tracks versus the dilepton mass. The two clus- 

terings correspond to T" + T'li+i~- and T" + Tn+r- transitions. CUSB 

has also observed these hadronic cascades with two IT' emissions: the 

signature in CUSB for them is four showers consistent with 2 IT"S ac- 

companied by a high energy lepton pair. In figure 6a we see the co+- 

responding scatter plot of total energy deposited by the showers Versus 

the dilepton mass; again two clusters are clearly visible. In the fol- 

lowing we show a comparison of the CUSB measured rates with those pre- 

dicted by Kuan and Yen using a multipole expansion of the gluon field. 

T' + Tr+n- T" -, T'a+s- T" + T ~i+n- 

18% * 6% 3.1% t 2.0% 3.9% * 1.3% CUSB 10 
11 16.7% to 18% 1.5% to 2.3% 1.4% to 3.4% K & Y 

The agreement between the measured and predicted rates are excel- 

lent. However, the original theory also predicted a peaking towards 

high mass values for the mass spectrum, in agreement with experiment 

for the T' (see fig. 6b). The mass spectrum from T" -f TITII agrees in- 

stead with phase space (see figure 6bl.Fi.nally,while the mass spectrum 

frbm T" + T'nr suffers badly from lack of statistics, it is not incon- 

sistent with peaking at high mass. Clearly both thistheory and experi- 

ment need some refinement. The data are inconsistent with the predic- 

tions of a theory assuming scalar-meson dominance. 
12 
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D. Photonic Transitions. 

1. Inclusive spectrum. 

The CUSB inclusive y spectrum obtained at the T" peak from 64,689 

hadronic events is shown in figure 7a: some structure is visible at 

about 100 MeV. When the spectrum is fitted with a polynomial, a X2 of 

148 is obtained for 86 d.o.f. (c.1. < l/16000). The curve shown is a 

fit obtained excluding 13 bins around the signal region which gave a 

x2 of 77 for 73 d.o.f. The excess over the curve contains 2150 y's 

(over e 37,000 y’s); it is a 100 signal. y spectra from 31,486 conti- 

nuum hadronic events and 40,491 T region hadronic events are shown in 

figures 7b end 7c respectively. The curves are polynomial fits to the 

data, they gave x2's of 107 (fig. 7b) and 80 (fig.'lc) for 86 d.o.f. 

AII alternate way to obtain the background curve is to predict it 

absolutely using properties of thrust distributions (see section I B). 

tie thrust distribution at the T" is a linear combination Of that 

from the continuum (41.6%) end that from the T (58.4%). Applying these 

coefficients to the spectra from 7b and 7c after they have been appro- 

priately scaled by the number of hadronic events (64,869/31,386 for 

7b; 64,869/40,491 for 7~). we obtain a background curve which is es- 

sentially indistinguishable from the one in figure 7a in the region 

of interest hence which yieldsthe same excess in the 100 MeV region. 

The subtracted spectrum is shown in figure Ba. The measured cen- 

ter of gravity of the signal is 97.7 Me". Using our efficiency for 100 

MeV photons of = 17%, we obtain a branching ratio for T" + (loo+20 MeV) 

y's t x of 34%, with 3% statistical uncertainty. Both the position 

and the high rate of this signal make it highly likely that X is the 

23P 2,1,0 levels (also called x; 's) end that the bump consists of three 

1600 

PHOTON ENERGY (Mei’) 

Fig 7) The observed inclusive photon spectrum from (a) the ~11 
region, (b) the continuum, and Cc) the T region. The bin size is 
5% in AE/E. The excluded region in the polynomial fit is indicated 
by the horizontal bar in (a). The solid lines are polynomial fits 
tsee text). 
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.- 
PHOTON ENERGY (t&V) 

Fig 8) (a)The subtracted photon signal for T"Jx{+Y (see 
text). (b)The experimental photon energy resolution function. The 
solid line is a fit to two gaussians of width 6.7 and 12.51 of the 
peak position, the wider one displaced down by 10% and contributing 
352 of the total area. (c)Fit of three lines to the subtracted 
photon spectrum. 

El transition photon lines. 13 

The resolution function of the detector and y saach coda combined 

is determined by Monte Carlo methods and is checked by recoostructing 

rots. Figure 8b gives the resolution function at 100 MeV, 0 z 8%. It 

is far narrower than the signal peak in figure Ea. A fit with 3 such 

lineswith arbitrary intensities and locations yields a X2 of 16.0 for 

14 d.o.f., for 2 lines a x2 of 22 for 16 d.o.f. and for 1 line a X2 of 

58.3 for 18 d.o.f. (c.1. <10s5). The intensities of the three lines, 

whose envelope is shown in figure EC, divided by the k3(2J+1) factor 

(where k is the momentum of the y and J is the presumed angular rnomen- 

turn of the state) and arbitrarily normalized to 1 for the middle line, 

are 0.95 L 0.3, 1, 1.1 + 0.4, consistent with the expectation that all 

three should be identical for 4l1 solid angle acceptance for y's from 

El transitions. The canter of gravity for the three fitted lines, ex- 

cluding the kinematic k3 factor, is 93 f 1 (2 4) MeV. 

2. Search for El transitions in exclusive channels. 

We also searched for two photon transitions corresponding to 

(i) 33s + 23PJ + y, , 23PJ +23s + y 
2 

(ii) 33S -C 23PJ + y, , 23PJ -+ 13S + y 
2 

(iii) 33S + 13PJ + y 
1 

, 13PJ + 13S + y 2 
followed by T or T'yi)~ or ea. Events of this kind have a characteris- 

tic signature of two almost collinear p's or e's of about 5 Gev, plus 

two y's whose energies add up to the T"-T'or T"-T mass difference. 

Since we cannot distinguish y, from y2 we shall call y, the lower ener- 

gy y and yz the higher energy one in each event. Figures 9a and 9b 

show a typical avant and the selection criteria for the dirruon and 

-1’ -“. :. ..:. : 
>,‘)., r-e:,.‘- : , 

..,I_ -:.- ..: 
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f. 

Fig 9a) Typical event 

and the selection 

criteria for T*'+ 

~~P+~+TW+UUYY 

t 

Fig gb) Typical event 

and the selection 

criteria for TV'+ 

23~~+~+e~(y- 

T[3s)-~~~*y'-Tl1S)+y'y'-~~y'y~ 
Ey’s90 hkv, Ey’:755MeV 

SELECTION CRITERIA 
ptrigger with 2 nwtral clu~tor~. 

PII: >5’ from sdea in control detector. 
p track is minmwm lonizmp. 
Acollinearity < 15’. 

YY: > 5’ from edger in control detector. 
Ey>50MoV, Ey’+Ey*,lSOMaV 
y centroid > 10’ from p 
5 1 boom pip* convor~ion. 

ifficiency: 12% 

T(3S)-?‘P+y’-T[ls)+ y’y’-os.y’y* 
M(sa)~9.32G.V, Ey’=PlMoV, Ey’=702 MeV 

SELECTION CRITERIA 
‘Bhobho like” with 2 neutral rhowen. 
se >5’ from qdca m control dotoctor. 

M(M)> 5 GeV. 
Acollinsority etl < 17’. 
2 ISC trockr c 14’ from .hower cantroid. 
L”.rt.*< 2.5 En!. 

YY > 5’from edasr in control detector. 
Ey >SOMsV , Ey’+Ey*> 150 MsV 

y centrod t 45’ from * 

5 I boom PIPS conversion. 

Efficiwy: 17 I 

ee final states. Figure 10a shows the scatter plot ofthe two '&for 18 

Upyy events, note that they show clean clusterings corresponding to 

reactions (i) and (ii). There are three candidates for reaction (iii), 

although two are on the 20 boundary line. The dimuon events are virtu- 

ally background free. A similar scatter plot, figure lob, is shown for 

50 eey( candidates. The invariant e+e- mass for these events are shown 

in figure 10~. They include background from double Bremsstrahlung, the 

magnitude of which is shown by the dotted line in figure 10~ and the 

amount of which is estimated by studying the population outside the +2a 

band, the yield from continuum running, and by modelliog from superin? 

posing two single Bremsstrahlungs. All three methods agree. The sum 

of the two photon energies for the candidates inside the -2~7 band are 

shown in figure lla, and they obviously correspond to the mass diffe- 

rences between the T" and T', or T" and T. It is reasonable to assume 

that these double photon events arise from reactions (il. through (iii). 

14 ?he productbranching ratios obtained by CUSB for these reactions are : 

ZHel I BRCT" + YiXb'i)*BR(~'bi + y-T’)] = (5.9 t 2.1)% 3.3% 

x:=1 t BRCT" + YiX;i)*BR(X'bi + fl 11 = (3.6 k 1.2)% 2.8% 

“I=1 t BR(T" + yiXbi)*BR(X bi + fl )I < 3%. 90% c.1. 1.1% . 

The last column are theoretical expectations for these product ratios 
15 obtained using the El rates given by Eichten et al , the hadronic 

rates given by Barbieri et al 16 and the measured T" total width. 17 

It is expected that the 23~o level has a small El BR for tran- 

sitions to the T ground state, hence most of the double y transitions 

are from the 23~ 2 
, 
1 levels. Their position can be found by making a 

two line fit to the major portion of the y1 distribution. Such a fit 

“’ -2 
,: ...I . : .:~ 

.:.. ,.::-..:.,.>.. 
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has a confidence level of 45%,whereas the probability that the observed energy scale b.xause recent absolute measurements of the T mass at 

signal is due to a single line is less than 3%. Ihe three events whose 

y1 are larger than 114 l4eV are used to obtain the position of the third 

line. The y1 distribution from, the exclusive events are shown in figure 

llb, plotted superimposed on the inclusive y spectrum. In the following 

table we list the photon energies resulting from fitting the inclusive 

VEPP-4 18 agree with the DoRlS value. Taking into account the l/2 MEV 

recoil during y emission we obtain 23P(c.o.g.) = 10.255 +0.004 GeV. 

Potential models inspired by QCD and those built empirically by fit- 

ting to a power law,on the whole predict the 2P level position and the 

Ei transition rate which are close to the experimental value (see the 

and exclusive data as described in the previous and present section. 

CUSB El Transition Photon Energies t 

Inclusive Spectrum 13 14 Exclusive Spectrum 
33S1 + 23P2 + y 84.5 + 2.0 t 4 MeV 84 A 3 f [S NV] 

23Pl + y 99.5 f 3.2 f 4 WV 99 f 2 f [5 MeV] 
23P. + y 117.2 2 5.0 + 4 MeV t 119 f 5 * 5 MeV] 

t The first Errol is the diagonal element of the erzr~~ matrix; the 

second is a generous estimate of the systematic uncertainty by the 

following table). A major exception is the new heavy w bag model ap- 

proach of Baacke et al. 26 whose predicted position is off by e 60 MeV 

and whose predicted rate is down by over an order of magnitude. 

Measurement and Predictions of the Z3P level Properties 

nuthor c.0.g. IGeVl r@l)*keV L 
M(J=2)-M(J=l) 

-M(J=l)-M(J=O) 

E 13 10.255 f 0.0004 6.5 t 0.8 0.83 + 0.32 
Beavis et al. 19 10.246 --- 1.00 

Eichten et al.(K&Y) " 10.27 6.11 ---- 
author. 

The agreement between these two entirely indepandant analyses is gra- 

tifying. The center of gravity of the three fitted lines is 93 WV, 

Eichten & Peinbarg 2o 10.271 --- 1.00 

MartinZ1 10.242 --- --- 

Quigg & rtosner22 10.245 7.24 --- 
and this value will be used hereafter in comparison with theoretical 

models. The branching fraction of 34% as quoted in section I.D.~., 

when combined with the values of the T" leptonic width, B 
PIJ and 

the hadronic branching ratio 10 yield 

Kl-aseman & cm0 23 10.271 10.24' 0.67 

Khare 24 ---- ---- 0.50 

Buchmuller & Tye25 10.25 6.15 --- 

T(El) = 6.5 * 0.8 + 0.6 keV where the first error is statistic&l 

26 11 Baacke et al. 10.312 0.41 0.77 
(5.2 ) 

and the second is the estimated systematic uncertainty. 
3 E. 2P 2.1,o Levels and Potential Models. 

There has always been a discrepancy between the DORIS and CESR 

Buchmuller 27 10.250 6.8 0.67 

28 Byers 6 MCCrary 10.250 7.6 0.48 

energy scales of 0.027%. 17 In order to facilitate comparison between 

CESR measurements and theoretical predictions I have adopted the DORIS 

* wherever appropriate the k factor in the r(El) expression has been 
adjusted to the measured value of 93 MeV. 

11 not scaled by k3. 
t this value is obtained by Kraseman using dipole sum rulestwhereas 

the c.0.g. value and the r value ase obtained from a potential 
model. 
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F. Fine Structure of the 23P Levels. 

potential models require additional assumptions about spin depen- 

dent interactions to predict the fine structure of the P-levels. Dif- 

ferent authors therefore obtain different results. A convenient way 

of comparing theory and experiment is the ratio of the two splittings 

(J=2 to J=l and J=l to J=O). This ratio is given in the last column of 

of the previous table. The CUSB result cannot at present distinguish 

between various calculations. We expect to install a high resolution 

quadrant in the coming year such that the three lines will be resolved 

in order to measure r with high accuracy. 

G. Z3p (c.0.g.) and Flavor Independence. 

puigg and Fmsner2' had first shown evidence for the flavor inde- 

pendence of the color forces by noting the value of [E(3S)-E(2S) I/ 

[E(ZS)-E(lS)I for the J/$ family is approximately equal to the value 

for the T family. This implied that the power v which character- 

izes the power law potential of the form V(r) = Xr" for both systems 

is the same, independent of the flavor of the quark. Its value is ap- 

proximately 0. 

While this result is encouraging, it could be fortuitous. Q&R 

pointed out that further tests of flavor independence can be obtained 

by comparing the levels splittings IE(ZS)-E(lP)]/[E(2S)-E(lS)] of the 

J/J, family which yields a value of v e .15 to the corresponding one 

from the T family. We have measured instead the c.o.g. of the 2P in 

the T system, which,amusingly, lies at the same radius (see figure 

12a) as the xc state in the potential. Using a plot of C. Quigg 30 , 

figure 12b, which displays the relation between the value of the power 

v and the ratio [E(3S)-E(ZP)/ E(3S)-E(2S)j we obtain v = -0.15. 

t 
11 - auchmijller et al. 

, _ 2) Mortin --- 
3) . . . . ..-Eichten et al. , 

0 4) -.-Krosemann et al. 

2 -I- 
52 
E -2- 
> 

-3 - 

-4 - 

I I I , 
0.01 0 05 0.1 0.5 1.0 

r (fermi) 

Fig 12a) Potentials as a function of the radius. The radii for 
various T and Jfl states are indicated. 

V 

Fig 12b) Prediction (Ref. 30) for the ratio AE(~S-~P)/AE(~S-ZS) 
vs the power of the potential (v). The data point is the CUSB 
measured value. 
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This is a remarkable agreement considering the large difference in 

velocities and the neglect of relativistic effects, and is another 

proof of the flavor independence of the color forces. 

H. 13P Level and QCD Sum F+.~les. 

Theorists who adopt the QCD Sum Enles approach claim to be free 

of the vagaries associated with the phenomenology of potential model 

approaches. one of their firm predictions is the position of the 13P 

level in the T system. 
31 I. 13P (c.0.g.) = 9.835 ). 0.03 Gev. 

Using an alternate computational method of exponential mamants, 

Bertlmann 32 predicts that the J=2 to J=o splitting is 20 MeV and that 

II. 13P (c.0.g.) = 9.803 +_ 0.01 GaV. 

these positions are lower by 30 to 90 M~V relative to potential model 

predictions. Typical models of the latter group (for ex. ref.22 and 

ref. 25) predict the 13P El partial rate to be = 6 kev with a c.0.g. 

of 9.86 GeV, which corresponds to a branching ratio of c 18%. If one 

is allowed to scale by the k3 factor, the QCD Slrm Rule X-SSultS imply 

BR'S of the order of 44% (I) to 50% (II). 

The 1980 CXJSB T' sample of lo4 resonance events is consistent 

with results of potential model predictions. we also set a 90% c.1. 

limit on the BX for El transitions for k = 190 MeV (J=2 - J=O of 46 

MV) Of lo%, and for k = 220 MeV (J=2 - J=O Of 20 MeV) Of 7%. There- 

fore we have preliminary evidence in favor of potential model pre- 

dictions versus QCD Sum Rule calculations. 

II. T and Higgs Fields. 

In the Standard yodel the Higgs couples to the Fern&on mass, i.e., 

Lagrangian = 21'4G;'2nlH(q9 or ax,, 33 
interaction 

hence heavy quarkonia are good hunting ground for Higgs related pheno- 

mena. Wilczek 34 and others proposed a natural solution to the CP vio- 

lation problem by postulating the existence of an "axion" (an instan- 

ton solution of the Higgs fields) which is a light neutral pseudoticalar 

particle. The T -+ ya rate is given by 
2 

i- CT + ya) 'F "b <O*' = 

r (T + I+) Eha x2 
where x = - is the ratio 

<tp 

of the vacuum expectation of the Higgs fields. A si.G.lar expression 

holds for J/$ + ya, except the x2 factor occurs in the numerator. COIli- 

bining the two expressions one obtains a I+@ *dependent prediction 
G' III= 

that B(T+ya)*B(J/$+ya) = B ,,(T)BFrFr(J/$') F cm;: = (l.6+O.3)XlO-8 
2 T2 ci2 

for mc = 1.5 Gev, mb = 4.9 Gev, BT 
w 

= 3.3% and BP;"= 6.9%. 

We searched in CUSB for these standard axions. 35 The signature 

for T+ya (see figure 13a) is the presence of just a photon with ET 

since the axion is relatively long lived end interacts weakly, leaving 

no trace in the detector. We find zar~ such events. Figure 13a shows 

a possible decay but with too little energy. It is kinematically CM- 

sistent with being a radiative Bhabba event. Figure 13b show the spec- 

tra of such single photons found at the T(U), T(3s) and from the con- 

tinuum, note the absence of photons with energy close to the beam energy. 

These three spectra are equal, proving that the observed photons are 

froin QED processes. We obtain 90% c.1. limits of ~(Trya) of <3.5x10-~ 

from the T(U) sample, and <1.2X10 4 from the T(~s) sample. The combi- 

ned 90% c.1. limit for B(Trya) is <3.8X10 -5 . 

Our result together with the one from the Crystal Ball 36 
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J Er=1.6GeV, Single Photon Candidate (Axion search) 

SELECTION CRITERIA 

E (Nal) > 1 GeV. 
Single shower in entire detector. 
No tracks in Inner Strip Chambers. 
>8” from edge in central detector. 
Oteer strip chamber points to intersection region 

Efficiency : 32% 

RR 13a) Single photon candidate (re.h?ct.ed as axion event because 
E o;s = 1.6 Gei is-too low) and selection criteria. 

TIIS, 

Fig 13b) Single photon spectra for T (left), T” (middle), and 
continuum (right), with no axion candidates. 

B(J/$ + ya) <1.4XlO-5 gives 

B(T+ya)*B(J/Jrtya) < 0.6X10 
-9 90% c.1. limit, a factor of 26 less 

than the prediction. SO we can safely say the "standard axion" is dead, 

long live the "invisible axion"! 

III. T”’ and the Weak Interactions 

A. T"' and the B Meson Mass. 

CUSB has searched for the presence of B*'S in T'" 
37 

decays. The lack 

of signal for their production also yields the best bounds at present 

on the B-meson mass, which is important to the calculation of the end 

point of the electron spectrum end its smearing of the B-decay of the B'S. 
38 

The fact that I.$,, C *MB < 5,,, implies that B-mesons could be produced 

in T"' decay with a laboratory momentum of 0 < p < 1100 &V/c, resul- 

ting in a laboratory Doppler snearing of the electron spectrum end 

point of 0 to 40% (f.w.) in addition to a small uncertainty of the end 

point itself in the B rest frame [< 2.2%). A large Q value for T'" + BB 

would imply , however as in the D case, large production of B*'s which 

are quite reliably predicted to decay as B* +B +ywith MB* -MB = 

50 Me". We have searched for 50 MeV y's from T"' decays in our detec- 

tor and obtained a null result. Our 90% confidence level upper limit is 

B.R. (T"' -+ B*B) < 9%. Figure 14a shows the observed inclusive 

y spectrum from T"' after background subtraction and the expected 

signal for B.R. equal to 1. Combining the B.R. limit and the measured 

T"' Width with the potential model calculations by Eichten 2 we derive 

limits for the lab K.E. of the B mesons from T”’ of 10 < TB < 25 Me", 

with T 3 15 KeV favored. Bigi and Cno 39 +6 have obtained T = 4.Se3 Me". 

We find their central value inconsistent with the shape of the resonance. 

: 
,. :. ,:_. ‘:. 

:: J -_ .: ,. 
__ . . -. 

._ 

-480- 



q PHOTON SIGNAL 
FROM 6” DECAY 

50 100 500 1000 

E,,(MeV) 

Fig 14a) Inclusive photon spectrum on the T"'. The shaded curve 
is the expected photon signal for one photon from Be decay per T"' 
event. 

Fig 14b) The fraction 
of the center of mass 
energy observed in CUSB ? 
forT hadronic events. z 
The rms spread is 28%. 

8 
c-4 

1000 

100 X E,bs /Ecm 

We shall use T = 15 MeV in section IIIC, corresponding to a Doppler 

smearing of 15%. This corresponds to MB= 5.274 GeV. 

B. T WI and Exotic Models. 40 

m the standard model the couplings of W to quarks and leptons 

lead to b-q!.,; and b+qqG with well defined ratios; in particular, the 

decay b + q!L< (II = e,~) accounts for about 26% of all decays with 

experiments and theory in good agreement. For these decays the average 

v energy is 1.35 G~V, and for the T"' tbe total energy in V's is cm 

the average 6.4% of the c. m. energy. Models have been proposed for 

the b decay without coupling to W, such as I) b * llRq and Idb-' aqq 

where 33% and 17% respectively of the energy would be carried away by 

V's. In addition, in model II baryons could appear in the quark evo- 

lution leading to a" additional apparent missing energy. CUSB is a" 

excellent and extremely stable calorimeter which measures all the 

elctromagnetic (r') energy, and about half of the charged particle 

energy cwer 60% of 4~. Thus we expect to measm-e 40% of the beam 

energy. Figure 14b shows the fraction of the c. of m. energy observed 

in CUSB for T hadronic events. 41 

Figure 15a shows the fraction of the total energy observed at the 

four resonances and continuum. Note the extreme similarity of the first 

four valugwhich average to 40.94% + 0.06%. The Monte Carlo rrsult is 

42%, which we renormalize to the observed value. For the T"' , assuming 

100% Bz decay, standard b-decay and using the measured B.R.'s, we ob- 

tain that 38% of the energy should be observed, which compares quite 

well with the measurements of 38.44% Y? 0.35%. For model I we compute 

29%, 290 away from the measurement, and for model II, less than 34%, 

i.e.,more than 14~ away. Alternatively. mode1 I could account for only 

,. 

. 
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T T’ T” CONTINUUM s 
2 
E 4’ 

w” 
0 0 $2 

\ 
2 40- T”’ 
w” 

x 39- 
s: 

0 
- 

f I I,, , I , 1 I I 
9.5 10.0 10.5 

E,, (GeV) 

Fig 15a) The average fraction of the total energy observed in CUSB 
for the four resonances and the continuum. Note the suppressed 
vertical scale. 

‘F v i7 (‘)up)c 
“‘P‘T’bg ’ bg 

Fig 15b) Schematic representation of B meson decay in the 
spectator model. 

3.3% of b-decays, end model II for less than 7.5%. Finally, we wish 

to point out that if models I and II were correct, our detection effi- 

ciency for T"' decays would be decreased by a factor of about three, 

implying that its leptonic width is 2 0.9 XeV, in strong contradiction 

with potential models and any naive expectations. 

C. B Decay Leptonic Spectrum and Mixing Matrix Parameters. 

In the standard model the b semileptonic decay is given, ignoring 

the Fermi constant, by an effective coupling (ev),(Vbu(bu)a +V,(bc&) 

where (ab)a = ;aya(l-y5)ub etc. and Vbu, Vbc are the relevant elements 

of the quark mixing matrix. 42 The question is what can we learn about 

'bu"bc from the B semileptonic decay (B+eVX) which has been discovered 

sometime ago. 43 QCD evolution of quarks is a somewhat mysterious pro- 

cess and the question is, what is X for b+u and b+c? 01 the other hand, 

the spectator model for computing the B.R. 's is expected to be reliable 

for theoretical reasons and is so far experimentally confirmed. Some- 

tire ago Cabibbo, Corbo and Maiani 44 had calculated the D beta decay 

spectrum in the spirit of the spectator model by assuming that the 

bound c-quark moves with a Fermi motion in the D meson. They also fold- 

ed in the D motion in the lab and computed QCD radiative corrections 

which are not critical for D+eVX where the e spectrum vanishes at the 

kinematic limit. The agreement with the D data is excellent. Encouraged 

by this, we applied the method to B decay into X and X using 
c=o C#O 

the Same Fermi motion and the above mentioned B motion. We ignored 

radiative corrections, waiting for Altarelli et al. 45 to complete 

their computations. Their new results are in excellent agreement with 

our simple calculations which are shown as the curves in figure 17b. 

There are clear differences in the b+u and b-r, spectra and in the end 
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paints. Calculations by Bigi and Evertz 46 mclude resonance effects, 

and the authors conclude that they steepen the spectra but do not alter 

the end points. Figure 15b shows the amplitudes for B decay. 

In the CUSB detector we can obtain a very clean electron Signal for 

energy above 1 GeV. Figure 16 shows a typical electron candidate 

on the T"', with a partial list of the selection criteria. The histo- 

gram indicates the overlap background as measured from the difference 

in the shower centroid polar angle and the track polar angle. At = 

2.2 GeV, the end point for B + evXc, our resolution is approximately 

3%. Our energyscale is also similarly accurate, by using 5 GeV efe- 

Bhabha scattering as calibration. These uncertainties are small co*- 

pared to the z 17% difference in the computed endpoints. IZ-, other words 

resolution unfolding is a minor effect, Doppler smearing is in fact 

dominant. The main complication comas from the fact that the T'" is 

only '30% of u(hadron) and the large continuum does give some high 

energy electrons from decays of fast D's. Figure 17a gives the raw 

electron spectrum at the T"' and the measured continuum contribution 

to it. AS expected, the continuum fades away at the end of the spect- 

rum, thus the results are quite independent from the subtraction. ?he 

subtracted spectrum has been compared with the outlined calculation, 

using the masses given by A. Martin 
47 

: s = 5.2 GeV and mc= 1.8 GeV, 

curve B in figure 17b. If we use I$ = 5.2 GeV and let mc free, ws 

obtain mc= 2.0 GeV as a best fit; we are fully consistent with mc=1.8 

Ge" and are 100's away from mg<SOO l&V. Curve A is obtained for mg=0 

and does not vary much up to mq=700 meV. 0~rve C is the contribution 

from secondary (D's from B'decays) D decays, which should be added to 

and view cut away ride view 

Electron f 
ELECTRON CRITERIA 

-Hadronic events: b 3 tracks (ISC) 

Thrusts.95 (reject T?) 
-Electrons: 

-standard em shower development 
-E,>I GeV 

1207 

s 
0 

Overlap Background > 
5 3% z 0) 

; 

9 shower -9 track 

Fig 16) Typical electron candidate on the T*ll, with partial list 
of the selection criteria. The histogram indicates the overlap 
background as measured from the dif'ference in @shower and @track. 
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g 
N 
\ 40 

from T”‘+con’ e+ 

1 -~--e_: from cont. 
0 

t. 

t?’ ENERGY (GeVl 

Fig 17a) The histogram represents the raw electron spectrum for 
Tltl events, the dashed line is a fit to the continuum electron 
spectrum. 

I 2 3 4 

e’ ENERGY (Gev) 

Fig 17b) The background subtracted electron spectrum on the Tl*l. 
For explanation of curves, see text. 

curve B when comparing with the data. 

The experimentally measured spectrum is consistent with zero con- 

tribution from b+u, curve A. 01 the basis of our results and the 

spectra in figure 17b, justified by the complete calculations of ref. 

45, we obtain a 90% c.1. upper limit of 

BR(B + eVXo)/BR(B + eVXc)< 9.3%. 48 Using the factor 

from integrating over available phase space for b+u and b+c from ref. 

45, the above limit corresponds to: 

Vti/vkl*< 0.04 or Iv,, I/ lVbcl < 0.20. 
In the Maiani notation this imposes a bound si.nb/siny<O.20 

which represents a significant improvement on our knowledge of the K-M 

matrix even as recently summarized. 49 The ClJSB contribution to the 

bounds on the mixing matrix angles is shown M a figure (#la) which 

Maiani had presented at the Paris Conference. 50 

FinaZ.ly, from the same data we obtain an improved result for the 

B semileptonic branching ratio of BR(B+eVX) = 0.131 ?: 0.012, in good 

agreement with calculations in the standard model with corrections for 

strrmg interaction effects. 51 

IV. Conclusions 

The various branching ratios which have been measured at CESR by 

CUSB and CIZSO are s manarized in figure 19. 52 We have certainly made 

excellent progress in adding to our understariding of strong inteactions, 

Higgs related phenomena, and weak interactions, by studying the T 

system. Scme of the highlights are: 

A. The discovery of the first P-wave bb state and its properties 

confirm the flavor independent potential approach. Measurement of their 

.: . 
, 
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fine structure will determine the effective spin dependence of the 

color forces. 

B. T"' nnT and T' are both observed. Their branching ratios are 

in reasonable agreement with those predicted using a multipole expan- 

sion in the color field. The unexpected difference in the pion spectra 

in the decay of T" and T' to T suggest that refinements of the theory 

are necessary. 

C. R and AR are fine to lowest order in QCD, AZ = 125 WV. 

No string vibrational states have been observed at the expected level. 

D. The standard axion is dead. 

E. T"' f* B*B, therefore the T"' is barely above threshold. The 

B-meson mass is most likely 5.274 GeV. 

F. The "standard model" of weak interactions is .confirmed once 

more (there are no exotic b couplings). In particular the semileptcnic 

B.R. agrees with expectations, and the first significant limit on 

"bu"bc helps to set mire stringent bounds on the elements of the 

mixing matrix. 

Cur irmpediate end more long range plans are: 

A. Measure this winter the c.o.g. of the 13P state to confirm 

our preliminary evidence of favoring potential model predictions over 

QCD Sum ~blle predictions. 

B. Resolve the three lines in the 23P peak with a partial detec- 

tor with higher resolution in the next year,to measure the fine split- 

ting aCCUratdy. 

C. Complete the high resolution detector and go after the Tlb to 

study the T hyperfine splitting at some further future. 
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11 Introduction, 

The fragmentation of heavy quarks is both of theoretical and prao- 

tical interest, but so far little is known about it. ffost properties of 

the 0 meson have been determined within the first years of its discov- 

ery’. Houever, the fragmentation function of the D mescn, or mere gener- 

ally that of charmed hadrons, has not been measured over a uide momentum 

range. At SPEAR energies the threshold uas too high; 0 mesons could 

only be produced at the upper end of the spectrum’. Recently. several 

e+e- experiments have reported De production around 30 GeVJwC. There 

uas al ready indirect evidence from measurements of the leptcn spectrum 

in opposite side dilepton events in Y N scattering’**. indicating that 

charmed quarks fragment differently from light quarks. Substantially 

more neutrino scattering dataare now available making it possible to 

extract a charm fragmentation function from u’p‘ eventsF. Another neu- 

trino experiment using emulsions ‘s has observed several events with 

charmed hadrons,and they have also measured the charm spectrum. Thus 

far, no one has been able to reconstruct a bottom meson,and all neu 

:. 
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information on the bottom quark is indirect. Inclusive lepton spectra in 

e’e- annihilation allow one to determine semi-leptonic branching rat- 

ios6*‘1-‘s end the fragmentation function of the b-quark”. The heavy 

quark fragmentation functions, among other things, matter in understand- 

ing the inclusive hadron spectra and! their energy dependence in e+e- anni- 

hilation. For a quantitative analysis and comparison to, e.g.,QCD, one 

needs to knov the heavy quark fragmentation functions. 

21 Earlv Results, 

In deep inelastic ZJN scattering charmed quarks are produced via the 

Gin mechanism’e: 

Y + d fsl + P‘ + c 

The second lepton. of opposite charge, originates from the semileptonic 

decay of the charmed particle: 

c+s+l’+v 

The CDHS collaboration was the first to study the charm fragIWnta- 

tion function’ from this reaction. They observed about 315 u’p- events 

in an exposure of the 200 GeV neutrino narrcu band beam at CERN. The 

result of the normalized P* spectrum is show in fig. 1 as uell as the 

expectations from different models. The only conclusion that could be 

draun at the time uas that charmed quarks fragment harder than light 

quarks. 

The production of D-mesons in e+e‘ annihilation provides a particu- 

larly clean YPY to study the charmed quark fragmentation. since the ini- 

tial quarks are “knowi” in this case. However. early measurements did 

not have enough energy in the center of mass to be uell above the thes- 

hold for D production. The MARK I collaboration at SPEAR2 could only 

Muon spectrum, z=E,,/(Eu + Ehrd). from early CDNS YN + p-p+ + h 

scattering. 

_ _.~. .-.. 
.y:.::r+: . . . : ;.[I 
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observe D-mesons uith z=ZEC/Eo. > 0.6 (the threshold is at 220.51 at 

that energy). The result is shown in fig. 2. 

Higher energy (for e*e-I and more statistics (for YN scattering) 

uere needed to get better measurements. 

11 Recent Results from UN Scatterins Exceriments. 

In 1981 the CDHS collaboration has analysed 10380 u-u* events in 

deep inelastic vN scattering 9 in the 400 GeV neutrino uide band beam at 

CERN. The large statistics allows the determination of the charm frag- 

mentation function from a fit in bins of z=Eo/~, of the p' spectrum, 

Zu=pu/(pp+Ehaorcn~r and the hadron spectrum, yh=Eh.droc/Etct. The 

result is show in fig.3. The fragmentation function shows a peak around 

220.7 uith a very small contributionbelou 0.4. Since the data points are 

oorrelated,the detailed shape cannot be obtained reliably. A simple 

delta function, S(z-0.68). also gives an adequate fit to the data. Hou- 

ever the average t is uell determined and is <2>=0.68?0.08 including 

systematic errors. Since the energy of the D meson is not measured in 

this experiment. a llonte Carlo model has been used to determine Ec. 

Also. one should remember, that this is a measure of the c quark frag- 

mentation into any charmed hadron. D-mesons are only the dominant con- 

tribution. 

A second neutrino scattering experiment. E531 at Fermilab, has used 

a different technique. The neutrino interaction took placr in an emul- 

sion and the outgoing particles uere then measured in a dounstream spec- 

trometerlO. A sketch of this experiment is show in fig. 4a. All charm 

candidates were scanned and fully reconstructed. In a preliminary analv- 

sis ("50% of their data) they obtained 42 charmed hadrons, unambiguously 
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reconstructed. The resulting fragmentation functiont6 is shoun in fig. 

4b, very similar to the one obtained by the CDHS group. !tt average 2 

value is <z)=O.58?0.04 (statistical error only). 

4) _fh arm 

The observation of charmed mesons produced in high energy e’e- 

annihilation is more difficult compared with D production at SPEAR. The 

high multiplicity yields a large combinatorial background. other means 

are necessary to reduce this background. In the reaction 

o* -b D llr 0 + Kn 

the kinematic constraint from the D*+ 0 decay uith AlI = 145 MeV sup- 

presses the background very efficiently. The first observation of D*‘s 

at high energies has been published by the MARK II collaboration at the 

PEP storage rings. They have searched for the channels where the D* is 

charged and the 0 is neutral. No positive particle identification has 

been used. the time-of-flight measurement was only required to be con- 

sistent uith a pion or kaon assumption. Despite the good momentum reso- 

lution of (Sp/p)s : 0.015’ + (O.O06p>a,the combinatorial background does 

not allow one to observe the O-meson in the Kn spectrum. However, if the 

Kn mass is within 270 NeV of the D mass. a clear Ox signal is observed 

when fast (7.>0.4) Da candidates are selected (see fig. Sal. The cor- 

rected 0* spectrum is shown in fig. Sb for z>O.Z (threshold is at 0.13 

Fev). Again a similar shape as seen in the neutrino experiments is 

observed vith an average CZ> : 0.59+0.05. 

A second experiment at PEP, DELCO, has reported the observation of 

the D* mesons. This detector is not particularly suited to reconstruct 

resonances in jet events. But the particular kinematics of the D*+Dn 

2o - 
210 
E 

v,O 
Lz 
w 0.4<2< 1.0 

2, IO 

0 
140 145 I50 155 160 165 

Do S- Do MASS DIFFERENCE (MeV/c’) 
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Fig. 5 

o* results from W.RK II at PEP. 

a) D’a-Do mass difference. 

b) D* fragmentation function. 
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decay together uith the particle identification capabilities of the 

DELCO detector make this analysis possible. The background in the spec- 

trum of the mass difference Knn - Kn is reduced considerably by kaon and 

pion identification,thus compensating the poor mass resolution of 5 MeV. 

Fig. 6a shows a D* peak above P small background, in particular for 

z>O.4. The fragmentation function is more flat than the ones obtained in 

the other experiments. Given the large errors at small z values there 

is good agreement uith the W4RK II result. One should also have in mind 

that the acceptance for D' in the DELCO detector is rising from the 

threshold to its maximum in the second bin uhereas it is constant for 

the MARK II detector for 210.2. 

The largest sample of D* events has been collected by the CLEO 

group' at the CESR storage ring at 10 GeV center of m8z.s. They found 83 

0' events shoving a clear signal in the Ken - Kir mass difference ( see 

fig. 7al. But the fragmentation function is only measured above 2)D.S 

(threshold is at 0.37). Therefore,not much can be concluded about the 

shape of the fragmentation function. The TASS0 group at PETRA has 

reported D" production as well6 but only for z>O.S. In Fig. 8 the mass 

differences of all 5 e'e‘ experiments are summarized. 

5) Theoretical expectation. 

Simple kinematical considerations" for a heavy quark fragmenting 

into a hadron containing Q ( as sketched in fig. 9) lead to a different 

shape than the one from light quark fragmentation. The 1!Tertia of the 

heavy quark Q is retained by the (QFj)-meson. resulting I" a harder frag- 

mentation than if the quark masses can be negiecitd. Follouing tne;e 

I5 

IO 

5 

0 

N 

cl 

I I I I I I I T 
All z _ 

140 160 180 200 

Do r-Do MASS DIFFERENCE ( MeV/c2) 

4 

2 

0 I 

I I I I 

- Itt- 
J I 

I 
I I I ’ 1 

0 0.2 0.4 0.6 0.8 I.0 
8-82 2 4375A8 

Fig. 6 

D* results from DELCO at PEP. 

e) Don-Do mass difference. 

b) D* fragmentation function. 

-494- 



. D*+ CLEO 

IOGeV 

A DOMARK I 
7 GeV 

0 D+MARKI 
7 GeV 

0 0.2 0.4 0.6 0.0 I.0 

Fig. 7 

D* results from CLEO et CESR. 

a) Don-De mess difference. 

b) D* fragmentation function. 

t-3 20 ( I I 

- MARK II A?=29 GeV 
IO - 2 >0.4 

1 l--w-ln~~ i-l 0 
, 

DELCO fi= 29 GeV 
IO - 1 2 >0.4 

1 
2 0’) 1 I I 

I 
5 2.l 20 - TASS0 ,E= 32 GeV 

2 ’ 0.5 

IO - 

8-82 

140 150 160 170 

MK~r MKr - ( MeV) 4375A5 

Fig. 8 

Dew-Do mess difference from 4 different e’e‘ experiments. 

-495- 



ideas and calculating the quantum mechanical transition probability for 

the prooess ss shown in fig. 9 ,one gets the follouing fragmentation 

function’e: 

Fig. 9 

The fragmentation of a heavy quark Q into a meson (Pii). 

N 
Dq(21 q 

2 ( 1 - l/z - eq (l-21 12 
(5.11 

uhere N is a normalization factor. The parameter eq scales inversely 

with the square of the quark mass, 0: l/mqe. In fig. 10 this function is 

draw for eq = 0.25 on top of the four measurements from UN and e*e- 

experiments. The agreement is remarkably good, given the systematicslly 

very different experiments and processes involved. 

61 D* Cross-section in e’e- Annihilation. 

Besides the shape of the fragmentation function, the D* cross seo- 

tion has been measured by several experiments. Tuo branching ratios 

(B(D’+Dl and B(D+Knl I uhieh we not measured very precisely enter into 

the total ox cross section.The D+Ke branching YPS taken to be (3+0.6IXis 

by all groups uhile there have been tuo values used for the D”*D branch- 

ing. (44?103XLo and L64+10)Xt’. In Fig. 11 the II* cross section from 

all experiments has been plotted (assuming BLD”+D1=64%1. There is 

rather satisfactory agreement given the smell data samples of each 

experiment. The total 0” cross section from MARK II. DELCO end CLEO ere 

displayed in table I. All results have a relatively large cross section 

I = SOY. of the total cc production), but the error due to the branching 

ratios is big I 1. 25X1. 
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Table I. 

Iable II, 

D* cross section,o(D*‘+D*-1 in nb.for tuo different 

values of B(D*+Dl. The underlined values are the published ones. 

Experiment B(D*-D)=44% B(D*-D)=64% c8 bi; 

NARK 11z2 0.25to. 13 0.17?0.09 0.30 0.10 

DELCOS 0.20’.06’.07 0.30 0.10 

CLEO’ 1.6’.04’.04 1.1’.03t.03 3.0 

2) Inclusive Electrons in Hadronic e’e‘ Events, 

In the same uay as the lepton spectrum from opposite-side dilepton 

events in deep inelastic neutrino scattering provides information on the 

charm fragmentation, the inclusive lepton spectrum in hadronic events in 

e+e- annihilation at high energies allous a determination of the charm 

and bottom fragmentation function. In partioular,at large transverse 

momentum of the lepton uith respect to the jet axis. the bottom contri- 

bution becomes significant. Several experiments have used this signature 

to measure semileptonic branching ratios6*“-I*. Tab1 e 1.1 summarizes 

these results. 

Semileptonic branching ratios (in Y.1 

from inclusive leptons in e+e‘. 

MARK J ” B(cyl = 9.8’1.1’2.0 

MARK II” BIc+e) = 7 2 2 t 2 

CUSB’Z B(b+e) = 13.1t2.5’3.0 

CLEO13 B(b+el = 12.7’1.7’1.3 

CLEO’a B(by) = 12.421.7’3.1 

HARK J” B(byr1 = 9.3’2.9’2.0 

TASS06 B(b+e) : 13.6’4.9t4.0 

TASSOb B(b+p) = 15.0’3.5’3.5 

MARK II” B(b+el = 11.0’3.0t2.0 

The flark II collaboration has tried to determine the bottom frag- 

mentation function simultaneously uith the branching ratios since these 

quantities are correlated. This analysis selects electron candidates by 

requirement of a sufficient energy deposit ( 150% of momentum 1 of a 

track in the first 8 radiation lengths of the liquid argon electromag- 

netic calorimeter. From 10691 e’e‘ hadron events in the K4RK II detector 

at PEP. 1013 electron candidates were found. u,th substantial back- 

.: r;. .-.. I . . 

: . . ‘I. 
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ground. Misidentified hadrons give 425 events,and there are ZOO elec- 

trons from known sources other than charm and bottom. The data uere 

plotted in bins of p and pI of the electron ( pL with respect to the 

thrust axis) which are shown in fig. 12. A fit of a sum over 4 pro- 

cesses ( c-r=-.b+e-,b+c-re- and background) in four bins of z, the rele- 

tive momentum in the fragmentation process, uas performed. The charm 

fragmentation function uas taken from the D* analysis ( actually the 

formula 5.1 uith c.=O.30 uas used). Since there were not enough data to 

determine several bins of the bottom fragmentation function, the same 

shape of equation 5.1, but l b as free parameter, uas assumed. The result 

for the three parameters is B~c+e)=0.07fO.D2~0.02, B~b-re)=O.llt0.03*0.02 

and eb=D.04(-0.025+D.D35)with a ~~~13.6 for 18 degrees of freedom. Data 

points uere not used in the fit uhere the background is dominant C p < 4 

GeV - 2p,( GeV) I. The fit result is a very good description of the date 

(see fig. 12) even in the area excluded from the fit. Fig. 13 show the 

decomposition of the electron spectrum for tuo different pI intervals. 

There is a dominance of the electronic bottom decay fat pI > 1GEV and p 

) 3 GeV. 

The result of the bottom quark fragmentation function is displayed 

in fig. 14. It exhibits a much harder spectrum for bottom quarks than 

for charm quarks. For curiosity one can scale the parameter e,=0.3 uith 

mc2/mbz and gets l b=D.O3 compared to the measured 0.04. 

8)) reskina in e’e‘ Annihilp- 

m 

The observation of scaling violations in the nucleon structure 

functions from deep inelastic lepton-nucleon scattering experiments has 

100 

IO 

I------J 
2 4 6 8 

8-82 p (GeV) 4375A3 

Fig. 12 

Inclusive electron spectrum from PlARK 11 for different transverse 

momentum. The full line is the result of a fit of c+e‘, b+e-. 

b+c+e- and background. The hatched area uas excluded in the fit. 
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significantly supported the notion of QCD and gluon btemsstrahlung. Sim- 

ilar patterns of scale breaking are expected in the energy dependence of 

fragmentation functionsz3. Therefore,much attention has been paid to the 

measurements of the inclusive charged particle oross section in hadronic 

events in e'e‘ interactions. The differential cross section. sdo/dx (or 

l/ode/dxl. with x the fractional energy of the particle. has been meas- 

ured by several groups. The systematic limitations in comparing measure- 

ments from different detectors at different energies at first did not 

allou one to observe the scaling violation effects. Only uhen the same 

detector had measured sdu/dx at different energiessa was the expected 

scale breaking pattern observed. Recently, there have been more meas- 

urements from different groups rerPC in good agreement with each other in 

the energy interval of 5 GeV to 35 GeV. In Fig. 15 the quantity l/odo/dr 

is displayed for x)0.1 from the TASS0 and MARK II experiments. The rel- 

ative uncertainty betueen the two experiments is 10X. At large values 

of x a strong decrease of the cross section uith energy is observed f a 

factor 2 from 5 GeV to 35 GeVI. The same was found by the PLUTO groups 

(fig. 16). one can use the following parameterisation for the energy 

dependence: 

sda/dx = b ( 1 + cf In sf GeV) I 

The coefficient ~3, a measure of the strength of the scaling violation, 

is given in fig. 17 in good agreement from all three experiments. 

The interpretation of these results is houever difficultr'. In a 

purely perturbative frame of QCD, scaling violation emerges only from 

gluon bremsstrahlung off the quarks, and non-perturbative effects from 

masses and transverse momenta in the subsequent fragmentation into 

102- 1 IIIIIIlJi I I I111111 

t . MARKJI o TASS0 
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0 * l Q> 

0.3<x<o.4 
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IO3 
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Fig. 15 

Inclusive hadron spectrum from TASS0 and MARK II. 
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hadrons are ignored. Indeed. such a pictureZs is able to account for the 

observed scaling violations uith a QCD parameter A a 200 MeV’e. The 

other extreme considers only the non-perturbative contributions. A 

Honte Carlo simulationz9 of the fragmentation of the u,d and s quark 

OlTlY. yields most of the observed scale breaking (dotted line in fig. 

18). The addition of the heavy charm quark, with its different fragmen- 

tation function. as discussed above. seems to be important, in particu- 

lar at high energies. Finally the radiation of a hard gluonbrings this 

model in good agreement uith the dataa (see full line in fig. 18). 

In conclusion deciphering fragmentation functions seems to be dif- 

ficult. Rass effects and heavy quark fragmentation are important unless 

much higher energies are reached. 

1.50 

I. 25 
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0 0.4 0.8 0 0.4 0.8 

29 W/6.5 GeV 34 GeV (35 GeV)/l4 GeV 
I I I I l- 

(0) 
MARK II 

(b) 
TASS0 
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--- q4 h,d,s,c) 
l .*.... qij (u,d,s) 

I I I I I I I I I 

- 

S-82 X 4375Al3 

Fig. 18 

Ratio of sde/dx at tuo different energies. The dotted line is a 

Monte Carlo simulation uith u.d and s quarks only. The dashed 

lines include C quarks. The full line includes hard gluon emission. 

a) f!ARK II data. b) TASS0 data. 
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ABSTRACT 

Results on weak neutral currents in e+e- reactions at PETRA 

and PEP are reviewed. A study of the leptonic reactions e+e- + ll+1- 

leads to the conclusion that the electron, muon and tau lepton inter- 

act as if pointlike with cross sections, which are in agreement with 

the standard electro-weak theory of Glashow, Salam and Weinberg. A very 

significant forward-backward asymmetry of the reaction e+e- + p+u- is 

measured by three PETRA experiments JADE, MARK-J and TASSO. Their 

combined value is A 11~ = (- 10.4 f 1.4)X in good agreement with the 

standard model which predicts -9.3%. PETR.4 experiments also measure 

a significant asymmetry, Arr = (-7.9 f 2.2)X, in the reaction 
+- 

e+e- + T 'c in accord with the GSW model and e,p,r universality. A 

fit to the cross sections of ee + ee and ee + up at s = 1200 GeV' 

gives sin2Dw- 0.2720.07 and tests the standard model at very high 

energies. Finally, first attempts have been made to extend these 

studies to hadronic reactions e*e- + qi with the aim of measuring the 

weak neutral current couplings of heavy quarks. 

I. INTRODUCTION 

Weak neutral currents have been extensively studied in 

neutrino reactions("2) and electron-deuteron scattering (3) . The 

results give strong support to the standard SU(2)L x U(l) theory 

(WS-GIK model)(4). One therefore may ask what we learn by 
+- 

measurements of e e reactions at PETRA and PEP, where the c.m. 

energy & is below the Z" mass. A simple answer is that it is always 

necessary to check a theory over the whole range of interactions where 

it makes predictions. A quantitative answer is that one tests the 

theory at q2 and s which are much higher in the e+e- reaction than in 

other fields. In addition, the reactions e+e- + L+R-(L=e,u,r) are 

purely leptonic reactions and are free from the complications due to 

strong interactions appearing in neutrino-nucleon scattering. Ti-=Y 

should therefore be compared to neutrino-electron scattering and, as 

we will see later, the data have now reached the precision of the v-e 

(51 measurements . It should also be added that the measurements of 

e+e- + l!+ll- test the e-u-r universality. Similar arguments can be 

made for the reaction e*e- + qq + hadrons, where we hope to measure 

the weak coupling constants of the heavy quarks c, b and the as yet 

undiscovered top quark. Last but not least the PETRA and PEP storage 

rings operate at energies where for the first time we might be able 

to observe a deviation from the point-like four-fermion coupling. 

Clearly, such a deviation would either show the compositeness of 

leptons or, as expected, indicate the existence of the Z" boson. This 

would be an important step in our understanding of weak interactions. 

There is one difficulty when we try to study weak neutral 

currents with charged leptons: the cross sections are dominated by 

the electromagnetic interaction due to their charges and the purely 

weak interaction is negligibly small. However,the cross section also 

contains an interference term between the y and Z" exchange, which 

rises linearly with s relative to the pure QED cross section and 
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becomes measurable at c.m. energies of 30 to 40 GeV. 

Finally it should be noted that there have been extensive searches 

for new particles in high energy e+e- reactions('). Many results are 

relevant to the theory of weak interaction. Although these searches 

cannot be discussed thoroughly in this talk owing to the limited time, 

the most relevant results should be mentioned. No leptons more 

massive than the tau, nor quarks heavier than the bottom have been 

found up to c.m. energies of 36 GeV. It would also be very exciting 

to find scalar or pseudoscaler particles which test our ideas about 

gauge symmetry breaking. Neutral Higgs particles can only be detected 

at the toponium and at the Z" peak or above. However, extensive 

searches for charged Higgs particles and technipions have been perform- 

ed at PETRA, PEP and CESR. The result is that their existence is 

excluded for masses between the tau mass and 13,5 GeV independently of 

their decay branching ratios into 'r‘v, c; or cg. 

In the following chapters we will discuss the results of the 

individual leptonic reactions. The central point will be the measure- 

ments of the forward-backward asymmetry in the reaction ee + pp and 

ee + 'IT. We will also combine all data on leptonic e+e- reactions 

and compare them with neutrino-electron scattering. In the last 

chapter we will report on first attempts to extend these measurements 

to the hadronic reaction ee + qq with the aim of determining the 

neutral current couplings of heavy quarks. 

II. NEUTRAL CURRENT COUPLINGS OF LEPTONS 
.:..3 . . . . _ 

The reaction e+e- + f,+L- is described in a model-independent way 

.(7) by three parameters. Following Hung and Sakurar we call them 

b, %A *nd hAA- Clearly, if we use the same parameters for electron, 

muon and tau lepton, we assume lepton universality of the weak neutral 

currents. At high energies we have to introduce the Z" masses as 

additional parameters. If we only discuss models with a single Zo, 

we can relate the parameters hVV, bVA and hAA to the vector and axial 

vector couplings gV, gA, measured in neutrino-electron scattering 

(factorization). If the coupling constant of the neutrino to the Z" 

is given by cV/2, we then have the following relations 

hW = &c:, 

hAA = g;1=:, 
htA = hVV ' hAA = g&;/c: (1) 

Thus in theories with a single Zo, the reactions e+e- + f.+f.- are 

described by three parameters, the two coupling constants hVV, hAA 

and the mass of the Z" boson. 

In SU(2) x U(1) models these parameters are expressible in terms 

of the weak mixing angle sin2Sw and of the weak isospin components of 

left handed and right handed leptons. 

._ 
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& = p(TsL + T3R + 2sin28w)2 

hAA = P(T3L - T3R) 
2 (2) 

4 =zi I 
F sin2ew cos2!3 W 

The parameter p measures the strength of the weak neutral current 

interaction relative to the weak charged current interaction. We can 

also rewrite the third relation of (2) as 

G 
P= 2 cos2e mZ w 

(3) 

where s is the mass of the charged vector boson. A combined fit to 

neutrino electron and electron deuteron measurements leads to (2) 

p = 1.002?rO.O15 and sin2ew = 0.234+0.013 

Assuming p = I expressions (2) become 

b = (T3L + T3R + 2sin26w12 

hAA = (T3L - T3R)2 (4) 

In the standard SU(2)I x U(1) theory of GSW(4) the left-handed lepton 

fields are arranged in weak iso-doublets, the right-handed lepton 

fields in weak iso-singlets. Since this theory also predicts p = I, 

we get 
hVV = 4 = a (l-4sin2Sw)2 

2 1 
Q, = gA = i; 

(5) 

Using sin2Sw = 0.23, we find that 6 = 0.002, gi = 0.25 and mZz 90 GeV. 

The leptonic cross sections in e+e- reactions depend on the square of 

the vector or axial-vector coupling constant, but we cannot detect an 

effect due to the vector coupling, because it vanishes. However, the 

reverse argument is also valid: if we see no effect due to 9:. the 

weak mixing angle sin2Sw has to be very near to 0.25, in order to give 

gV - 0. The parameters hVV and hAA are often called 4 and gi in 

e+e- experiments and we follow that usage. However, be warned that 

the symbols gv and gA are usually reserved for the coupling constants 

of v-e scattering. It should be noted that the vector and axial vector 

couplings in e+e- experiments are determined independently of assump 

tions about cv the coupling of the Zo to neutrinos. The parameter cv 

and expression (1) should be employed if the vector and axial-vector 

coupling constants measured in e+e- experiments are compared with 

those measured in neutrino-electron experiments. 

As an example of the dependence of a cross section on these 

parameters, we will discuss the cross section for the reaction 

ee + uy or ee + TfT. If we define S as the polar angle of the n- with 

respect to the outgoing e- beam, then the n- angular distribution has 

the following form: 

do 2 
lm 

dcose = z- 
1 
RPp(l+cos2S) + BCOSS 1 

where 

and 
X I -0.26 for & = 35 GeV, mZ = 90 GeV. 

(6) 

(7) 
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The factor 
2 222 

B - 4 gAx + hvgAX 

depends mainly on the axial vector coupling and it determines the 

forward-backward asymmetry which is given by 

A = ti(ty90’) - N(e>90°) 3 B 
w N(8<900) + N(8>900) = B s 

N(S<90’) is the number of events, where the p- is in the forward 

hemisphere, defined by the outgoing e- beam. 

(8) 

(9) 

This asymmetry depends on gi and is practically independent of 

the value of 4 

A 3 B 3g;x(1+2Gx) -3 2 
111-1 2(1 + 2g$ + . ..) -7gAX (10) 

Lepton universality is assumed in expressions (6) to (IO), otherwise 
2 one should replace g: by gi*gi and gV by pt.4 , where 9. is the lepton 

produced in the final state. The asymmetry is negative and its 

absolute value increases with S. At & = 35 GeV we calculate a value 

of AUU= -9.7X for g; = l/4 and mZ = 90 GeV. The asymmetry depends 

weakly on the Z” mass owing to the propagator term included in the 

variable x. If we set the Z” mass to infinity, we expect an aSpDetty 

of -8.22. Clearly asymnetries of this size are measurable, but it will 

be very hard to prove that the Z o mass is finite with a value around 

90 Gev. However, this question may be answered in the near future by 

the new measurements at PETRA at the end of 1982 when the energy is to 

be raised to 6 = 40 GeV. The corresponding values for the asymmetry 

at ~6 = 40 C?eV are -13.5% or -10.8%. for a Z” mass of 90 GeV or 

infinitely large, respectively. 

III. MEASUREMENT OP LEPTONIC REACTIONS 

We will now discuss the measurements of the leptonic reactions. 

Table I lists the basic experimental conditions for the experiments 

at PEP and PETRA. 

STORAGE 
RING 

PEP 

PETRA 

EXPERIMENTS ENERGY Ldt 

MAC, MARR II L;- 29 Gev 20-30 pb-’ 

CELLO, JADE, 
MARK-J, PLUTO, c&b “34.5 GeV 50-70 pb-’ 
TASS0 

TABLE I Experiments and Their Basic Running 
Conditions at PEP and PETRA 

The experiments at DESY have had the advantage that the PETRA 

storage ring has operated at a higher energy and has delivered a 

higher integrated luminosity. 

In the framework of this talk it is not possible to describe the 

experiments and the details of the event selection. The reader is 

referred to publications of the individual experiments (8-14) 

Leptonic events are easily recognized as two collinear back-to-back 

leptons, whose momenta are approximately equal to the beam momentum. 
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For selection one typically requires the acollinearity angle 5 to be 

smaller than 10' and the lepton momentum to be larger than half the 

beam momentum. The radiative corrections to order a3 are calculated 

for these cuts by the Nonte Carlo program of Berends and Kleiss (15) . 

IV. BESIJLTS ON e+e- + e+e- 

We begin our discussion of individual leptonic reactions with 

Bhabha scattering, e+e- +- 
+ee. Its measurement fulfills a twofold 

purpose: small angle Bhabha scattering serves as a luminosity monitor, 

while the angular distribution at large angles is sensitive to the 

weak interaction. The theoretical cross section (16) shows a rather 

complicated dependence on 6 and gi because there are space-like and 

time-like exchanges of the virtual photon and the 2'. As an example 

of the sensitivity of Bhabha scattering to the weak interaction Fig.1 

indicates the deviation from QED for two values of the vector coupling. 
2 gV=ooor + l/4, while the other parameters are gi - 114 and 

"z = 90 Gev. The shape of the angular distribution of Bhabha scatter- 

ing depends mainly on the vector coupling. This behaviour is opposite 

to that the the angular distribution of the reaction ee -+ 11)~ in which 

the axial vector coupling gA is dominant. We note that the weak inter- 

action modifies Bhabha scattering only a few percent. Therefore, we 

do not present the results from Bhabha scattering alone, but determine 

the vector and axial vector couplings from a combined fit of all 

leptonic reactions. Since this is done in chapter IX, we only show 

here examples of the existing data. Fig. 2 displays the angular 

I.lJO L e+e’4e +e’ - 
2 ' 2 ' 

gv=y A,=, 

0 0.2 0.1 0.6 0.8 1.0 

cos 9 34784 

Fig. I Examples of how the weak interaction affects the differential 

cross section for Bhabha scattering, which is normalized by 

duQED the QED cross section r . The predictions for different 

values of the vector and axial vector couplings are shown. 

The Z" mass is 90 CeV. The angular distribution is folded 

around 0 = 90°, as would be the case for experiments which 

do not measure the charge of the electron. 

:1 . . _. . . . .- 
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e*e-- e*e- MAC jS?dt = 25 pb4 
& =29 GeV 

0 

Fig. 2 Differential cross section of Bhabha scattering measured 

by the MAC group(13) at PEP. 

distribution of Bhabha scattering measured by the MAC experiment (13) 

at PEP. The results of the PETlU experiments are shown in Fig. 3, 

where the ratio of the measured cross section to the calculated QED 

cross section is plotted. In this way deviations from QED ere more 

visible. The errors indicated in Fig. 3 are only statistical. In 

addition, there are systematic errors on the overall normeIization of 

3 to 5Z and point-to-point errors of 1 to 3% for the different 

experiments. Because the vector coupling gV is expected to he 

negligibly small and the axial vector coupling modifies the cross 

section by less than 3X, we can not prove the existence of weak inter- 

action in Bhabha scattering. However, we can use the measurements in 

e combined fit of all leptonic data to determine a limit on the vector 

coupling constant. 

V. CROSS SECTION OF e+e- + u u 

The results on the reaction ee -F vu can be divided into two parts, 

the total cross section (I 
uu 

and the forward-backward asymmetry A 
vu' 

We first consider the cross section, where we present the results in 

terms of R 
uu' 

the cross section normalized to the point-like cross 

section. The systematic error on R 
uu 

is dominated by an overall 

normalization error due to luminosity and acceptance, which ranges 

between 3% and 5% for different experiments. The statistical error at 

the highest energies of v% 'Z 34.5 GeV is about 2% es typically 3000 

muon pairs are observed. 
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I 1 , I ( B , , , 
e+e---, e+e- 55 : 34.2 GeV 

cos e 
I I I I I I I 

1.2 e+e --b e+e- fi: 34.4 GeV 

I0 -o-pL 0.0 
COS0 

1.1 I I I I I 1 1 I 
e+eei e+e‘ 

MARK J 
QED 

o,9 t ~~j&,.o,23 E=34.6GeV ] 
I I I I I I , f 

0 0.5 1.0 
c0S.e 

347 13 
Fig. 3 Measurements of Bhabha scattering by the PETBA experiments 

CELLO, TASS0 and MARK-J. The measured cross section is 

divided by the theoretical QED cross section and compared 

to the predictions of the electroweak theory. 

The effect of the weak interaction on the cross section depends 

mainly on the vector coupling of the electron and the muon. From (7) 

we read off the approximation for the deviation AR 
uu 

from the QED cross 

section R,,,, = I. 

AR - 
uu (11) 

Therefore no deviation from QED can be observed, if the vector coupling 

of the muon or the electron vanishes. This would be the case for - 

sin2Clw = 0.25. In the other extreme case of gi = l/4 we should observe 

a decrease of the cross section by 13%. The cross sections measured 

at PETRA at the three energies, & = 14, 22 and 34.5 GeV are shown in 

Fig. 4. The measurements agree with the pure QED prediction within 

the statistical and systematical errors. This result can be inter- 

preted in two ways: first, if we assume the validity of QED, we find 

that the vector coupling gV is very small and sin2ew is near 0.25. 

Detailed numbers will be given later for the combined fit to all 

leptonic reactions; second, if we neglect the weak interaction, which 

would in any case be unmeasurable for sin2ew = 0.23, we can test QED. 

This is usually done in terms of a form factor writing 

=uu = 'QED - F'(s), where F(s) =*?Q 
s-A2 

(12) 

The agreement of the cross section with the QED prediction can then 

be expressed by a lower limit (95% C.L.) of the cut-off parameter A, 

which ranges between 150 and 200 GeV for different experiments. This 

value indicates, using the Heisenberg Uncertainty Principle, that muons 

(and electrons) behave as point-like particles down to a distance 10-16cm. 
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VI. ASYMMETRY OF a+e- + U+P- 

QED or g; =O;g: =)/, 

Fig. 4 

Results on R w' 
which is the cross section of es + L$J divided 

by the point-like cross section. The solid line shows the QED 

prediction, which coincides with the electro-weak prediction for 
2 gv = 0. The dashed lines indicate deviations from QED to be 

expected if the cut-off parameters A+ are 150 GeV. The curve 

for A- coincides with the electroweak prediction for 6 = t, 
2 

gA = 0. 

The measurement of the forward-backward asymmetry is one of the 

central experimental tasks at high energy e+e- experiments. The 

asymmetry arises from the interference between the electromagnetic 

and weak interaction and depends on the weak axial-vector coupling of 

the electron and muon 

A = 
IJU 

The GSW-model predicts a negative asymmetry because gz is equal to 

gi and x is negative. This means that there are more u+v- events 

with the p- in the backward hemisphere than events with the u- in the 

forward hemisphere. 

To measure the asymmetry ens needs to determine the direction 

and the charge of the muons. The asymmetry can be measured very 

precisely because it is a relative measurement, independent of the 

luminosity measurement. It is insensitive to errors in the acceptance 

and reconstruction efficiency as long as the acceptance is the same 

for positive and negative muons. For this reason, the experiments are 

able to limit the systematic error of the asyumvztry to 5 1%. In 

addition, MARK-J and MAC took equal amounts of data with positive and 

negative magnet polarity. The addition of both data sets effectively 

caacels all systematic errors, which relate to the charge measurement, 

and leaves no doubt that the systematic error is much smaller than 1%. 
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Figure 5 shows the angular distribution measured by the MARK II 
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e+e--+ p+p’ 
fi7 = 29 GeV 

of the reaction 

a+e- + 1-1;~ measured 

s 
i 

at PEP. The dashed 

L1tt'll"'l"""" 
1 -0.5 0 0.5 I line is the predic- 

tion of QED. The 

solid line is the 

)o 60 
0 

best fit to the 

electro-weak cross 

section. Both 

curves include QED 

radiative correc- 
3 

tions to order a . 

and MAC detector at PEP. These measurements are not corrected for 

QED radiative effects and thus are compared with the QED prediction 

3 including corrections to order IX . The weak interaction should 

increase the cross section in the backward hemisphere (negative co&) 

and decrease the cross section in the forward hemisphere. We cannot 

detect a statistically significant asymmetry in these measurements 

at 29 GeV. Turning to the measurements at PETRA at & = 34.5 CeV 

(Fig. 6), we see a clear and very significant negative asymetry in 

the angular distribution measured by JADE, MARK-J and TASSO. This 

is mainly due to the higher c.m. energy, which increases the asymmetry 

by a factor 1.5, and due to the higher integrated luminosity reached 

by the PETBA storage ring. The measured values in Fig. 6 are 

corrected for QED radiative effects to order a3. Therefore, the 

data are compared to a 1 + cm29 distribution, predicted from lowest 

order QED (dashed line) and to a fit which includes an additional 

co& terms as predicted by the weak interaction. 

Before we discuss the significance of these measurements, we 

should be more explicit about radiative corrections. Pure QED also 

produces a forward backward asymaetry, for example, through the 

interference of the one and two photon exchange graphs. 
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Angular distribution 

of the reaction 

e+e- u+u- measured 

by the PETBA exper- 

iments JADE, MARK-J 

and TASSO. The data 

are corrected for 

QED radiative 

effects up to order 
3 a . The dashed line 

indicates the lowest 

order QED prediction 

of (1 +cos%) . The 

solid line is a fit 

to the data using 

the electroweak cross 

[ , , I I , I I I section, given by(b). 
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cos 3 
34712 

Fig. 6 

The QED asyrmnetry is calculated by a Monte Carlo program from 

Berend and Kleiss(“). It is found to be +1.5X for lcos8l < 0.8 if 

one applies an acollinearity cut of 5 < 10’ and a cut on the muon 

momentum of pp > l/2 Pbeam. In order to compare the measurements 

with the lowest order electroweak formula (IO) one usually subtracts 

the QED asymmetry from the observed asymmetry 

A weak = Aobserved - A QED (14) 

This correction to the asymmetry is incomplete, because we 

should apply radiative corrections for QED and weak interactions. - 

A Monte Carlo program(17) which includes first order QED corrections 

and a large part of the weak corrections, gives a” asymmetry of 

A weak = (-8.6+0.2)% at & = 34.5 GeV. Since this value includes 

the correction from (14) it should be compared to the lowest order 

electroweak asymmetry of -9.42, obtained from (6). Whether the 

difference between both values shows the presence of weak radiative 

corrections is unclear. A simpler explanation could be that the 

c.m. energy squared is reduced by initital state bremsstrahlung. 

which creates a corresponding reduction of the asynnnetry, because ,: 
the asymmetry is approximately proportional to 6. However, until 

we find a clear explanation for this difference we use formula (6) -:...r .t. .:I.. ._.. ~.:. 1: 

to’calculate the expected asymmetry and neglect the results of the 

Monte Carlo calculation. A better understanding of electroweak 

radiative corrections is urgently needed. Otherwise we will soon 

have the situation that the error on the theoretical prediction is of 

the same size as the error on the measured asysenetry. 
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Table II summarizes the high energy measurements of the asymmetry. 

Only statistical errors are given with the measured asmetries. The 

systematic errors are estimated tc~ be smaller than 1% and are included 

in the combined results. The asymmetries in Table II are obtained 

from a fit of (6) to the measured angular distribution after it is 

corrected for radiative effects of QED to order a3. The parameters of 

the fit are R 
!Ju 

and the coefficient B of the co& term of expression 

(6). The asymmetry is calculated from the ratio of B to R 
lw 

(15) 

In this way one effectively extrapolates the angular distribution to 

co& = I and has the possibility of comparing the measured asynnnetries 

directly to values calculated from the lowest order electroweak 

prediction (IO). , 
TABLE II 

RESULTS FROM PEP AND PETRA ON THE ASYMMETRY OF e+e- -+ v+l.~- 

Experiment 
Measured A 

!w 
Expected in GSW 

in % for sin%w=O.23 
in X 

MAC 29 -4.4 t 2.4 -6.3 
MARK II 29 -9.6 _+ 4.5 -6.3 

I PEP Results 
combined I 

-5.6 ? 2.3 
I 

-6.3 

CELLO 34.2 -6.4 2 6.4 -9.1 
JADE 34.2 -10.8 f 2.2 -9.2 
MARK-J 34.6 -10.4 k 2.1 -9.4 
TASS0 34.4 -10.4 + 2.3 -9.3 

I 
PETRA Results 
combined 34.4 -10.4 t 1.4 -9.3 for m =OOGeV 

-7.9 for m;= - 
I -1 

All measurements agree well with the prediction of the GWS-theory for 

sin28 - 0.23 which gives g: = ge w A = -l/2, g V - 0 and z - 90 Gev. 

The asymmetry depends mainly on the product gi . gi and the Z" UKSS- If 

we include a systematic error of 1% on the asymmetry of each experiment, 

we can draw the following conclusion from Table II. 

1) If we set mZ = 90 GeV, we find 

g; * .GA ’ = 0.274-+0.035 

If we insert gz= -0.530+0.035 from we-scattering, we determine 

the axial-vector coupling of the muon 

u CT 
gA 3L - T3R = -0.52f0.10 

The value is in perfect agreement with the assumption that the 

left-handed muon is the lower member of a veak iso-doublet and 

that the right-handed muon is in a weak iso-singlet. If we 

assume T3L = -I/2, then we obtain TJR = 0.02f0.10. Comparing 

gi with g: we get an impressive confirmation of the p-e 

universality in the weak interaction. 

+36 2) Alternatively, we can determine the Z" mass, mZ = 72 -,. GeV, 

if we assume e-v universality and gi = 114 and 6 = 0. The 

one standard deviation error is somewhat misleading, because 

the upper 95% confidence limit extends to an infinite mass. 

However, a firm lower limit can be put on the Z" mass, which 

is 56 GeV with 95% confidence. 

Figure 7 sunrmarizes all existing measurements on this asymmetry. 

The low energy points are from PETRA and from SPEAR (18) . We observe 

a clear dependence on the c.m. energy s as predicted for an electro- 

weak interference. The effect of a 2' propagator with a 2' mass of 
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Fig. 7 Measuremats of the forward backward asymmetry of the reaction 

e+e- +- 
+ u p as a function of the c.m. energy squared. The 

data are compared to the predictions of the electroweak theory 

with gi = l/4 for a pointlike four-fermion coupling, i.e., 

mL = m (dashed line) and for mZ = 90 GeV (dashed-dotted line). 

Since the measurements are corrected for radiative effects, 

pure QED or an electroweak theory with g 
A 

= 0 predicts no 

asymmetry. 

90 GeV cannot yet be distinguished from that of a point-like four 

fermion coupling (mZ = m). However, at the end of 1982 PETRA will 

begin operating at an energy of 40 GeV (s=1600 GeV2). where the effects 

of the ZD propagator are about twice that at ~=I200 GeV2. With an 

equal amount of data at 40 GeV, we should be able to give an inter- 

esting lower and upper bound for the Z” mass. - 

VII. e+e- -+ T+T- : CROSS SECTION AND BRANCHING RATIOS 

We first discuss the measurement of the cross section oTT. Tau 

leptons are recognized by their characteristic decays, either into 

lepton and neutrinos or into hadrons (low multiplicity) and a neutrino. 

The branching fractions of tau-leptons which are accepted by a given 

detector range between 28% for MARX-3 and TASS0 to 94% for CELLO and 

MAC, because the experiments use different decay modes to select tau 

events. The systematic error on the cross section is generally larger 

than for IJ 
34 

and ranges between 10% and 20X, if one includes the 

errors of the branching ratios. The reader is referred to the original 

publications for a detailed description of the selection and measure- 

ment of tau events (IO-13),(19,20) 

The measured cross sections are corrected for acceptance and for 

QED radiative effects to order a3 so that they can be compared direct- 

ly to the lowest order QED cross section. If we plot the ratio RTT 

of the tau cross section divided by the pointlike cr’oss section we 

remove the I/s dependence of the cross section and simplify the 

comparison of the measurements to the QED prediction, which is RTT=l. 

. :.: : . j :.; x.:.::. ;- ‘.. ; ,. : ‘,; ,_ :; ; I. : : : 
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Figure 8 shows the measured values for RTT as a function of 6, 

which agree well with QED within the statistical and systematic errors. 

The effect of the weak interaction on RrT can still be neglected within 

measurement errors because it is proportional to gig:, where at least 

the vector coupling of the electron is close to zero. Thus, from 

Fig. 8 we can draw the following conclusions. 

1) The agreement of the tau cross section with the QED prediction 

leads to an upper limit for the cut-off parameter of A z 120 GeV 

with 95% confidence level. We conclude that the tau interacts as 

a pointlike lepton down to d&tan&s as small as 2.10 -‘6cm . 

2) Alternatively, we assume the validity of QED and determine the 

branching ratios of tau decay modes which were used for the selec- 

tion of ee + 52. MAC (‘3), MARK-d2’), and PLlJTO(22) measure the 

branching ratio of ‘r + I.CUV. Their results are listed in Table III 

together with a result from MARK II at SPEAR (22) . 

TABLE III 
RESULTS Oti THE BRANCHING RATIO FOR T + !JVV 

Experiment I B (T + !JW) in % 

o PLUTO 
A Ttiso 

,231 

I I I I 
500 1000 1500 s (GeV2) 

Fig. 8 Measurements of RTT at different c.m. energies squared. The 

solid line shows the prediction of pure QED which coincides 

with the prediction of the GSW-theory for sin2ew = 0.23. 

Also indicated are the deviations expected if the cut-off 

parameter A, would be 120 GeV. 

:: :, =,. :. 
.::..:. : 
:.::,,-..=: ‘.. ,I 
I:.~ 1 :. .- 

:. .:. 

Tau leptons can also be recognized by their decay into charged 

hadrons of low multiplicity. Denote by B,, B3 and B5 the branching 
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ratios of taus into one,three and five charged particles end additional 

neutral particles. Table IV shows the branching ratios which have been 

measured by CELLO(l’), MAC (13) , MARK Il(“), and TASSO(23). The branching 

ratios are constrained by requiring B1 + B3 + B 
5 = 1, since there must 

be at least one charged particle in the decay of a te,u lepton. 

TABLE IV 

BRANCHING RATIOS B, OF THE TAU LEPTON INTO n - I,3 and 5 
CHARGED PARTICLES AND ADDITIONAL NEUTRALS 

+- 
VIII. e+e- + T T : ASYMKf!.TRY 

The angular distribution of tau leptons should show a forward 

backward asymetry proportional to gi*gi analogous to the reaction 

ee + up. If g; = g; = -I/2 we expect an asymetry of -9.7% at 35 GeV. 

This means that negative tam go more frequently in the direction of 

the positron beam and positive taus tend to follow the electron beam. 

The charge of the tau lepton is easily determined from the sum of the 

charges of its decay products. Most of the experiments do not detect 

all decay modes and have therefore a smaller number of events than in 

the reaction ee -+ ~11, with attendant larger statistical errors. 

Figure 9 shows the angular distribution measured by MAC and 

MARK II at & = 29 GeV. The prediction from QED including a3 QED 

correction coincides with the best fit, which includes the weak inter- 

action. This means that, within measurement errors a weak interaction 

asymmetry is not observed. However, we should not forget that the 

expected asymmetry at & = 29 GeV is small,only -6.3%. The angular 

distributions measured by PETRA experiments at & z 34.4 GeV are 

plotted in Fig. 10. The angular distributions are corrected for 

radiative effects of order a3 and should therefore be compared with 

the lowest order QED or electroweak prediction. All four measure- 

ments depart slightly from the symmetric (I+cos 2 9) distribution pre- 

dicted by pure QED and prefer a small negative asymmetry. The angular 

distributions of Fig. 9 and Fig. IO are fitted with the electroweak 

prediction in the form of expression (6) by varying RTT and B the 

coefficient of the asymmetric term of the cross section. The forward 

backward asymmetry of tam is calculated by 

A 3B I -- 
TT 8 RTT 

which can be compared to the electroweak prediction 

The tau asymmetries measured at PEP and PETRA are listed in 

Table V. The measurements have a systematic error of IX to 2% in 

addition to the statistical error given in Table V. 

(17) 
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TABLE V 

RESULTS FROM PEP AND PETRA ON THE ASYMMETRY IN THE REACTION e+e- + - 'TT 

sxperiment 

I 
ATT in X Expected in GSW for 

sin2Sw = 0.23 

-1.3t2.9 
I 

-6.3 
-3.2f5.0 -5.0 ((coseJ<o.7) I I 
-1.7t2.5 -6.0 

-10.355.2 -9.2 
- 7.9t3.9 -9.2 
- a.4t4.4 -9.4 
- 5.4i4.5 -9.3 I 

- 7.922.2 -9.3 I 

The experiments at PETRA find a negative asymmetry with a typical 

significance of two standard deviations. Their combined value of 

(-7.9+2.2)% is the first significant observation of an electroweak 

interference associated with tau leptons. It agrees well with the 

expected value of -9.3% and e-p-r universality in weak interactions. 

The asynnnetry of ee + TT measures the product gi*gi. By combining 

all PEP and PETRA measurements we find (for mZ = 90 GeV) 

9; * 4 = 0.18f0.05. 

If we insert gi = 0.530+0.035 from ue-scattering we determine the 

axial vector coupling of the tau lepton 

g; = TjL - T3R = -0.34tO.12. 

This value is consistent with the assumption that the left-handed 

tau is the lower member of a weak iso-doublet and the right-handed 

tau is in a weak iso-singlet. 

IX. COMBINED RESULTS FROM LEPTONIC REACTIONS 

We now assume e-p-r universality and attempt a combined fit to 

the leptonic reactions e+e- + a+ll-, where 2. is. an electron, muon or 

tau lepton. We can either assume the validity of the GSW theory and 

determine sinzBw or allow an independent variation of the vector and 

axial-vector coupling. In the second case, we should also vary the 

2' mass, but the data are not yet accurate enough to determine the 

z" mass. We therefore give the results of 4 and gi for a Z" mass 

of 90 Gev. Table VI lists the results from different experiments. 

Both statistical and systematic errors are included. 

TABLE VI 
RESULTS OF A COMBINED FIT TO LEPTONIC REACTIONS. THE THEORETICAL 
PREDICTION OF THE GSW-THEORY ARE OBTAINED WITH sin2Sw=0.23+0.01 

AS MEASDRED BY VN and ed SCATTERING EXFERIMENTS 

Reaction Used 2 2 
% gA 

+0.08 
ee, Iv, TT <0.11(95%c.L.) 0.16-oeo6 

ee,w 0.05+-o. 10 0.24iO.16 

ee. W. TT -0.03~0.08 0.31izO.12 

w 0.05*0.08 0.29+0.06 

ee, lJ!J, TT -0.02tO.05 0.28+0.06 

==, N-Jr TT -0.04t0.06 0.26tO.07 
I 

Combined Data on ee, np 
From JADE,MARK-J, TASS0 0.01~0.03 0.28iO.04 

Ve-Scattering +0.01 o.oo~o 0.28+0.04 

GSW Theory 0.04 0.25 

sin2ew 

0.24?rO.l0 

o 21+o’14 
* -0.09 

0.2ci+o.o9 

0.27kO.07 

0.27tO.07 

0.27AO.03 

0.23_+0.01 

,._, -: -:..: ..;j:- 

:- _I_‘_ 
,: ‘1 ., -: _.._ 

,.. x: ._-.. 
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The data of JADE, MARK-J and TASS0 on the reactions ee + ee and 

ee + uv are also combined in a fit, which includes the normalization 

error and the systematic error of each experiment. All results given 

in Table VI agree vary well with the predictions of the GSW-theory 

for sin*8 "- 0.23f0.01, as measured by vN and ed scattering (2) and so 

confirms the validity of the GSW-theory at high q* and s up to 1200 

GeV2. Fig. 11 displays the values for sin2Bwmeasured in different 

reactions and indicates the typical momentum transfer. It is very 

impressive to see that one parameter, sin*0 
w 10.23, describes all of 

these reactions. 

It should also be noted that the results of Table VI are obtained 

from purely leptonic e+e- reactions and can therefore be compared to 

measurements of neutrino electron scattering. The results from both 

types of experiments have a similar precision and show an excellent 

agreement. A comparison with the neutrino electron experiments can 

also be done in more detail, if one displays the results in the 

(gV, gA)-plane (Fig. 12). The allowed region for gV and gA has a four- 

fold symmetry because e+e- experiments measure the square of the 

coupling constants. Neutrino scattering alone limits the values to 

two regions. a vector-like and a axial-vector-like solution. To 

resolve this ambiguity one previously had to consider lepton-hadron 

scattering with the inherent complications of hadronic targets. Now 

a unique solution can be determined from purely leptonic reactions. 

To come to this conclusion we have assumed in expression (I) that 

h w = g; and h AA = gi or equivalently cv = I. Sakurai has proposed 

to compare the ratios hW/hu and gt/gf which are independent of the 

I I I I 1 

104 

tTI: 
M: 

103 

-1 

10 2 

N 
w 
Q, 10' 

2 
N I 
a 

10* 

10“ 

I 

c 

-c et&d - eX 

i- 
G,e - 3,e 
viLe - V~ e 

10‘2L I I I I I 
0 0.1 0.2 0.3 0.L 0.5 

sin’ 0, 347 16 

Fig. II The measurements of sin2Bv from different reactions are 

plotted as a function of the momentum transfer squared. 

Note that the Q* is mainly time-like in e+e- + !L+L- , in 

contrast to the other reactions. 
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~sin2’w igv fZ= 34.6~~ 

I I/ ve I \ I 

w 0 

Fig. 12 Allowed regions (952 C.L.) for the vector and axial vector 

coupling of leptons determined by neutrino electron 

scattering (shaded area) and by e+e- experiments (unshaded 

regions). The contour of the MARX-J experiment results only 

on the measurement of e+e- -C u+p-, while the contour of the 

PETBA experiments is obtained from a combined fit of the 
+- 

reactions e+e- + e e +- +- 
and e e +vlJ. The vector-like 

solution from ve scattering is clearly excluded, while the 

axial vector-like solution predicted by the GSW theory for 
2 sin 8 w = 0.23 is in very good agreement with the measurements 

of e+e- + 1+E-. 

value of cy, to exclude one solution (24) . From the results of e+e- 

experiments listed in Table IV we find 

2 
gV hW 

2= ';;;; 
< 0.27 with 95% confidence. 

gA 

This limit clearly excludes the vector-like solution of the neutrino 

electron scattering data on a more general ground, namely in the 

framework of models with a single 2'. 

X. MULTI-BOSON MODELS 

Now we abandon the restriction of one neutral gauge boson and 

consider the gauge groups SU(2) x U(1) x G. These models(*" 26) 

have an effective neutral current lagrangian, which becomes in the 

low q* limit 

LNC eff (18) 

It differs from SB(2)xLl(l) by a term proportional to the square of the 

electromagnetic current which is parity conserving and which is there- 

fore invisible in the neutrino experiments and in polarized electron- 

deuteron scattering. However, it modifies the vector coupling and 

hW,, previously given by (S), becomes 

hW = + (l-4 sin2ew)*+ 4C (19) 

To reproduce the low energy neutrino and electron-deuteron results we 
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use sin2ew = 0.23 and determine a limit on C. Experiments at PETRA 

find the upper limits (95% C.L. listed in Table VII). 

TABLE VII 
UPPER LIMITS FOR THE PARAMETER C WITH 95% CONFIDENCE 

CELLO 0.031 
JADE 0.039 
MARK-J 0.021 

El 

TASS0 0.018 

Combined 0.015 

The parameter C is positive and a function of the couplings and masses 

of the Z" bosons. The mass limits for models with two neutral bosons, 

where G is a U(I) or a SU(2) group (26) , are shown in Fig. 13. We see 

that the neutral boson masses are limited to a small region, where one 

of the 2"s has a mass near to 90 GeV as predicted by the standard 

SU(2)L x U(1) theory. 

XI. HADRON PRODUCTION e+e- -+ qq 

Hadronic production in e+e- annihilation is well described by the 

pair production of spin - ; quarks, which subsequently fragment into 

jets of hadrons. The cross section for the production of a quark- 

antiquark pair of flavor f can be obtained from formula (6) by replacing 

f the electric and weak charges of the muon by Qf and g{, gA, respectively, 

and multiplying the result by a factor three for the color degrees of 

freedom. The relative cross section Rf is then given by (27) 

Rf = NQ+Q,xg;p: + x2 + (gi12 1 I (20) 
The vector and axial vector couplings of the quark are determined in 

the standard SU(2)L x U(1) model by the third component of the weak 

isospin and by the weak mixing angIe. 

200 

180 

I I I 

3 160 - 
$2 su(2)xu(l)xsu'(2l 

N 
r" 

‘I 
140 - 

120 

100 

TASS0 

GWS ----. 

80 1 I I I I I I II : 

; 

30 40 50 60 70 80 

MZ, (GeV) 

90 100 

34061 

Fig. 13 Limits on the Z" masses for models with two Z" bosons. 

The allowed masses of Z, and Z2 are confined to the 

region (partially shaded) between the solid curve and the 

dashed lines. 
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% - T3L-2Qfsin2ew 

If we arrange the left-handed quarks in weak iso-doublets (i), 

(iI, (;I. 
1 

we assign T3L = + 2 1 to the quarks u. c and t, and T3L - - 7 

to the quarks d, s and b. 

The total hadronic cross section is the sum of Rf over the five 

quark flavors u, d, 8, c, b multiplied by a QCD correction 

R = C Rf()+$+...) 
f 

The variation of R with sin2Sw is shown in Fig. 14. At first one 

might think that the effect is too small to be observed, but the 
n 

hadronic cross section increases by 11%. if sinLOw changes from 

0.10 to 0.30. This increase is still rather small in view of the 

systematic errors which range between 3% and 6% for different 

experiments. The largest contribution to the systematic error comes 

from an uncertainty in the absolute normalization of the cross section. 

If there is a systematic error, it should be independent of the c.m. 

energy, whereas the contribution of the weak interaction to the 

hadronic cross section increases with the square of the c.m. energy. 

Thus, by measuring the energy dependence of R a determination of 

sin 2 Bw can be made. Measurements of R between 12 and 36 GeV have been 

obtained at PETRA (Fig. 15). The data have been fitted using 

equation (22) but allowing the overall normalization to vary within 

the errors. The strong coupling constant was taken as us = 0.17 by 

MARK-J and TASS0 and as 0.18 by JADE. The values of sin28w are 

insensitive to the value of a s, because they are determined from the 

energy dependence of R, not from its magnitude. Table VII summarizes 

IF= 35GeV I 

Fig. 14 Dependence of the hadronic cross section on sin2ew. 

RQCD+WMK is calculated with formula (22) including the 

weak interaction, while R QCD is calculated without the 

weak interaction, i.e.,with % = .eA = 0. 
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the values(“’ 28’ 2g) of sin2Sw and that of CR>, which is averaged 

over the energy range between 14 GeV and 36 GeV. 

TABLE VII 
Fig. I5 

Measurements of R as a 

function of the c.m. 

energy. The data from 

JADE(“), MARX-J(“) and 

TASSOc2’) are compared 

to the prediction of the 

parton model and of QCD, 

where the weak interaction 

is included with different 

values of sin2Sw. 

VALUES OF sin2B _ AND OF CR> 

~ 

4.01’0.03’0.20 0.40+0.15+0.02 

The large spread of values of sin2Bw and its error is explained 

by the fact that the x2 curves of the fits are rather flat for 

0.25 <sin2Sw < 0.55. Figure I4 shows that the contribution of the 

weak interaction is symmetric around sin2Bw z 0.38. with generally 

two solutions for sin28 w- Additional measurements are needed to 

exclude one of these. Because the hadronic cross section depends on 

the product of the quark and electron couplings, the MARK-J group - 

prefers to quote sin2Sw determined from a combined fit of hadronic 

and leptonic reactions. This value is also given in Table VII. 

Clearly, the precision of these measurements of sin2Bw cannot compete 

with the neutrino-nucleon and electron-deuteron measurements, but 

the results give support to the validity of the GSW-theory and its 

applicability in the region of time-like q2 up to 1200 GeV2. 

-526- 



XII. FORWARD-BACKWARD ASYMMETRY IN e+e- + G quark fields. 

The measurement of the angular distribution of jets in the 

reaction e+e- + q{ offers the possibility of observing .the forward 

backward asymetry of quarks and of determining the axial vector 

coupling of quarks on the condition that we find a method of 

distinguishing quark jets from antiquark jets. The situation is 

completely analogous to that of the muon asymmetry, where we must 

distinguish a u- from its antiparticle, P+. The methods of separating 

quarks from antiquarks will be described later in this chapter. For 

the moment we assume that we are able to do so and discuss the 

angular distribution and asymmetry of quarks. The main terms of the 

angular distribution of a quark of flavor f can be written 

2s do - - ‘: 39 2 
na2 dcos8 f (l+cos 2 f3) ef - 12Q xg g cos8 + . . . 

f AA (23) 

where 9 is the angle of the quark, not the antiquark, with respect to 

the electron beam direction. We see from (23) that the QED contrib- 

ution to the cross section is proportional to Q:, while the electro- 

weak interference term is proportional to Q,. Because the asynmetty 

depends mainly on the ratio of the interference term to the QED term, 

it is increased by a factor I/Q, and we find 

3 I ef 
Af : - T x q gA gA 

The asynxnetry Af measures the axial-vector coupling of a quark divided 

by its charge. The axial- vector coupling depends on the third 

component of the weak isospin of left-handed and of right-handed 

f 
gA = T3L - T3R (25) 

Thus the asymmetry is sensitive to the multiplet structure of weak 

isospin. If we assume only left handed iso-doublets and right handed 

iso-singlet and arrange the left handed quarks in the following 

doublet structure 

we obtain 

gA = + ; for u, c, and g = A -3 for d, s, b. 

Since the ratio gi/Q in expression (24) is always positive and x and 

gi are negative, we should observe a negative asymmetry for all quark 

flavors. In addition, we find that the absolute value of the 

asymmetry is increased by a factor I/Q, compared to the muon asymmetry. 

If we include a correction due to the quark mass (30) , we expect 

A = c -142 and Ab - -25% at 34 CeV. At first sight, these high values 

appear easy to measure, but an analysis of the u-inclusive events 

shows that the observed asymmetries are in fact very much smaller. 

This results from background and an incomplete separation of c- and 

b-quarks which we now explain in more detail. 

The forward backward asymmetry of a quark flavor can only be 

measured when we are able to distinguish quarks from antiquarks. This 

means that we have to determine the quark flavor and the quark - 

charge. In principle this can be achieved with a study of hadronic 

events which contain a “prompt” lepton (u- or e-inclusive events) (31) 

. ..I. :: ::.:>: 

-.y ..,. :. :: -.’ 
,...:.... :.:.,- 

_.. ->. -. 
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e + hadrons 
=+=- -+ qs * ’ ” + hadrons 

We call a lepton "prompt" when it appears to come from the interaction 

point where it originates from a semileptonic decay of a heavy quark 

produced in the e+e- reaction. More precisely, the heavy quark 

fragments into a short lived hadron of the same flavor whose decay 

is described in the spectator model as the decay of the heavy quark. 

The sign of the prompt lepton charge indicates the sign of the charge 

of the parent quark. Examples are 

b -+ P-X c + u+x 

The cascade decay b+c+u+X creates some charge confusion but the lepton 

spectrum is softer and so a cut on the lepton momentum should in 

principle eliminate a large number of these events. If we neglect 

this problem for a moment, we find that positive muons select c-quarks 

and b-antiquarks; negative muons select c-antiquarks and b-quarks. If 

we are not able to separate the quark flavors b and c, their asymmetry 

will partially cancel, because we add particle and antiparticle 

asymmetries. The&fore a good flavor separation is of major import- 

ance for this measurement. 

Quark flavors can be selected with variables, which are sensitive 

to the quark mass. In our present understanding, we believe that 

b-quarks fragment into broader jets than c-quarks of the same momentum. 

Since thrust measures the width of a jet, it is a good candidate for 

a variable to separate bottom from charm. Other variables are the 

transverse momentuui pT of the prompt lepton with respect of the 

thrust axis or the angle 6 between the lepton direction and the thrust 

axis. MARK-J uses a cut cosd < 0.925 and TASS0 uses a cut pT > I GeV 

to select b-decays (19, 32) . A Monte Carlo calculation simulating these 

Cuts predicts that 35% of the selected events are b-quarks. The 

remainder is background from c-decays. IT- and K-decay and from hadrons 

which penetrate the muon filter and are misidentified as muons (punch- 

through). Charm decays are selected with complementary cuts. Half 

of the events in this sample are c-decays, the remainder is again 

K- and T-decay and punch through. The quark asyrmnetries computed from 

these samples are listed in Table VIII. 

TABLE VIII 

RBSULTS OF FIRST ATTEMPTS TO MEASURE THE FORWARD-BACKWARD 
ASYMMETRY OF BOTTOM AND CHARM QUARKS AT 35 GeV. THE 
MEASURED AND EXPECTED VALUES INCLUDE THE EFFECTS OF BACK- 

GROUNDS AND INCOMI'LETE FLAVOR SELECTION 

Experiment Measured 

MARK-J % = -(17?10)% 

TASS0 % = -(20flO)X 

MARK-J Ac = -( 7?: 51% 

Expected 

- 5% 

- 8% 

- 4% 

The results in Table VIII are very preliminary and only give an 

indication of the status of the analysis. Incomplete flavor separation 

and background strongly decrease the inititaIly expected large 

asypmetries. We see from Table VIII that the expected bottom 

asymmetry is -5% to -8% instead of -25% which one calculates for a 

pure bottom sample. Clearly, the discrimination between bottom, charm, 

and the background level will need to be improved if significant 

-:-” .-:.-:.> _: 
_:: -,...t:..+-. 
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1: ::::: 
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results are to be obtained. The statistical accuracy cannot be 

improved easily because these results are already based on a large 

amount of data. For example, the initial data sample of the MARK-J 

group contains 15,500 hadronic events from which 352 candidates of 

charm decays and 89 candidates of bottom decays are selected. 

A different method for flavor tagging has been employed by 

TASSO(32). Charged D* mesons are reconstructed from the decay modes 

D*+ 0+ +D?I -f K-n+n+ and D*- + Ken-n-. The D* mesons are selected 

from the large number of Kna combinations by a cut on the mass 

difference AM between the D* mass and the Do mass. The events ful- 

filling the cut 142 < AM < 148 MeV shov a Do peak with 47 events. 

The background is estimated to be 11 events so that a signal of 36 

charged D* mesons is detected. With these events the TASS0 group 

finds a forward backward asymmetry of Ac = -(35+14)%, where one expects 

-11% in the GSW model. Again, the number of events is too small to 

measure a statistically significant asymmetry. The hope is that with 

better mass resolution and with higher acceptance the statistical 

significance of this measurement will improve in the future. 

XIII. FLAVOR CHANGING NEUTRAL CURRENTS 

If the top quark does not exist and/or if the bottom quark is 

in a weak SU(2) singlet, flavor changing neutral currents would be 

expected in the b-decay. A good signature for this process is the 

decay b -f p+u-X. Theoretical calculations give a lower linit for 

its branching ratio (33) 

B (P+u-X) 2 1% 

A search for this decay mode of the bottom quark has been made by 

CLEO at CESR and recently by MARK-J at PETRA. Here we will describe 

the analysis of the MARK-J group. Hadronic events with a p+~- pair 

in one jet are selected as illustrated in Fig. 16. If the muon pair 

originates from the decay of a b-quark, the angle between the two 

muons should be rather large due to the high mass of the b-quark. 

A cut of > 15’ is chosen for this angle. One candidate has been 

found in a sample of 28,400 hadronic events which contains 2,570 bc 

events. However, one background event is also expected. The accept- 

ance for this decay mode was calculated by a Monte Carlo program and 

found to be 7.1% which leads to a lower limit on the branching ratio 

determined by MARK-J. 

B(b + p+p-X) < 0.64 with 90% C.L. 

The CLEO group at CESR in similar analysis finds (34) 

B(b -+ !J+u-X) < 0.9% with 90% C.L. 

We conclude from these results that the b-quark is a member of a weak 

iso-doublet and we should not give up searching for the top quark. 

It might turn out that we discover the existence of a top quark at 

PETRA in the year 1983 when energies up to 42 GeV become available. 



CONCLUSIONS 

e+ 

e+e-- bb 

1 lJ+lJ- x 

34718 

Fig. 16 Illustration of the signature of an event where one bottom 

quark decays via a flavor changing neutral current. A cut 

on the angle between the two muons eliminates background. 

I) In e+e- + P+!J-, JADE, MARK-J and TASS0 have observed a statistic- 

ally significant forward backward asymmetry 

A 
lw 

= (-10.8+2.2)%, (-10.4r2.1)%, (-10.4+2.3)X respectively. 

These values are in good agreement with the expectation of -9.3% 

from the GSW-model. 

2) Leptonic reactions in e+e- experiments test the electroweak 

theories up to s = 1200 GeV2 and q2 1 1000 Gev2. We find 

impressive agreement with the GSW model and determine 

sin2ew = 0.27tO.07. 

3) In a study of efe- -f hadrons first attempts have been made to 

measure the weak neutral current couplings of heavy quarks, 

but a lower background from light quarks and a better separation 

of bottom and charm quarks is necessary in order to achieve 

significant results. 

4) No flavor changing neutral currents have been observed 

B (b -+ p+u-X) < 0.6% (90% C.L.) 

5) Charged Higgs particles and technipions are excluded for masses 

between the tau mass and 13 GeV (19, 34, 35) . 
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TWO-PHOTON INTEPJKTIONS' -. 

Dieter Cords 

OESY. Hamburg 

Abstract 

Recent spectroscopic results on f. AZ, and f' are reviewed,and the 

suppression of the glueball candidate state ii in the two-photon 

channel is discussed. A newly observed signal in the TI+T~+~~-TI- in- 

variant mass spectrum at 2.1 GeV is reported. Measurements on deep 

inelastic ey scattering show the expected pointlike photon structure 

and allow testing the photon structure function FP for parton and 

QCO models. The observation of high PT jets from hard scattering 

processes is presented. 

* Talk presented at the 1982 SLAC Summer Institute on Particle 
Physics. 
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Introduction 

Two-photon interactions are obtained at high energy electron positron 

storage rings. The cross section for the process, illustrated by dia- 

l * 
gram 1. can be factorized in 

the equivalent photon approxi- 

mation"') into a flux factor 

and into the actual two-photon 

cross section: 

Diagram 1 where dNy gives the number of 

photons in the energy interval 

between w and w+dw. The flux factor can be used to relate the efe- 

annihilation luminosity to the two-photon luminosity 3) : 

dLYy = dN dN Le+e- 
Yl Y2 

~ (2" ln $2 dwl dw2 -- 
77 m 

L 

e 9 m2 e+e- 

dw &2 
-& 4 w2 Le+e- for EG = 15 GeV. 

The suppression of the two-photon luminosity by a factor of about 

400 at present beam energies is compensated by the fact that the 

approximate 4) two-photon cross section o(yy + hadrons) = 300 + 600 
W(GeV)"b 

is much larger than the annihilation cross section o(e+e- + hadrons) 

* 0.5 nb. Therefore, the event rate for two-photon interactions is 

expected to be larger than the rate for e'e- annihilation processes 

at PEP and PETRA energies. However, since most of the two-photon .- 

events are produced at low invariant masses, they may not produce 

sufficient transverse energy to trigger the detector and therefore 

suffer from acceptance problems. If in addition the electron or posi- 

tron is required to be tagged 5) in a typical angular range from 25 to 

70 mrad with respect to the beam line, the event rate decreases fur- 

ther by about a factor of 10. 

e* e* 

IIF 

If - in analogy to e+e- anni- 
cl' 

hilation - the hadron produc- 
9 

P' 

q I 

W=M, tion is represented by quark 

lines, one can use the four- 

e- 

Diagram 2 

l - momentum transfers Q2 and P*, 

indicated in diagram 2, to clas- 

sify the various possible pro- 

cesses according to different kinematic regions. 

kinematic region 

Q2 and P2 soft 

(-0 and-J GeV') 

QL hard 

(~'10 GeV2) 

P2 hard 

(3 10 GeV') 

: 

physics of interest 

SPECTROSCOPY 

2-500: PRODUCTION 

DEEP INELASTIC 

ey SCATTERING 

HARD SCATTERING 

PHENOMENA 

: 

experimental method 

exclusive final states 

with transverse momen- 

tum balance I: P{ 5 0 

tagged electrons with 

Q2 = 4E6 E' sin' i 

& W measurement 

Jet analysis for the 
hadronic svstem _ 
p2,p2 - q T+(; - P )2$ 

, q,L -T 
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For the last process a minimum invariant mass W of about 5 GeV 

is required. The higher the W values for the selected events, the 

nmre likely it is to obtain background events from e'e- annihilation 

where one or both of the electrons radiated off a real.photon in the 

initial state. The decreasing two-photon event rate and the increas- 

fng annihilation background reach about the same order of magnitude 

at a W of approximately half the total available energy. 

The processes outlined above will be discussed in the following 

chapters. 

Spectroscopy 

The prime objective for analysing resonances in two-photon inter- 

actions is to obtain the radiative width r 
RW 

via the production 

cross sections: 

do(e+e- + e+e-R) 
ciM= LW (&I oyy2;BR(M) 

with oR+yy = 8n(2J+l) rRW I‘ 

(M2-M;)2 + ME T2 

where M is the invariant mass of the two-photon system. J the spin. 

and L 
w 

the luminosity function6). The well defined initial state 

restricts the resonance quantum numbers to: 

I3 = 0, Jpc = 0-+, 0++, 2-+, 2++. . . . 

where spin 1 states are excluded for nearly real photons. In this 

way one can investigate the isoscalar components of scalar and tensor 

meson nonets. The questionsofinterest are whether these resonances 

are pure quark bound states or have some gluonium admixture, and at 

what level do we expect glueball states to be produced if these 

states exist at all. It would also be interesting to look for even 

C-parity charmonium states, e.g.,nc, x0. x2, but there are no mea- 

surements yet. 

In recent years many nice results on two-photon resonances have been 

obtained and surveys were presented at various conferences 73) . 
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In this report I shall discuss the neutral members f, A;, 

and f' of the 2++ meson nonet. The measured radiative widths for 

various decay modes are summarized in Fig. 1. As shown by the squares 

linked by dashed lines, SU(3) for ideal mixing and-without phase 

space corrections predicts ratios (not absolute values) of radiative 

widths which are in fair agreement with the averaged measurements. 

An example for the f decay into two charged pions ') is given in 

Fig. 2a showing the TASS0 invariant mass spectrum for two charged 

tracks. Since electrons, muons, and pions cannot be separated at 

low momenta, the QED contribution (dotted line) has to be subtrac- 

ted. The QED subtracted invariant mass distribution in Fig. 2b 

shows in addition to the f signal at 1.27 GeV a strong enhancement 

near threshold. This can be contrasted with the TI'X' spectrum '0) 

in Fig. 3 obtained by the JADE collaboration which shows an f signal 

over a very small background. An example for a final state with 

charged and neutral particles is the Ai decay 1') which is illustra- 

ted in Fig. 4. The hatched area indicates the dominant decay mode 

into of?. The f: signal 12) has been seen by the TASS0 collaboration 

at 1.52 GeV in the K'K- and KtKt final states (Fig. 5). Whereas one 

observes the expected constructive interference of the f' with f and 

A2 as a strong enhancement below the f' mass for charged kaons, this 

is neither expected nor seen for neutral kaons. 

It is well known that the radiative decays of the J/q resonance 

allow the formation of two-gluon states 13) of even C-parity and 

COMPILATION OF rRyy FOR 2** STATES 

0.1 
I 

0.1 1 5 CKeVJ 
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f-+n'n* . 
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Fig. 1 : Compilation of radiative widths for the f, A2, and f' reso- 

nances. For references see J. Olsson 8) and ref. 12. The 
average values are given numerically. SU(3) for ideal 

mixing - fixing the ratios but not the absolute values - 

is indicated by the dashed lines. 
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Fig. 2 : Invariant nTl+n- mass from TASS0 (a) for all events with 

2 charged tracks and (b) after QED - i.e. v+!J- and e+e- - 

subtraction. 

Fig. 3 : Invariant 77'~' mass 

from JADE. 
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1.2 1.4 1.6 1.8 2.0 

M (K+K-)(GeV) 

2 1.4 I.6 1.8 2.0 

Fig. 5 : Invariant Kx mass from TASSO: 
34919 

(a) M(K+K-) distribution. The dotted curve is the contri- 
bution from the interferring f, A2, and f' resonances. The 
background is given by the dashed line. The full curve is 
the sum of both contributions. 
(b) M(KP K$') distribution. The full curve is the result of a 
fit to a background (dashed line) plusaBreit-Wigner shaped f'. 

therefore are called "glueball-favoured." On the other hand the pro- 

duction of even C-parity states via two photons is called "glueball- 

disfavoured" because one has to insert an extra quark loop as shown 

127-G 

by diagram 3. One may guess 

that the suppression factor 

in the two-photon case is the 

Diagram 3 square root of the Okubo- 

Zweig-Iisuka-factor'4) which involves two quark loops and is about 

l/100. Applying this to the glueball candidate state 8, observed 15) 

at 1.64 GeV in various decay channels, one can obtain its two-photon 

width from the corresponding value for the f: 

Using the radiative f width of Fig. 1, this results in r(9 + yy) +W 

600 eV. Mark 1116) has recently measured the branching fraction 

BR(J/v + ~0) . BR(o + K+K-) = (6.2 + 2.7) * 10-4. According to gluo- 

nit duality arguments Koller and Walsh 17) estimated the branching 

ratio 5RWIv-t ye) 2 2%, and therefore one expects BR(e + K+K-) = 3%. 

Using the last value together with the estimated radiative 9 width 

one expects the following signal in the two-photon case: 

r(e + vu) * BR(e + K+K-)-'20 eV 

Since 0 is three times as wide as the f', one is looking for an en- 

hancement in the K'K- invariant mass spectrum (Fig. 5) which is less 

than l/10 of the f' peak. In fact the TASS0 upper limit 12) is 0.5 KeV 

(95% c.1.). Similar results apply to the po decay of the 9. Therefore, 

.’ 
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in addition to not being firmly established as glueball states, 

the e as well as the i are below the level of detection for present 

two-photon experiments. 

An interesting conjecture of Schnitzer 18) and Rosner") implies 

that glueballs are not pure gluonium but contain some admixture 

of quarkonium states. This means that glueballs might mix with the 

isoscalar nonet members and as a consequence their coupling to the 

two-photon channel might be quite different from the estimate given 

above. However, at this preliminary stage I shall not pursue the 

question further. 

A new enhancement") has been observed by the TASS0 collaboration 

in the final state of 4 charged pions. Fig. 6 shows the invariant 

mass spectrum of the reaction yy -t ~+TI+TI-TI- for an accumulated lu- 

-1 
minosity of 70 pb . A signal of about 5 standard deviations can be 

seen at 2.1 GeV. A fit of a Gaussian distribution over a smooth 

background is shown in the lower histogram and results in a mass of 

2.10 f 0.01 GeV and a full width at half maximum of 94 + 21 MeV. 

The mass resolution is estimated to be 60 MeV, and therefore the 

actual width is much less than measured. The two-photon coupling 

times the branching ratio of this state X of unknown spin J is 

given as: 

i-(X -t YY) . BR(X + T(+~+TI-II-) . (25 + 1) = 1.6 * 0.4 KeV 

Since the spin and parity of this object are not determined, one 

cannot discuss any multiplet assignment. However, one may speculate 

whether this enhancement is related to a strong signal near the 

M,JeV I 

-g 60 
-ii 
22 

n 
“1.0 1.5 2.0 2.5 3.0 3.0 4.0 

Mbn 1 GeV I 
34704 

Fig. 6 : Invariant TI+TI+TI-pi- mass from TASSO. The curve in (b) repre- 

sents the fit of a Gaussian superimposed on a smooth back- 

ground. 
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threshold of the Qo invariant mass spectrum 21) shown in Fig. 7 

for the reaction n-Be -c I$@+... at 175 and 100 GeV/c. Recently the 

observation of two $$I resonances 22) in the reaction -p + @@n was 

reported at the Paris conference. The quantum numbers are quoted as 

IG = O+ and Jpc = 2++ for both states and the lower mass state has 

M = 2.16 + 0.04 GeV and P = 315 i 62 MeV. Compared to the enhancement 

in the two-photon case it is very wide. The special interest in 

0~ states arises from the idea that the production of these strange 

quark states is mediated by two gluons and can be enhanced only if the 

gluons form a resonance or glueball. For further details the reader 

is referred to Scharre's report on glueballs 23) . 

11 11 

(b) 

J 
2.0 2.4 2.8 3.2 3.6 2.0 2.2 2.4 

M++ (GeV) 
34488 

Fig. 7 : Invariant $$ mass from ACCMOR for n-Be + oo + X at (a) 

175 GeV and (b) 100 GeV/c. The solid curves show the expec- 

ted backgrounds from $K+K- and K'K-K+K- events. The dashed 

curves represent the total backgrounds including the estima- 

ted contributions from uncorrelated +$ production. 
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Two-Body Final States 

Results on two-body final states have been reported before 7'8) and 

therefore I shall be very brief. It is well known that the four 

charged pion final state up to an invariant mass of 2 GeV is domi- 

nated by p"oo production. Recently TASSO24) has performed an angular 

correlation analysis for the o"po channel and found that Jp = O- 

and 2- states can be excluded within experimental accuracy. The 

contributions mainly come from J P 
= O+ below an invariant mass of 

1.7 GeV and from 5' = 2' above. The cross section somewhat depends 

on the assumptions put into the fitting procedure. As shown in Fig.8, 

it is substantially higher if the p's are assumed to be produced 

and to decay isotropically. 

The production of proton antiproton pairs 8925) has been observed by 

JADE and 'TASSO, and the cross section near the threshold is found to 

be smaller than the Born term expectation and larger than the vector 

dominance model contributions. Recent QCD calculations 26) roughly 

agree with the data although they come out slightlytoosmall very 

close to threshold. 

zi 
C 

. 
a 
*CL 
t 
T- 

cc- 

150 

100 

50 

TASS0 
I I I I I I I 

- Isotropic production and - 

I 

decay of p"pOassumed 

---pop0 with Jp zO+.O~.2*.2' 

n 
11 
--L I 

I -;- I I 
-+- 1 I I AL -1 -L- ’ ,\, 

01 I I I I 1 I I I 
1.2 1.3 1.L 1.5 1.6 1.7 1.8 1.9 2.0 

W,, IGeV3 34972 

Fig. 8 : Cross section for yy + pop0 from TASSO. For the full crosses 

the efficiency is calculated assuming isotropic pop0 produc- 

tion and decay. The dashed crosses represent the sum of dif- 

ferent contributions from a spin parity analysis. 
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Deep Inelastic ey Scattering 

If one of the photons in diagram 4 is highly virtual and the other 

is close to mass shell, the 'process can be seen as deep inelastic 

electron scattering off a real photon 27). 

NE’ 

c e 
-- - 

---c 

Q2 = 4EBE' sin2 i 

EB V’ Q2 
x=a2,w2 

EM'" . y.l-~cos2; 

Diagram 4 

undetected 

The two-photon centre-of-mass energy W is measured via the final 

state products. QL being the spacelike four-momentum-squared of the 

virtual photon and x,y the standard scaling variables, the differen- 

tial cross section can be expressed in terms of structure func- 

2 

a$= $ EBE, t(l-~)F~h,Q~) + xy2F,hQ2)l Diagram 5 

In general the cross section depends on three structure functions. 

However, FS drops out if the azimuthal dependence is integrated over 

(the second electron is not detected). For tagging angles of present 

experiments, y L is a small number - in the range of 0.01 to 0.1 - 

and as a result the F, term can be neglected as well. Therefore, 

the present objective for studying deep inelastic ey scattering is 

to test model predictions by means of the structure function F2. 

The simplest model forF2 is the Born term model 
28,291 which applies 

for lepton pair production and is illustrated by the dash-dotted 

curve in diagram 5. The characteristic pointlike behaviour in this 

case is manifested by the large values of F2 BoRN for large x. 

0 0.5 )( 1.0 

VDM~ound 
- 

threshold region 

On the other hand, as shown by the dashed line for hadron production 

in the concept of the vector dominance model 
281, FVDM 

2 drops off 

steadily to zero. The question of interest is: Do the hadron pro- 

duction data display a pointlike behaviour in addition to the vector 

dominance contribution? If that is so, the quark-parton model may 

be applied. The structure function in the quark-parton model is 

.:: _p. 
;.. .:..- 
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obtained from the above Born term by replacing e4 by the sum of the 

quark charges to the fourth power and me by the quark mass. There- 

fore, the expected F2 is very similar in shape to the dash dotted 

curve. In fact, the theory to be tested is QCD. in whfch case the 

structure function is written as: 

F;(y,,Q2) = ,!‘l, = &$ ,QCD(x) ln !$ 
A 

+ higher order corrections 

where ei are the quark charges, ,QCD resembles the x dependence3') 

of the Born term, and the scale parameter A replaces the quark mass. 

A typical QCD behaviour is shown by the solid curve in diagram 5.It 

has to be pointed out that the higher order QCD corrections 31,32) 

show the largest variations in the small x and large x regions. As 

indicated in diagram 5, the small x region is also the region where 

the VDM contribution is largest. At large x one enters a threshold 

region of small W values. Therefore. OCD is best tested in the 

x range from 0.3 to 0.9. The salient feature of QCD is that it re- 

tains the pointlike behaviour of the quark-parton model. i.e., 

F:(x,Q2) + const. as x -* 1 at fixed Q2. On the contrary, the proton 

structure function tends to zero in this case 33): F; (x,Q2) -.I 

(l-x) n -+ 0. 

The Born approximation can be tested for two-photon production of 

p-pairs, and a comparison done in Fig. 9 by the CELLO collaboration 34) 

shows excellent agreement with the data. The structure function for 

hadron production has first been obtained by PLUT035) as shown in 

Fig. 10 for an integrated luminosity of 2500 nb-'. The leading order 

- Monte Carlo 

t Data 

0.5 1.0 

SCALING VARIABLE X 
34973 

Fig. 9 : Comparison of FioRN for ey * eu+p- with CELLO data (absolute 

normalization). The F2 values have been averaged over the Q2 

distribution of the CELLO tagging acceptance. 
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a) 0 

Photon Structure Function 
1 1 I I I I I I 

PLUTO QCD (L.O)+'p 

(Q2> = 5 G&2 ,,1,1, “5: ~H’o)+‘p 
W >lGeV --CC 

T 

1.0 

Fig. 10: Photon structure function F~(x)/u from PLUTO. The various 
curves correspond to F!" with h = 0.2 GeV, FioM for 'p', 

and FioRN for cc with Mc = 1.5 GeV. 

and higher order QCO calculations both agree well with the data and 

the charm contribution is shown to be small. The data points in 

Fig. 10 are model dependent because the true x is obtained from the 

experimentally visible x and this already implies a knowledge of the 

contributing processes. The average Q2 in the case of PLUTO is ra- 

ther low. It mainly depends on the angular range used for tagging 

one of the electrons and is shown for the three relevant experiments 

in the following table: 

PLUTO Large Angle Tagger 1 - 15 5 
100 - 250 

CELLO Endcap Liquid Argon 9 
140 - 400 

JADE Endcap Lead Glass 10 - 52 23 
265 - 428 

-: 
L. :. 

. .~ ‘... 

Unfolding the visible x to obtain the true x - for a direct com- 

parison of the data with the functional dependence of F2 - already 

implies a knowledge of F2. In order to avoid a simultaneous para- 

meter dependence of the data points and of the models, the data 

for CELLO and JADE are plotted as a function of the visible x. As a 

result, the curves for the various models do not exhibit the ori- 

ginal x dependence but are folded with the detector acceptance. 

Fig. 11 shows a comparison of the parton model and two versions 

of QCO calculations with the CELLO data 341 for an integrated lumi- 

nosity of 11.2 pb-'. Charm quark contributions are included, since 
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I 

subtracted 

0.2 0.L 0.6 0.8 1.0 

SCALING VARIABLE x=Q21(Q2+W2) 
34974 

Fig. 11: Visible x distribution from CELLO. The data are compared to 

three different Monte Carlo simulations for F2. The shaded 

area shows the background which has been subtracted from the 

data. 

the invariant mass values W extend well above charm threshold. The 

curves in Fig. 11 are not very different in shape, and at the present 

level of experimental accuracy it is impossible to distinguish be- 

tween the parton model and QCO calculations on the basis of the 

contour of the x distribution. Both models describe the data rather 

well. 

How about the normalization of the structure functions? Considering 

only the leading order or logarithmic term of F!" above, the nor- 

malization depends on the number of quarks included in the charge 

factor and on the scale parameter A. Varying these parameters, a 

comparison has been done in Fig. 12 to the JADE data 36) for an 

integrated luminosity of 20.2 pb-'. If the u,d,s, and c quarks 

are included in the leading order QCD term, the full curve in Fig. 12 

shows that the scale parameter has to be adjusted to 0.3 GeV to fit 

the data. This situation roughly corresponds to the parton model 

with an assumed quark mass of 300 MeV in which case not only the 

shape but also the normalization seems reasonable. Omission of the 

charm quark from the leading order QCD term has to be compensated 
2 

by larger values of In $ . As shown by the dashed curve, A has to 
A 

drop in this case to 0.07 GeV. A proper comparison with QCD calcu- 

lationshasto include the charm quark because of the high W values 

involved,and it also has to take higher order QCD corrections into 

account. In fact, the dotted curve in Fig. 12 includes the next to 

leading order QCO term 321 in the T;i5 scheme371. By varying the scale 

parameter in the x range above 0.4. where the VDM contribution is 

smallest. one obtains for the JADE data 361 a best fit of 

I.: 

._ 

,: . ...;.‘-. “‘L ( 
: ._.__: .; :_, 

-_ 
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0.0 0.5 1.0 

xvis 34975 

I I I I I I I - 1 I 
- LOQCO (udsc) JADE 

AL0 I 0.3 GeV 
--- LOQCD cuds 1 

ALO = 0.07Gev 

(Q2) =23 GeV 

Fig. 12: Visible x distribution from JADE. The curves represent 

various QCD predictions (see text). 

The Q2 dependence of the structure function is very smooth and given 

in leading order by In Q2 
7 

In order not to introduce any artificial 

QZ dependence due to detector acceptance, a comparison with the data 

has to be restricted to that x range where <Q2> is constant, In 

Fig. 13 the expected agreement can be observed for PLUTO data 35) 

(0.2 < xvis < 0.8) up to Q2 values of 15 GeV' and for JADE data 35) 

(0.3 < xvis) up to Q2 values of 45 GeV2. 

Since structure functions are an important issue of two-photon 

physics, let me repeat the relevant points: 

- The test of QCO is connected to the dominance of the pointlike 

term. 

- The determination of the QCD scale parameter is done via the 

normalization of Fz, but one can adjust the average quark mass 

such that also the parton model fits the data. 

- An experimental problem consists in unfolding the visible W or 

visible x, because this implies a knowledge of the contributing 

processes and therefore is model dependent. 

- There are several problems38) connected to the QCD calculations: 

The effect of quark masses - in particular for the c quark - 

,has not yet been taken into account. It is an open question, 

how fast - if at all - the perturbative series of higher order 

corrections does converge. In this context it is not clear, whe- 

ther the argument of the logarithm is just Q2 OI- whether it con- 

tains some additional x dependence. 

-_ 

._ .._: 
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Hard Scattering Phenomena 

c I I I I 
0 JADE Xvis> 0.3 

0.6 - 0 PLUTO 0.8>Xvis>O.Z 
I 

0.5 

__---- 

- LOQCD (udsc) hLo=0.3GeV 

0.1 - " 
: 

---LOQCD(uds) ALO =03 GeV 

I I I I 
10 20 30 LO 

0’ (GeV2) 34809 

Fig. 13: Photon structure function F2(Q2)/n averaged over xVIS > 0.3 

for JADE and over 0.2 < xvIS < 0.8 for PLUTO. 

Hard scattering processes 39) are characterized by the fact that a 

number of particles are produced at high transverse momenta with re- 

spect to the line of collision of the initial photons. One can think 

of several competing processes, like two or more jet events, higher 

twist terms. and vector dominance contributions. They are illustrated 

by the following diagrams: 

For all but the first of these diagrams, part of the available energy 

is emitted along the initial photon directions close to the beam line. 

Only the 2-jet events may transfer all the energy to transversely 

produced jets and therefore can be expected to dominate at large trans- 

verse momenta with respect to the line of collision of the initial 

photons. As in e+e- annihilation, the cross section of this quark 

exchange scattering process may be normalized to p-pair production: 

R = dw + m =3 I: 4 
w '(W -P uT~-) i=u,d,s,c 

ei =$ 

__. ., 
: 

-1 
: _.. 
,.., -. --_ . . 

: 

The question of interest is: does the experimental 2-jet cross section 

approach this number? and if so , can we learn something about the 

quark charges, the quark propagator, and the QCD behaviour? 
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Fig. IS: Pf(JET) distribution from TASS0 for e+e- + e+e- + jet + x 

compared to a e+e- + e'e- + qq model with four different 

types of normalization (shaded area) and to VDlI (dotted 

line). 

u,d,s, and c quarks is approached by the data for high transverse 

momenta. 

For the JADE experiment 41) . single tag events were analysed and the 

charged particles and photons in the final state were grouped 

according to a cluster search method 42) . The cluster search collects 

particles in well defined cones and has been extensively tested for 

e*e- annihilation events. This method allows for an arbitrary number 

of clusters and for single stray particles not assigned to any cluster. 

In order to qualify as jets the clusters have to have momenta of at 

least 2 GeV. For the Z-jet events obtained in this way, the jet 

transverse momenta exceeding 2 GeV are plotted in Fig. 16. The 

detector acceptance has been unfolded in order to obtain cross sec- 

tion values. The curve, representing the pointlike cross section nor- 

malized via the u,d,s, and c quark charges, displays the expected Py4 

dependence and is approached by the data from above as the trans- 

verse momentum increases. 

From the above discussion it is evidentthatthe experimentally de- 

termined R is a function of the cut-off transverse momentum 
w 

PJET 
T,MIN . Whereas JADE and TASS0 tag electrons with Q2 values of 

the order 0.3 GeV2, the MAC experiment detects electrons over a 

wide angular range. Without requiring any cut-off in the jet momen- 

tum, the MAC group 43) plots theratio of observed hadronic to 

p-pair events as function of D2 in Fig. 17 and obtains a surprisingly 

good agreement with the quark model prediction. 
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Fig. 17: Ratio of hadronic to p-pair single tag events from MAC. :_._ . . : f : .: _ 

Fig. 16: Differential cross section for Z-jet events from JADE. 
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Early results on two-photon events of high invariant mass 

(W above 5 GeV) point at hard scattering processes. However, the 

data are too preliminary to allow any detailed comparison with QCD 

predictions or to test the quark propagator. It is an interesting 

feature that the Ryy value of g refers to fractional charged 

Gell-Mann-Zweig quarks44) and has to be changed to q for integer 

charged Han-Nambu quarks 45). Consequently, for integer charged quarks 

the curve of Fig. 16 has to be scaled up by a factor of 2.65. with 

the data points at high PT starting to fall below this curve. This 

seems to rule out the scheme of Han-Nambu quarks, but it has been 

pointed out recently 46) that for photons off mass-shell 

(Q2* 0.3 GeV' for tagged electrons at JADE) the charges may be 

screened and the effect reduced. 

Sumnary 

The present situation in two-photon physics may be sunmnarized 

as follows: 

- There are many new and nice results on resonances but no surprises. 

The glueballs, if they exist at all, seem to be below the level 

of detection efficiency of present experiments. 

- The two-body final states n+n-, pope, p7 show large cross sections 

near threshold. 

- In deep inelastic ey scattering the photon structure function 

looks pointlike at modest Q2 values. 

- The observation of high PT z-jet events points at quark exchange 

scattering. 
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Abstract 

Recent experimental data related to hadron jets and QCD are 

reviewed from the ten detectors at PEP and PETRA. The many interest- 

ing new results include the measurements of the quark-gluon coupling 

constant as, the total hadronic cross section, and the gluon spin 

with high statistics, a possible difference between the quark and 

gluon jets, particle identification in jets, and a search for charged 

Higgs and technipions from four-jet events. The fragmentation functions 

for the heavy quarks (charm and bottom) are discussed in this Conference 

by Schlatter of SLAC. 

1. INTRODUCTION 

The most important problems of particle physics can be stated 

as the "gauge problem" and the "mass problem." Gauge theory describes 

successfully both the strong interactions and the electroweak inter- 

actions'). High-energy e+e- colliding beam accelerators have con- 

tributed greatly to our knowledge of the gauge particles: first 

evidence three years ago of the gluon for strong interactions from 

the three-jet events 2) , and more recently a first, preliminary 

determination of the Z" mass from the asymmetry in e*e- + -3) 
'VP . 

Theorists have quite precise ideas about the properties of both 

the Z" and the W", which may soon be observed directly at the CERN 

pi Collider. 

Unfortunately, we know much less about the mass problem than 

the gauge problem, especially for particles other than the gauge 

bosons. An example of this ignorance is our inability to foretell 

even roughly the mass of the top quark. With this very much in mind, 

PETRA plans to increase the energy three times in the coming year, 

first to a center-of-mass energy W = 39 GeV, then to about 41GeV 

in early 1983, and finally to 45 GeV next fall. While this mass 

p,roblem, including the search for Higgs particles 4) , will undoubted- 

ly be one of the central concerns of both LEP and SLC. attempts have 

recently been made to take a first look. These attempts will be dis- 

cussed in Sec. 7 below. 
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There are at present the following detectors at PEP and PETRA: 

PEP: DELCO PETRA: CELLO 

HRS JADE 

MAC MARK J 

MARK II PLUTO 

TPC TASS0 

At PETRA, CELLO took the place of PLUTO in Sumner 1982, and PLUTO 

probably will not be moved into the beam again. 

The topics to be covered in this report are: 

1. Status of os Determination, 

2. Precise Measurement of R - TASSO, JADE, MARK J, MARK II, MAC, 

3. Measurement of Gluon Spin with High Statistics - TASSO, MARK J, 

4. IS Gluon Jet Different from Quark Jet? - JADE, TASS0 

5. Particle Identification in Jets, 

and 6. Search for Charged Higgs and Technipions from 4-Jet Events - 

TASSO. 

2. STATUS OF a, DETERMINATION 

A. Experimental results 

Seven collaborations at PEP and PETRA have determined experiment- 

ally the values of the quark-gluon strong coupling constant as. Their 

most recent results are listed in Table 1. 

Roughly speaking, os is determined by comparing the number of 

three-jet events with that of two-jet events. As seen from Table I, 

however, the situation is more complicated: different values of os 

are obtained when different assumptions are made in analyzing the 

data. This uncertainty comes mainly from two sources, first whether 

higher-order corrections in DC0 are taken into account, and secondly 

what assumptions are used in treating the fragmentation of quarks 

and gluons into hadrons. Except for two recent determinations of 

as by the TASS0 and JADE Collaborations to be discussed in Sec. D 

below, the second-order corrections are not taken into account. The 

method of energy-energy correlation 12) used by MARK II and MAC is 

discussed in Sec. B, while the comparison between the independent 

fragmentation of Hoyer et a1.13) and the Lund fragmentationt4) by 

CELLO is in Sec. C. 

‘, 

: . . :..,:_; -: ,,.: 
.--.-. :: .i: I_ . ..~.G 
_:. .yi:: :: :.-,,I”. 
[r. .:.:. [.I.): .:; 

:.... -‘. : 
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Table 1 - Measured values of the quark-gluon coupling constant 

os at PEP and PETRA 

I 1 First order in o., Second 
-. order 

Collaboration Hoyer et al. Lund Energy-energy 
Correlation 

in os 

CELL05' 0.15-0.20 0.235-0.28 

JADE6) 0.2O+D.O15+0.03 0.16+0.015+0.03 

t4AC7) 0.20+0.01+0.02 

where utot is the total hadronic cross section, s = W*, and E and E' 

are the energies of the particles in the solid angles AR and An’ 

respectively. The first sum is over all N events, and the second 

sum is over all pairs of particles in AD and Aa’. For the purpose 

of determining as, all angles are further summed over except the 

angle x between /Q and hn' , as shown in Fig. 1. The resulting cross 

section is 

1 dC - -J&LL$ (2) 
otot dcos x 

MARK II*) 0.19'0.02'0.03 Even as recent as a year ago at the Bonn conference 15) , the hope 

MARK 5') I I 
0.16t0.01 

I I 

PLUTO") 0.15+0.02+_0.03 

TASSD") D.194+0.005+0.03 0.168+0.003+0.03 
I I I J 

B. Comnents on energy-energy correlation - MARK II, MAC 

The energy-energy correlation 12) function is defined by 

(1) 

was expressed that this energy-energy correlation function is in- 

sensitive to fragmentation, and gives a precise test of DCD. The 

argument consists essentially of saying that the contributions from 

quark fragmentation and lepton decay are symmetric under the exchange 

x+n-XI while the QCD contributions are asymmetric under this 

exchange. 

Recent results from MARK II 8) and MAC7) show that this independence 

of fragmentation is not realized. They fitted the energy-energy cor- 

relation function of eq. (2) as follows: 

. . :I- .: :: : 
-:1x. .?_-I : : ..-; -. _-. : . . 

. . 1. 
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I2 AR’ 

Fig. 1 - Variables for the energy-energy correlation function. 

aSFqCD(x) + $ -!- 
& sin'x 

(fr::.) 

where the first term 

due to fragmentation 

(sinx) -3 

CIA 
X41 

s 1 +- 1 + cosx (MARK II) 
A 

sinx 1 (MAC) 
x &f 

(3) 

(,$) 

is given by QCD. While the first correction term 

is syaaaetrical under the exchange x + 1~ - x. the 

second is not. The MARK II result is shown in Fig. 2, while the one 

from MAC is in Fig. 3. The fitted results for MARK II are 

oS = 0.19 ? 0.02, A0 = (0.7 t 0.2) GeV and Al = (2.6 c 015) GeV,while 

for MAC os = 0.20 + 0.01 ? 0.02, A0 = (1.2 + 0.08 ? 0.15) GeV and 

A1 = (2.5 f 0.2 ? 0.4) Gev. For the MARK II analysis, if the asymmetric 

correction term A, due to fragmentation is omitted. then the value of 

as changes from 0.19 to 0.14. 

C. Lund vs independent fragmentation - CELLO 

To the first order in as, there are two diagrams for e+e- - + w-la. 

as shown in Fig. 4. These DCD diagrams are easy to compute, and give 

the distributions of the quark, the anti-quark, and the gluon ‘6) . Un- 

fortunately, neither quark nor gluon is directly observable; instead 

they are fragmented into hadrons. Therefore, in order to compare the 

DC0 predictions with the experimental data, a model is needed for this 

complicated fragmentation process. 

Fragmentation was first studied by Field and Feynman 17) in the 

context of two-jet events e+e- -c qi. and the generalization to the 

._.‘.. _ .*- 
:.:‘.. ., Y. ;.::-;-j 
.: +.- >.:.:. 

:.;: _,_._. ‘5 :- ‘.:-.- 

._ 
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MARK II 

t 1 
0.01 ’ ’ ! 1 I I I I I 1 -I 

-I 0 I 
cos(x) 35132 

MAC 

I I 1 1 I I I 1 I 

7 

0.3 

id 
ug 0.2 

-18 

0.1 

0 

I t Best Fit 

I 
t 

I I I I I 1 I I I 

-0.60 -0.30 0 0.30 0.60 
cosx ‘,,.A& 

Fig. 2 - (l/oo)dX/dcosK as a function of cosx. The size of the dots 

corresponds to the statistical errors. The dashed line is 

the QCD prediction. The dash-dotted line is the QCD result 

plus the qq fragmentation term. The solid line is the sum 

of the QCD predictions and the two nonperturbative con- 

tributions - MARK II. 

Fig. 3 - The full experimental energy-energy correlation as a 

function of cosx, the correlation angle. Also shown are 

the fitted contributions from QCD. the qq and the qig 

fragmentation terms - MAC. 
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Fig. 4 - Diagrams for e+e- + q<g to order ~1 
5’ 

three-jet events through e+e- * q{g was first carried out by HOYer. 

Osland. Sander, Walsh and Zerwas 13). In both of these Monte Carlo& the 

jets fragment independently, as schematically shown in Fig. 5(a). 

The Lund group of Andersson, Gustafson, and Sjoestrand14) had the idea 

of combining fragmentation with the concept of the color string, which 

is stretched from the quark via the gluon to the anti-quark. This color 

string is envisaged to break first to produce a hadron carrying a 

sizable fraction of the gluon energy. The remainder of the gluon energy 

is then shared between the two pieces of the broken string, which are 

14) fragmented independently in their respective center-of-mass systems . 

This Lund fragmentation process is shown schematically in Fig. 5(b). 

There is no compelling argument to prefer one of these two 

fragmentation models over the other. While the use of the color string 

has its appeal, it must be emphasized that there are many more para- 

meters in the Lund model than in the model of Hoyer et al. Under this 

circumstance, it is of importance to ascertain whether there is 

significant dependence of the as determination on the fragmentation 

model. 

This problem has been studied bY both the CELL05) and the JADE6) 

Collaborations. Their results contradict each other. JADE used both frag- 

mentation models13'14) to determine the corrected x1 and xT distributions, 

where x T = x2sinB12. They found that "the corrections are, within the errors, 

independent of the fragmentation scheme used." On the other hand, CELLO 

found that, depending on the distribution used, the Lund model gives as 
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(0) 

Hoyer et. al. 

(b) 
Lund 

between 28% to 67% higher than the model of Hoyer et al. The two extreme 

cases are: 

Smallest difference: three-jet fraction from events with oblateness 

larger than 0.3 

Lund os = 0.255 r 0.050 

Hoyer as = 0.200 f. 0.035 ratio = 1.28 

Largest difference: energy-energy correlation function 

Lund as = 0.2; 2 0.04 

Hoyer as = 0.15 * 0.02 ratio = 1.67 

In particular, this result from CELLO implies that, contrary to the 

earlier hope as described in Sec. B, the energy-energy correlation 

function is sensitive to fragmentation. 

In order to have a better understanding of this rather significant 

dependence on fragmentation, CELLO has attempted various modifications 

and combinations of the Monte Carlo programs. The result is shown in 

Fig. 6. It is seen that about two thirds of the difference is due to 

the different fragmentation schemes used (quark, gluon independent 

fragmentation scheme as in Hoyer et al. model versus the string fragment- 

ation scheme as in the Lund model). 
Fig. 5 - Schematic representation of fragmentation models. 

Los determination in second order - TASSO. JADE 

As shown in Table 1, the determination of as has been carried 

out in both first order and second order. In first order, the only QCO 

diagrams taken into account for e+e- + qig are the two shown in Fig. 4. 

In second order, it is necessary to consider in addition not only the 
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CELLO 
I I I I I 

0.15 - 

/ 

91, 

f3 

/ 

+ ot 
+A+’ 

0.10 - 
+++/+ 

/+ 

0 I I I I I 
0 0.05 0.10 0.15 0.20 0.25 

as 

Fig. 6 - CELLO Monte Carlo study of the three-jet fraction f3 versus 

as for different fragmentation conditions (90.25, Ac0.10): 

a Lund Model o 
q 

= 0.30 GeV/c V/(P+V) = 0.5 

x Lund program with FF fragmentation and gluon as a quark 

ag = af 
= 0.77 

o idem but a 
g 

= 1 

V Lund program FF fragmentation but gluon as in LM 

r Hoyer Model with o 
q 

= 0.30 GeV/c. 

diagrams of Fig. 7 for e+e- + qqg but also those in Fig. 8 for :... -..- _,.. ..-,.:.; .,_, _. 
. .: 

e+e- + qsgg and e+e- -c qqqq. This theoretical analysis was carried out 
__ __ -.-j:, 

.': . ~- 

by three groups: R. K. Ellis et al. "1, Fabricius et al. (FKSS)lgl, and 

Vermaseren et al.2". Although all three groups studied the same diagrams, 

and used the same renormalization scheme, their results were in 

apparent conflict. FKSS has found the us2 corrections to be of reason- 

ably small size. but the other two groups have concluded that the as2 

corrections are comparable to the as terms, making it necessary to 

Study as3 corrections (which is virtually hopeless because of the large 

number of diagrams involved). Fortunately, this discrepancy has been 

understood 211 as due to different definitions of thrust and hence the 

three-jet events. With this understanding, it is now possible to carry 

out second-order determination of as provided that the FKSS result, 

rather than those of the other two groups, is used. This has been 

accomplished by the TASS0 and JADE Collaborations. 

The method used by TASSO") is as follows. The FKSS formulas are 

built in the event generator, and independent Field-Feynman (FF) fragment- 

ation is used. The TASS0 data from p" production 22) areused to fix one 

of the Field-Feynman parameters on the ratio of pseudoscalar to vector 

mesons P/V. With this ratio fixed, the second-order os together with 

the other two Field-Feynman parameters are found by fitting simultaneous- 

ly.the experimental data. Four distributions are used, namely those in 

the average transverse momentum out of the event plane <p 2 
>, in 

Tout 
sphericity S. in planarity, and in the momentum fraction x = Ph/Ebeam 

for x > 0.3. In terms of the normalized eigenvalues Q,, Q, and Q, of 
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TASS0 

the momentum tensor 11) , the sphericity 5 = : (Ql + Q,) and the 

planarity = Q, - 9,. The resulting second-order as, as already given 

in Table 1. and the three Field-Feynman parameters are. 

as = 0.168 + 0.003 (stat.) + 0.03 (sys.) 

oq =(0.350 t 0.003 t 0.02) GeV/c 

aF = 0.70 z! 0.01 t 0.10 

and A q 0.42 from o" production, (see Sec. 6 below) 

where oq describes the transverse momentum distribution and aF the 

longitudinal momentum distribution for quark fragmentation. The 

systematic errors are valid only in the context of the Field-Feynman 

fragmentation model. 

If the same procedure is applied to determinate the first order 

as, the corresponding results are 

as = 0.194 f 0.005 (stat.) f 0.03 (sys.) 

oq =(0.358 + 0.003 ? 0.02) GeV/c 

aF 
= 0.70 f 0.02 + 0.10 

The comparison of the two fits with the TASS0 experimental data 

is shown in Figs. 9 - 12. It is seen that these event shape distributions 

are well fitted by either first order or second order in as. The result- 

ing values of as are of course not the same, the second-order result 

being 13% lower. It is important that the analysis is carried out with 

simultaneous fits. Obviously. if the second-order value for as were used 

in a first-order fit, or vice versa, the resulting fits would be very 

poor. In order to establish the need of second-order in as, the above 

parameters should be used for the purpose of comparing some other 

distribution, preferably one related to four-jet events. 

-1- 
I 

I 
I 

I 
I 

e+ em-- HADRONS 

E CM = 34.6 GeV 

I I I I I I 

0.2 0.4 

SPHERICITY = 3/2 (Q, t Q,) 

0.6 

Fig. 9 - Sphericity distribution from TASSO. The dashed line and the 

solid line are respectively the results of the simultaneous 

fits in first-order and second-order QCO with Field-Feynman 

fragmentation. 
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TASS0 

lo3 

6 
d - 
r 
5 
3 

lo2 

I I ’ I I 

e+ e-e HADRONS 

E ,-,, = 34.6 GeV 

I 

, 

10' I I 1 1 I I 

0 0.1 0.2 0.3 

PLANARITY = Cl2 - 0, 
Fig. 10 - Planarity distribution from TASSO. The dashed line and the 

solid line are respectively the results of the simultaneous 

fits in first-order and second-order QCO with Field-Feynman 

fragmentation. 

TASS0 
I I I I I I 

11 

103 

N 
v 
5 
s 

e+ e--, HADRONS 

E CM = 34.6 GeV 

O(a,) 

O(a$) 

\ \ \ 
lo' I I I I 

\t 1 ,\ 

0 0.1 0.2 0.3 

1 

(6 CUT > (GeVlc)* 

2 
Fig. 11 - TASS0 distribution in <PT out>, the average transverse 

momentum out of the event plane. The dashed line and the solid 

line are respectively the results of the simultaneous fits in 

first-order and second-order QCO with Field-Feynman fragmentation. 
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Table 2 - Measured values of R for total hadronic cross section at 

PEP and PETRA. 

Collaboration 

^A. 

Range of 
center-of-mass energy 

in GeV 
R ?r hRstat 2 ARsys 

TASSO'3' 14.0 - 36.7 4.01 ?: 0.03 t 0.20 

JAOEz4) 14.0 - 36.7 3.93 ? 0.03 + 0.09 
^ _.. 

MARK J”““) 12.0 - 36.7 3.84 2 0.05 + 0.22 
I 

MARK IIz5) 29.0 3.90 * 0.05 f 0.25 

MAC') 29.0 3.93 f. 0.04 + 0.12 

3.87 5 0.04 5 0.10 

Since the JADE 24) value is the most accurate one in the energy 

range of PEP and PETRA. it is described in this section. The various 

contributions to the systematic error of JADE are shown in Table 3. 

When added in quadrature, the total is 3%. In Fig. 15 (a) and (b). the 

measured distributions in the number of charged prongs and the momentum 

balance along the beam direction are compared with the Monte Carlo 

simulation. In Fig. I5 (c). the distribution of the vertex along the 

beam direction is given. In all three cases, the cuts used are also 

shown and are quite far in the tails of the distributions. 

t 

Table 3 - Contributions to the systematic error of the JADE precis 

measurement of R for total hadronic cross section. 

Systematic error (AR) 
E cm 22 - 36.7 GeY 

Background: NTT (2.4% f 1.4%) 

low E cm N.&O.5 2 0.5%) 

high EC, NW (0.7 f 0.5%) 

c f 1.6% 

Acceptance (85% w/o rad corr.) f 1.5% 

Luminosity (barrel Bhabhas) f 1.8% 

Radiative correction (a3) f 0.8% 

Y--c= 

Higher order radiative corr. No error for higher order 
corr. included 

Total r + 3.0% 

In order to remove the background from two-photon processes 

e+e- + e+e- hadrons 

with the e+ and the e- in the final state going near the beam directions 

and hence not detected, a cut is introduced in the total visible energy, 

where the total visible energy is the sum of energies carried by the 

charged tracks and the photons. As functions of the ratio of the total 

visible energy to the beam energy, the observed distributions, the Monte 

Carlo simulation, and the cuts used are all shown in Fig. 16. The peak 
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on the right is due to the hadronic events of interest, while that on 

the left is due to two-photon processes. Because of the good agreement 

between the experimental data and the Monte Carlo simulation, changing 

the position of the cut has relatively little effect on the value of R. 

For example, even with the rather extreme cuts at 1.0 and 1.6, as shown 

in Fig. 16, R changes by less than one per cent. 

JADE has an accurate measurement of the luminosity. This is 

accomplished not by the small-angle luminosity monitors, but by the 

observation of Bhabha events in the barrel shower counters. The data, 

the Monte Carlo, and the cut used are shown in Fig. 17. 

As functions of energy, the TASSO23) and JADEz4) results on R 

are shown in Fig. 18 and Fig. 19 respectively. 

One of the main motivations for the precise measurement of R for 

hadronic total cross section is that R as a function of the center-of- 

mass energy gives unambiguous determination, independent of fragment- 

ation, of the quark-gluon coupling constant as and the Weinberg angle 

ow for electroweak interaction. This extraction of these two fundamental 

constants from the data on R is carried out differently by the TASS0 

and JADE Collaborations. TASS0 performed a simultaneous fit to the 

data by varying as and E+,, and obtained23) 

as = 0.18 2 0.03 f 0.14 for s = 1000 GeV* 

and sin2GW = 0.40 r 0.16 f 0.02. 

The resulting R with these parameters are shown as the solid line in 

Fig. 18. On the other hand, JADE fitted each parameter separately with 

the other one held fixed. The results are 24) 

If sin2Gw = 0.228 is assumed, then as = 0.14 t 0.08 at s = 900 GeV2; 

if os = 0.18 is assumed at s = 900 GeV2, then sineBy = 0.25 f 0.05. 

In both cases, systematic errors are included. 

j 

I 

, 

I I 

Acollinearity Angle Distribution 
fi = 27.7 - 31.6 GeV JADE 
lc0s61 -2 0.82 

10 20 30 
Acollinearity Angle ( Deg) 

Fig. 17 - JADE luminosity measurement from Bhabha 

scattering. 
: 
: ._._ >... : 
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4. MEASUREMENT OF GLUON SPIN WITH HIGH STATISTICS - TASSO, MARK J 

Since QCD is a gauge theory, its gluon must have spin 1. Experiment- 

ally, the gluon spin being I was first verified by TASS0 27) in 1980, 

and similar conclusions have been reached also by PLUTO 28) and CELLO 29) . 

With the high statistics available now, TASS0 301 and MARK 5’) have 

recently repeated the measurement of the gluon spin. 

During my talk here last year, the method used by TASS0 was 

described in some detai13'1. Exactly the same method is used with the 

high statistics. Briefly, let 

xj = E./E J beam' 

where Ej is the energy of jet j, j = 1, 2, 3. With the three x's 

arranged in the order 

x3 < 3 < X,' 

the Ellis-Karliner angle is given by 32) 

TASS0 applied three-jet analysis to 16,000 hadronic events, and computed 

the X’S from the angles between the jet directions. 1600 events sur- 

vive after a cut of x, < 0.9, which implies a minimum angle of 70" 

between the jets. In Fig. 20, these events are plotted as a function 

of the Ellis-Karliner angle, and compared with the Monte Carlo pre- 

dictions under the two assumptions of spin 1 and spin 0. Spin 0 is 

clearly ruled out. 

Instead of (cos 51, the ratio x32/(x12 + x22l 9) was used by MARK J . 

Their result is shown in Fig. 21, and, for 9 degrees of freedom. the 

x2 is 10.5 for spin 1 and 98.1 for spin 0. 

0.2 

0.1 

TASS0 
I I I I I I I 

25GeVc W< 36GeV 
x, < 0.9 

I I I I I I I 

0 0.2 0.4 0.6 0.8 

34765 

Fig. 20 - Observed distribution of the TASS0 data in the region 

x, < 0.9 as a function of the Ellis Karliner angle 8. The 

solid line shows the QCO Monte Carlo prediction, dashed 

line the prediction for the scalar gluons (---for Monte 

Carlo scalar model; -*-. for scalar model of parton level). 

All curves are normalized to the number of observed events. 

:::.:.I’ .I:- 
: 
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U.0 
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0.0 0.1 0.2 (S/VI 0.3 0.U 0.5 

2 

s/v= 2 x3 
7 

xl + x2 

Fig. 21 - Observed distribution of the MARK J data as a function of the 

variable x32/(x12 + x22 ). The solid line shows the QCD Monte 

Carlo prediction, and the dotted line the prediction for 

scalar gluons. 

5. IS GLUON JET DIFFERENT FROM QUARK JET? - JADE, TASS0 

A. Average transverse momentum - JADE 
-..: _.: .-,:: _ ..:.:; 

I",.- ..:;. . . ..- 1 
7.'"., >:..:' : : : 

A year ago at this Topical Conference, I reported 31) the pre- 
:.:.-..I :.: : :: -:->,, -.:..z., 

,. 
liminary result from JADE showing differences between quark and gluon 

jets. Briefly, their result at that time was as follows. Take the 

three-jet events and arrange the jets according to energy as described 

in the preceding section. By Monte Carlo calculation using the Lund 

model14). it is found that for W = 33 GeV in 51% of the events jet 3 is 

the gluon jet; 22% jet 2 is the gluon jet; 12% jet 1 is the gluon jet; 

and 15% the event is actually a two-jet event without a gluon jet. The 

JADE experimental result is that, for the same visible energy, the 

average transverse momentum <pT> is larger for jet 3 than for jets 1 

and 2. The question was raised whether this effect was due to the use 

of the visible jet energy as the variable. 

JADE has now carried out this analysis 
24,33) 

using instead the 

jet energies calculated from the angles between the jets. Fig. 22 

shows, on the basis of model calculations at W = 33 GeV, the probability 

nj for jet j being closest to the gluon direction as a function of the 

jet energy. Note that 

W/3 6 E, < W/2 

and 

w/4 < E2 < w/2 

E3 &W/3 . 

.- 
.:.:;.i :_:: 
~.‘.>. :::.:. 

i- -;;::;.:::.‘.r; 
_ -_ :. 

Therefore, for any given W, the overlap between E, and E2 is from W/3 

to W/2, that between E2 and E3 from W/4 to W/3, but E, and E3 never 

overlap. 

On the basis of 2048 planar 3-jet events (out of 18424 hadronic 
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0.75 - 111111 JET #2 . 
‘l//j JET # 3 . 

Ej WI 

Fig. 22 - The probability nj for jet j being closest to the gluon 

direction as a function of the reconstructed jet energy 

Ej obtained from model calculations at a fixed c.m. energy 

of 33 GeV. The widths of the shaded areas indicate the 

statistical errors. 

events) at W between 29 and 36.4 GeV and 307 planar 3-jet events (out 

of 1945 hadronic events) at W = 22 GeV, the JADE result for the average 

transverse momenta of a jet is shown in Fig. 23(a). The g = q model 

calculation using Hoyer et a1.13) shown in Fig. 23(b) does not indicate 

any larger transverse momentum for jet 3, indicating that there is no 

significant bias in the selection of events. The experimentally ob- 

served larger transverse momentum for jet 3 can be reproduced by in- 

creasing the oq for the gluon from 330 RV/c to 500 MeV/c (independent 

of energy), or by using the Lund model 14) . In this Fig. 23, the 

overlaps of the energy ranges for the three jets are much more than 

those kinematically allowed for any given W, as discussed in the pre- 

ceding paragraph and Fig. 22. The reason is of course that the value 

of W range from 22 GeV to 36.4 GeV. In particular, tihe five data 

points indicated by arrows in Fig. 23(a) are from W = 22 GeV. According- 

ly, as emphasized by the JADE Collaboration, the comparison is made 

between jet 3 at W = 29 to 36.4 GeV and jet 2 at W = 22 GeV. For this 

comparison, jet 3 has significantly larger average transverse momentum 

than jet 2 for the same jet energy. 

In this comparison, it is assumed that, at the relatively low 

energy of W = 22 GeV, three-jet analysis is capable of identifying 

correctly the hadrons in the three jets. Note that a higher percentage 

of hadronic events at W = 22 GeV (307/1945 = 16%) is classified as 

three-jet events than at W = 29 - 36.4 GeV (2048/18424 = 11%). To 

.24,34) 
avoid this assumption, JADE has carried out an alternative analysis 

comparing jet 3 at the higher W with the quark jets from the two-jet 

events at W = 14 GeV. For the purpose of this comparison, the trans- 

. . .:, ..’ 
-‘c.-. ::;. 

: ? 
-. 
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I JET113 

0.0 : ! : ! : : : ! : I : : : f : 

+P : bl g=q Model 
(GeV/c) 

Fig. 23 - 
E j (GeVI 

Average pT distribution from JADE for the highest energy jets(E,), 

medium energy jets (E2), and lowest energy jets (E3) as a function 

of the jet energy Ej calculated from the angles between the threejets. 

The center-of-mass energy is between 22 and 36.7 GeV. Fig. 20(a) 

is from the experimental data, where the arrows indicate the data 

points at W = 22 GeV. Fig. 20(b) is the prediction of the q = g 

Monte Carlo model. 

verse momentum is calculated using only particles produced within 50" 

of the reconstructed jet axes, as shown in Fig. 24. The result of this 

comparison is shown in Fig. 25, both for the result of the Monte Carlo 

of Hoyer, Osland, Walsh, and &t-was 13) , and for the JADE experimental 

data. The conclusion is again that the gluon jet is broader than the 

quark jet. 

B. A, x yield - TASS0 (Preliminary) 

A natural question to ask is: are there more or less baryons in 

gluon jets compared with quark jets of the same energy? To investigate 

this problem, TASS0 has studied the yield of A and x in the jets with jet 

energy around 7 GeV from three-jet events at W = 34 GeV, and compared 

the result with the corresponding yield from two-jet events at W = 14 GeV 35) . 

The three-jet analysis of Wu and Zobernig 36) was applied to the 20,014 

hadronic events at W around 34 GeV, and 1402 events survived as three- 

jet candidates after the following cuts: 

(a) x, < 0.9, where x , is defined in Sec. 4; 

(b) for each of the three jets as determined by the three-jet 

analysis, the sum of the absolute values of the momenta of the charged 

particles is required to be larger than 1.5 GeV/c; and 

(c) the angle between the normal to the events plane and the beam 

axis is required to be less than 70'. 

The TASS0 results on the yields of A and 1, after correction for 

acceptance, are tabulated in Table 4 for W = 14 GeV, 22 GeV. and around 

34 GeV (separately for all events and for the three-jet candidates). 

Note that at 34 GeV the yield is significantly higher for the three- 

jet candidates than for all events: 

..- 
.;:I 

,.,I,. :: _.‘- 

I :. .:.; :,.:. 
:. 
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JET 

(a) 

(b) 

Fig. 24 - Kinematics for the JADE comparison of the pT-distribution of 

(a) jet 3 (mostly gluon jet) at the center-of-mass energy of 

33 GeV and of (b) two-jet events at 14 GeV. The pT is calculat- 

ed on the basis of the particles within a 50" cone of the jet 

axis. 

JADE 
I I I I 1 I I I I 

Monte Carlo 

jet e3 at 33 GeV 

(g-jets) 

P, (GeVlc) 

Fig. 25 - JADE comparison of the pT-distribution of jet 3 (mostly gluon 

jet) at the center-of-mass energy of 33 GeV (upper straight 

lines) and of two-jet events at 14 GeV (lower straight lines). 

The upper figure is from the Monte Carlo of Hoyer et al., and 

the lower one from the experimental data. 

-577- 



A, A yield for three-jet candidates = 2 o ~ o 5 

A, A yield for all events 
- .* 

while the ratio of charged multiplicity is close to 1 

charged multiplicity for three-jet candidates 13 5 z-.2-* 
charged multiplicity for all events 11.8 

I I 
I Table 4 - A, 1 yield from TASS0 data (preliminary). 

I 

corrected 
W(GeV) type of events A. 7\ yield per event 

34 all events 0.30 -t 0.04 

34 3-jet events 0.59 2 0.12 

22 all events 0.22 f 0.04 

14 all events 0.13 ?: 0.04 

The jets from the three-jet candidates from W = 34 GeV are 

separated into three bins according to the jet energy:4-9 GeV. 9-13 GeV, 

and >13 GeV. The A. 7i yields per jet for these three bins are shown 

in Fig. 26 together with those for all events at W = 14. 22. and 34 GeV 

0.025 

a; 
i” 0.02 

g 

‘2 0.015 

P 
$ 0.01 
8 

0.005 

(PRELIMINARY) TASS0 
I I I I I I I I 

4 data from 3-jet analysis at W=34 GeV 
(for 3-jet events XI < 0.9) 

t data from 2 -jet analysis at W = 12,22,34 Ge\ 

+-I- I 
t 

W=l4 GeV 

l-d-- i W=22GeV 1 
W=34 GC 

-.:._,., .: 

:. .: 
:,~.,.:.: -:: ;.-. 

f 

..; :, _I- . . 
. . . .,,_.____ _... -: 

,.- ..:.‘. :/ : 

4 6 8 10 12 14 16 18 

E jet (reconstructed) GeV 

Fig. 26 - Observed A, A yields per jet from the three-jet candidates 

at W = 34 GeV, compared with those at W = 14, 22, and 34 

GeV analyzed as two-jet events - TASSO. 
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analyzed as two-jet events. It is seen that the yield for the low 

energy jet, between 4 and 9 GeV, is higher than that for the 7 GeV jet 

from the two&jet events at W = 14 GeV. Since these low-energy jets at 

W = 34 GeV have about 50% gluon content, the results of 

FIG. 26 make it plausible that the yield of A and 1 is higher for 

gluon jet than for quark jet. 

Related evidence has been obtained by the CLEO Collaboration at 

CESR3'). They have found 0.25 + 0.03 A, ;i per event at the resonance 

T(lS) but only 0.06 ? 0.01 at the nearby continuum. Since T (1s) decays 

predominantly into three gluons, this result is also interpreted to 

mean that there are more baryons in a gluon jet than in a quark jet. 

6. PARTICLE IDENTIFICATION IN JETS 

The knowledge of particle composition of the final state in e+e- 

annihilation is important for understanding of the fragmentation of 

quarks and gluons into hadrons. The following types of particles have 

been identified in jets and their inclusive cross sections measured: 

+- ll : TASSO, DELCO 

ll" : TASSO, CELLO 

K" : TASS0 

K, : TASSO, PLUTO, JADE, MARK II 

PI P : TASSO, JADE, MARK II 

A I: JADE, TASSO, MARK II 

PO : TASS0 

D* : MARK II, DELCO, TASSD 
(and CLEO at CESR) 

At PETRA and PEP, TASSO, DELCO and HRS are the only detectors 

equipped with Cerenkov counters. The momentum ranges where charged 

particle separation has been achieved at TASS0 38) are listed in Table 5. 

Recently, the separation of charged particles by dE/dx measurements 

has been accomplished at TPC3') of PEP, and is shown in Fig. 27. In 

this section, we concentrate mostly on the recent results on inclusive 

particle spectra from TASSO. 

Table 5 - Momentum ranges for nf/K'/p,p separation for the various 

systems in the TASS0 detector. 

I 
Momentum range in GeV/c for 

n'/K' separation K'/p,p separation 

Inner time-of-flight system 0.3 - 1.0 0.4 - 1.4 

Hadron arm time-of- flight system 0.5 - 1.5 1.0 - 2.0 

Cerenkov counter 
system I 

above 0.8 
I 

3 - 6 and above 10 

Combined above 0.3 0.4 - 2.0, 3 - 6, 
and above 10 

.: :-, I.: 

: :_ . . -,,-.-. 
r : ,-: ._. 

: 
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26) In Fig. 28 the differential cross sections do/dp are given 

for TI', K', p, p. A, and !. The curves are drawn merely to guide the 

eye. As seen from this figure, the TI' yield dominates for momenta below 

about 1 GeV/c. For example, the ratios 51' : K' : p, p is approximate- 

ly 100 : 10 : 1 at 0.5 GeV/c, but decrease to about 4 : 2 : 1 at 

6 GeV/c. Because of phase space, all differential cross section da/dp 

must approach zero as p IO, and hence must have maxima before dropping 

- 
(Sl!Ull AJDJl!qJv) 

ssol /(61a..q 

off. Furthermore, since the theoretically expected top quark has not 

yet been discovered experimentally, the total hadronic cross section 

is approximately proportional to 5 
-1 

from above the upsilon region to 

the highest PETRA energy. It is therefore useful to remove most of the 

phase-space effect and the energy dependence by considering the scaled 

cross sections 

s do -- 
t? dx ' 

where 8 = p/E is the velocity of the particle, and x = E/Ebeam. The 

scaled inclusive cross sections for (n' + n-), (K+ + K-), (p + p). 

and (A + i), as determined by TASSO. are shown in Fig. 29. Note that 

the cross section for (K' + K-), for example, is defined to be the sum 

of the cross section for K' and the cross section for K-, not the ,,. I.-: 
:_ ..- 

cross section for the production of both a K+ and a K- in the same -:. .'__._ .: 
:-: : 

event. It is seen from Fig. 29 that the scaled cross sections for the 

various particles are rather similar in shape as functions of x. 
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W :34GeV 

I I I111111 

0.1 0.2 cl3 0.4 0.5 .l 2 3 I.5 10 20 

p lGeV/c) 34081 

Fig. 28 - The differential cross sections for the inclusive production 

of (n' + n-), (K+ + K-), (p + 5). and (A + I?) from TASS0 at 

W = 34 GeV. The dashed curves are of the form 

E/p2 do/dp % exp (-bE) and the solid curves are drawn to 

guide the eye. 
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Fig. 29 - The TASS0 scaled cross sections at 34 GeV for the in- 

clusive production of (a+ + n-), (K+ + K-). (p + p), 

and (A + E). 
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The corresponding inclusive cross section for p" was recently 

obtained**) at high energies and the result is shown in Fig. 30(a) for 

center-of-mass energy 34 GeY. Comparison with Field-Feynman Monte Carlo 

leads to the following value for the fraction of producing pseudo- 

scalar mesons: 

&, = 0.42 + 0.08 + 0.15. 

This value has already been used in connection with the oS determination 

in second order discussed in Sec. 2D. 

The average number of hadrons per event <ni> is calculated 

according to 
P 

I 

IllaX 

'9' = 
0 

($ Ii dp 
, (7) 

utot 

where u tot is the total hadronic cross section. The extrapolation of 

(do/dp)i to zero momentum, as well as the interpolation over the 

momentum intervals for which particles were not identified, was done 

by parametrizing the invariant cross sections in the form 

(Ei/4n p:, (da/dp)i = I: Aim exp (-Bim Ei) (‘3) 
m 

The average particle multiplicities for hadronic events at 34 GeV 

are tabulated in Table 6. The majority of the n'. K', . . . presumably 

result from the decay of heavier mass particles. Thus about 35% of the 

protons and anti-protons come from the decays of A and ri. In the case 

of PO. integration over the measure range of 0.1 < x < 0.7 gives 

0.41 + 0.04 f 0.08 p" per event, and extrapolation to all x yields 

the value given in Table 6. 

, , , , 8 , 

‘. 
. 

+ n*. n- 
I W*3‘G.” 

-- 4 
lo * 

* 

** 
* 

1 + 

01 
~~; 

+ * 

cm ’ ’ ’ ’ ’ ’ 1 . 
0 02 03 0‘ 0s 06 07 

Fig.30 TASSD data on the inclusive p" nroduction. (a) The scaled 
cross section at the center-of-mass energy W = 34 GeV. AlsO 
shown is the cross section for rt + 'II- production at this 
energy. The smoothcurve is the Field-Feynman tlonte Carlo _ 
prediction for po production assuming P/(p + V) = 0.42. 
(b) R for ete- h po + hadrons as a function of W (errors 
shownpgre statistical only). The curve shows a fit to the 
TASS0 charged particle multiplicity in e+e- + hadrons 
normalized to RpO. 
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Since p" + TT+ + n-, there are 0.73 nt and 0.73 r- per event from p" 

decay alone. If the productions of pi , PO, and o- are assumed to be 

equal. then the decay of P gives 1.46 nf, 1.46 no, and 1.46 II- per 

event. In other words. approximately 30% of the ~1's come from p decay. 

Table 6 - The average number of various particles contained in a 

hadronic event at 34 GeV. The number of 1~' contains those 

from the decay of PO, and that for p + i contain those fron 

the decay of A + ii. The data are from TASSO. 

Particle 

2 

110 

K+ 

K" + R" 

PO 

p+i; 

n+ii 

<ni> 

10.3 f. 0.438) 

6.1 + 2.04') 

2.0 t 0.238) 

1.6 f 0.14') 

0.73 t 0.0622) 

0.8 ? 0.138) 

0.28 + 0.0435) 

The average particle multiplicities are compared with lower- 

energy data for p" in Fig. 30(b)22), and for n', K', and p,i; in Fig. 

3P). In all cases, the increase is roughly proportional to that of 

the total multiplicity. 

Another way to present the data is to show the particle fractions 

as functions of the hadron momentum. The recent TASS0 data 
38) are 

shown in Fig. 32. For low momenta, most of the particles are pions, as 

already discussed. At W = 34 GeV, the ratios 71' : K' : p,p are 

0.55 : 0.30 : 0.15'at 5 GeV/c, and are 0.45 : 0.30 : 0.25 above 10 

GeV/c. The DELC042) and TPC43) data, shown in Figs. 33 and 34 are 

consistent with those of TASSO. 

7. SEARCH FOR CHARGED HIGGS AND TECHNIPIONS FROM 4-JET EVENTS - TASS0 

In current theories of weak interactions, spin-zero particles are 

needed in order to generate masses for the intermediate vector bosons 

W and Z". 4) In the original Higgs mechanism used in the Weinberg-Salam 

theory'), the spin-zero particle is elementary and has no charged 

44) partner. If there are charged partners, these charged Higgs can be 

pair produced in e'e- annihilation and, similar to the neutral Higgs, 

decay predominantly into the heaviest quarks and leptons that are 

kinematically allowed. If. in contrast to the standard model, these 

spin-zero particles arise from dynamical symmetry breaking, then they 

are composite. While the concept of dynamical sytmsetry breaking is 

.’ 
‘.-. 

.: ‘..-: . ..., -, 

_. ‘:: 
,:‘:. -; 

: ; :. )- 
. 

..: .‘. 
>:.~ .:.:.:c. 
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very attractive, specific additional assumptions are needed before 

concrete theoretical predictions can be obtained. At the present time, 

the most popular theory of this type is based on technicolor 45) and 

predicts the existence of spin-zero bosons of relatively low masses, 

called technipions. The mass of the charged technipions has been pre- 

dicted to be in the range of 5 to 14 GeV 46) . Because of this low mass, 

this technicolor scheme, if correct, makes it possible to take a first 

look at the "mass problem" discussed in the Introduction. The decays 

into the heaviest kinematically allowed quarks and leptons are favored. 

The ratio of the leptonic and hadronic decay rates can be substantial 

or very small depending on the specific assumptions use (P'). If the 

leptonic decay mode is substantial, then the search for such spin-zero 

particles can be accomplished by studying the processes 

e+e- * H'H- + (T V) (hadrons) and (T- c) (T+ v), (9) 

where the symbol H' is used for both charged Higgs and technipions. 

In order to avoid any assumption about the size of the leptonic branch- 

ing ratio, it is necessary to study also 

e+e- + H+H- + hadrons. (10) 

This process is shown schematically in Fig. 35, with the Ii' decaying 

into cs and as before fragmentation into hadrons. giving rise to four 

jets. 

The leptonic and semi-leptonic processes (9) have been studied 

by JADE4g), CEl.L04g1, MARK J5'),kiARK 115') and HAC'). The conclusion is 

that, with 95% confidence level, the hadronic branching ratio must be 

at least 80%. 

e”e---- H+H- 

L L iZS 

C5 

Fig. 35 - Schematic picture for the production and hadronic decay of 

H', leading to a four-jet final state. 
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With this knowledge, TASS0 52) undertook to study the process 

(10). The search for this process is not entirely straightforward since 

it has a smdll production cross section 53) , 

g = $ B3 sin20H 

and 

RH+H- 
= a(e+e- + H+H-) I 1 

;I6 
3 

de+?- -+ p+p-) 
(11) 

where 8 is the velocity of H' in the c.m. system and OH is the 

production angle with respect to the beam axis. 

The final state from the process (10) consists of four hadronic 

jets, as shown in Fig. 35. Therefore the fast four-jet analysis 54) , 

involving the repeated application of the three-jet analysis 36) based 

on generalized sphericity, can be used. However, the jet masses cannot 

be neglected in this case because they may be comparable to the masses 

of H'. This generalization of including the non-zero jet masses in the 

four-jet analysis is straightforward, if the true jet velocity is 

approximated by the observed jet velocity 52) . 

The four-jet analysis is applied to both the experimental data 

and the Monte Carlo event simulation. Two decay processes were studied: 

Case (A) e+e- + H+H- L-+ES 
L f 

i.e. H" decay exclusively into c 5 quarks; 

Case (B) e+e- + H+H- 

L Lzsor,b 

c i or c 6 

with H' decaying equally into c 3 and c 6. 

The data were subjected to a number of cuts in order to maximize 

the signal of e+e- + H+H- over the background contribution from QCO 

processes. First,good four-jet candidates are selected by applying 

cuts in the total visible energy of the event, the minimum observed 

jet energy, the minimum reconstructed jet energy, and the opening 

angle between the jets from the same H' decay. After these cuts, each 

event is described in terms of the three variables AE = E, + E2 - Ebeam. 

m av = T m,2 + mJ4), and eav = 4 (0,2 + 034 ' ( ), where the various variables 

are shown in Fig. 36. Fig. 37 shows the two-dimensional plots in pairs 

of these three variables for Monte Carlo event with mH = 10 GeV. It is 

seen that, roughly speaking, the events fill an ellipsoid whose size 

and orientation depends on mW. 

By a linear transformation on the three variables, the tilted 

elli'psoid is transformed into a sphere. The distributions of the ex- 

perimental data and the Monte Carlo simulation are shown in Fig. 38 

versus (R/R,,,)~, where R is the radius of the sphere and Rrms is the 

rms average of R over the Monte Carlo events for e'e- + H+H-. It is 

seen that the two distributions are very different. In Fig. 39, the 

Monte Carlo distributions, one for e+e- + H+H- and the other for the 

QCO background, are compared with each other, and are found also to 

be quite different. The cut 

R < Rrms 

is therefore introduced to suppress the QCD background. 

The analysis is repeated in steps of 100 MeV for m,, between 5 GeV 

and 14.5 GeV. With the cuts described above, the experimental data 

are compared with the Monte Carlo expectation in Fig.40. The surviving 

‘. 
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INVARIANT 
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Fig. 36 - Some of the kinematic variables for a four-jet event from 

the pair production of H'. The jets 1 and 2 are from the 

decay of one H, and jets 3 and 4 are from the other H. 

Monte Carlo Events 
e+ e-- l-l* H- 

I 
L--ES 

C3 

mH q lOGeV 

-1. -3. -2. -1. 0 1. 2. 3. 4 
AE(GeV) 

b 
a 

.L. -3. -2. -1. 0 1. 2. 3. I. 
AE(GeV) 

Fig. 37 

Two-dimensional Mnte Carlo event distributions of pairs of the three 

variables:the average reconstructed mass may, the average reconstructed 

opening angle eav, and the difference AE between the beam energy and the 

. 

sum of the reconstructed energies of jet 1 and jet 2. 
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events above 13 GeV are consistent with QCD expectation. Note that 

Fig. 40 is really a compilation of many similar but independent 

analyses, each corresponding to a different value of mh. In particular, 

the surviving event in the range of mh between 6.3 GeV and 6.9 GeV is 

the same event. Finally, the region of hadronic branching ratio ex- 

cluded by this TASS0 result is shown in Fig. 41. Combined with the 

previous JADE result 46) , at the 95% confidence level there is no point- 

like spin-zero charged particle in the mass range of 5 to 13 GeV. In 

particular, if the theoretical mass prediction does not change, the 

standard technicolor scheme is essentially ruled out. 
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Fig. 

TASS0 

threshold rc~ton m,fGcV) 

50 v. 

7 
LO% m* 

5 
30% I 

F 
.a 

20% g 
1 

10% j 

ii 
0 v. 

threshold region m,lGeVl 

(a): Limits 'on the hadronic branching ratio (Rhad) as a 
function of H* mass from this experiment 

for case (A) e+e- + H+H- with Ht +ci, H-+.?s and 

for case (6) e+e- + H+H- with (H -t cs): (H + cb) = I 

The shaded area is excluded at the 95% confidence 
level. 

The vertical scale on the right hand side of the 
figure indicates the corresponding leptonic branching 
ratio (BTY) if the sum of Bhad + B,, = 1. 

(b): Limits on the leptonic branching ratio from JADE 
for H+ -f T+V, H- + r-71 or Ht * T+U, H- + hadrons 
superimposed on Fig. 41(a). 
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c, b, AND T LIFETIME MEASUREMENTS 

IN e+e- INTERACTIONS 

John A. Jaros 

Stanford Linear Accelerator Center 

INTRODUCTION 

Measurements of the lifetimes of weakly decaying particles let 

us infer the strength of the interaction responsible for their decay. 

Two features of these interactions have emerged from studies of the 

lighter quarks and leptons. First, the interactions have universal 

strength; and second, the weak interaction mixes the physical quark 

states. By measuring the lifetimes of the charmed particles, the 

tau lepton, and hadrons containing the bottom quark, we are testing 

universality in a new domain and investigating new examples of 

mixing. 

e+e- annihilations are a suitable laboratory for these studies. 

The heavy flavors are produced in sufficient numbers for lifetime 

determinations and are relatively easy to identify against the light 

flavor background. At PEP/PETRA energies,lifetimes in the 10 -13 to 

lo-l* s range result in average decay lengths between 100 and 1000 p. 

The techniques which have been successful at measuring decay lengths 

in this range, notably high resolution bubble chambers and nuclear 

emulsion, are not easily adaptable to the e+e- storage ring environ- 

ment , with its megahertz repetition rates, occasional beam loss, 

and no-trespassing zone imposed by the beam pipe. However during the 

past two years, several of the PEP and PETRA experiments have begun 

:.. ;. _ . . . 
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to probe sub-millimeter decay lengths with drift chamber techniques, 

and just one year ago the Mark II collaboration at PEP installed a 

high precision drift chamber especially tailored for lifetime 

studies. 

These electronic measurements at e+e- storage rings differ 

markedly from the optical techniques which have provided most of 

our present knowledge of charmed particle lifetimes. In the first 

place, they generally have much lower resolution. The optical 

experiments generally reconstruct the decay vertex position with an 

uncertainty which is small compared to the average decay length being 

measured, so the decay length error is purely statistical, Ah = Xl&. 

In most of the e+e- experiments reported so far, the decay vertex 

resolution (a) is five to ten times larger than the expected lifetime. 

What is measured, instead of an exponential decay distribution, is 

the shift of the mean of an essentially Gaussian distribution to 

positive decay lengths. Of course, the statistical power of the 

method is diluted by the large errors, AX = o/&where o>>X. The 

second difference between the techniques comes from their very dis- 

tinct systematic errors. The optical techniques have been used in 

high background environments where events must have finite decay 

lengths to be recognized as charm candidates and the efficiency for 

detecting decay vertices varies with decay length. In the e+e- 

experiments, it has been possible (and necessary!) to select events 

without reference to decay lengths. However, systematic biases may 

be introduced when the vertex resolution is much larger than the 

average decay length. 

This paper will focus on measurements of the T and Do lifetimes 

made with the Mark II vertex detector. This device, which is de- 

scribed below,has achieved a decay vertex resolution comparable to, 

instead of five to ten times greater than, the decay lengths being 

measured. Consequently, its statistical precision is only - Jz worse 

than the statistical limit,and the systematic errors are considerably 

reduced. The paper concludes with a description of lepton impact 

parameter measurements made by the JADE and MAC experiments which 

have been used to set upper limits to the B lifetime. 

MARK II VERTEX DETECTOR 

The Mark II vertex detector', Fig. 1, has been designed to 

optimize vertex resolution in the e+e- environment. It is a 

relatively short cylindrical drift chamber, 1.2 m long, with seven 

axial layers of drift cells. Four are about 11 cm from the beam line, 

and three at about 30 cm. It has 825 drift cells in all; the 

drift cell radius throughout the array is 0.53 cm. To keep multiple 

scattering to a minimum the chamber has been built directly outside 

a beryllium beam pipe 0.6% of a radiation length thick. The beam 

pipe serves as the inner gas seal for the chamber. The average 

resolution per layer in hadronic events is about 100 u. When tracks 

are extrapolated to the vicinity of the interaction point, their 

accuracy is given by 

lJ(!J) = 

where the first term is the extrapolation error, and the second term 

..: . ., 
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Cylindrical 
/Aluminum Shell 

Fig. 1 Cross-section of the vertex detector as installed 
in the Mark II detector. 

is due to multiple coulomb scattering in the beam pipe and chamber. 

Figure 2 shows the measured distance between the two tracks in Bhabha 

events after extrapolation to the origin, and it demonstrates that 

ut : 100 p. The chamber was installed at PEP during September, 1981 

and began taking data in December, 1981. During the 1981-82 running 

-1 
period at PEP, an integrated luminosity of 21 pb was accumulated 

at 29 GeV center-of-mass energy. Most of this data sample was used 

for the T lifetime and Do lifetime analyses presented below. 

T LIFETIME 

1. Mot ivat ion. The 'I lifetime provides a sensitive check of the 

standard model of weak interactions. The key assumption is that tau 

decay proceeds in direct analogy with muon decay; i.e.,that the 

charged weak current mediating the decay has the universal Fermi 

strength and V-A structure, and that the tau netltrino is massless. 

With these assumptions, the tau lifetime can be related to the muon 

lifetime with two factors, one which accounts for the greatly in- 

creased phase space in the decay, and the other for additional decay 

channels: 

5 
T =T . 4 

0 
B (T -, ev;t 

T P mT . 

Experimentally' B(T -f aI;) = 17.6 * l.l%, so TT = 2.8 + 0.2 x 10 
-13 

s, 

where the error reflects the uncertainty in the electronic branching 

ratio. 

How might this prediction fail? The most fundamental failure 

would be that the tau coupling strength is not universal. This 

.: .-. -.._ 
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Fig. 2 Distance between tracks in Bhabha events, measured 
at the interaction point. 

occurs, for example, 3 
in a model of Li and Ma in which each lepton 

generation is associated with a unique gauge group -- hence unique 

weak bosons and couplings. The model predicts an increased T life- 

time, a proliferation of gauge bosons, and observable B"-go mixing. 

Mixing among the quark generations in hadron decays leads to the 

apparent violation of universality, and of course mixing among the 

lepton generations would have the same effect. For example, if the 

tau neutrino mixed with a fourth generation neutral lepton whose 

mass was greater than the tau mass, the decay rate would be sup- 

pressed4. More trivially the tau lifetime would be extended if the 

tau neutrino were massive enough to limit significantly the phase 

space of the decay. There are other mechanisms that would alter 

the lifetime prediction. A charged Higgs with rather artificial 

couplings could increase the decay rate slightly5. If the tau 

were spin 312, its decay rate need not be canonica16. In contrast 

to predictions for the hadron lifetimes, where strong-interaction 

effects, quark mass uncertainties, and quark mixing complicate the 

situation, the T lifetime prediction depends on only a few, funda- 

mental assumptions about the weak interactions. If it is wrong, 

some interesting new physics is indicated. 

2. Method. Tau leptons are pair-produced in e+e- annihilations, 

so each tau has the known beam energy. Thus we can measure the 

lifetime by determining the average decay length of the taus. At 

PEP energies, Ecm = 29 GeV, it is expected to be about 700 il. 
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The decay length can be measured when the tau decays in the three- 

charged-prong topology. It is simply the distance between the pro- 

duction point, i.e.,the beam position, and the position of the decay 

vertex. This same technique has been exploited by several PEP and 

7-10 PETFCA experiments . 

3. Event Selection --. Tau production at PEP/PETRA energies is dis- 

tinctive: low multiplicity, low mass, back-to-back jets are 

produced, which are easily distinguished from higher multiplicity 

hadron production. We select events in which at least one of the 

taus has decayed in the three-charged prong topology and the total 

charge of the prongs is zero. We require the three particle 

invariant mass to be in the range 0.7 < m 
3n < 1.5 GeVfc', and, to 

reject tau pairs produced by two-photon process, we further demand 

that the total energy in the event be at least one fourth the 

center-of-mass energy and the three-pion energy exceed 3 GeV. 

All three tracks must be well-measured in both the main drift 

chamber and the vertex detector. Figure 3a shows such an event in 

the Mark II detector. Figure 3b gives an enlarged view of the 

vertex detector for this event, and Fig. 3c shows a much enlarged 

view of the decay vertex in the vicinity of the interaction point. 

4. Decay Length. The decay length is determined once we have 

measured the beam position, the decay vertex position, and the tau 

direction. 

The rms beam size at PEP is 500 p horizontally and about 50 11 

vertically. The average beam position is remarkably stable from 

Fig. 3 (a) e+e- 
+- 

-+TT as seen in the Mask II detector 
at PEP: 

(c) extreme closeup of the same event showing 
particle trajectories extrapolated to the 
vicinity of the interaction point. 
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one fill to the next. Over the course of the entire experiment the 

horizontal beam position varied less than 2 mm and the -vertical beam 

position, 0.5 mm. We measured it by finding the average intersection 

point for an ensemble of well-measured tracks. As a cross check, we 

have compared this determination of the beam position to the vertex 

position measured in hadronic events. Figure 4 shows that these 

methods agree. The width of the Ax distribution is consistent with 

the knowo beam size, and the width of the by distribution is consis- 

tent with our vertex resolution. This demonstrates that the beams 

are stable. 

The decay vertex position and its error ellipse are determined 

from the three pion trajectories and their associated errors with a 

chi-square minimization procedure. We exclude events with a vertex 

chi-squared per degree of freedom greater than 6. The best estimate 

for the projected decay length is then given in terms of the decay 

vertex position relative to the beam position (xv,yv), the sum of 

the beam and vertex error matrices (o .), 
iJ 

and the ? direction 

cosines (t x,ty) by the following expression: 

a. 
tx+y,o,t - 0 ="t - Yvtx 

= =v"yy 1 * 
P 

OYY = 
t2+o&-20 t t 

XY =Y 

The tau direction is accurately approximated by the direction of 

the 3n system. Then the decay length is 

m 
g 20 - 
W 

z 

IO - 

n I 

-01.5 

I I I f-9 I I 0 

-1.0 0 1.0 -1.5 -1.0 0 1.0 1.5 

40 

20 

7-82 Ax (mm) AY (mm) 4343A6 

60 

Fig. 4 Horizontal and vertical hadronic vertex positions 
relative to the beam position. Only those runs 
with tau decays are shown. _ 

. . ,_- ._. 
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where pSn is the total mmentum of the three pion system. 

Figure 5 shows the calculated error in the decay length, which 

depends on the opening angles and orientation of the decay, the 

tracking errors, and the beam size. In contrast to previous experi- 

ments, the average uncertainty in the decay length is comparable to, 

not five to ten times greater than, the expected decay length. 

Consequently, the statistical power of the experiment is improved by 

roughly this same factor, and the measurement bias is significantly 

reduced. 

The measured decay lengths are shown in Fig. 6, where we have 

included only those events with decay length errors less than 1.5 mm. 

The mean of the distribution is obviously positive and its shape is 

asymmetric. We fit the distribution with a maximum likelihood 

technique which takes the decay length error into account event-by- 

event. The fitting function is the convolution of the Gaussian 

decay length error with an exponential decay distribution. We find 

that the average decay length is 710 2 120 IA. 

5. Checks and Corrections. -- We have checked our tracking, ver- 

texing, and fitting programs with simulated data generated by 

Monte Carlo techniques. Roughly 1000 decays were generated for 

each of three lifetimes, r and 

T 

= 0, TT = 2.8 x lo-l3 s, 

T = 5.6 x 10-13 
T s; they were then analyzed with the same programs 

used for actual data analysis. The simulated data are shown in 

Fig. 7. The zero-lifetime distribution is quite symmetric and 

centered near zero decay length. The nominal lifetime distribution 

7-82 
4343A5 

I 

! 
2 3 

DECAY LENGTH ERROR b-m-n) 

Fig. 5 Calculated error in the decay length. 
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nearly fits the data and is clearly shifted to positive decay 

lengths. The two-times nominal lifetime distribution shows an 

unmistakable exponential tail. Table I summarizes the average decay 

lengths generated for each of the three lifetimes, and the decay 

length determined by fitting the simulated data. This checks that 

our analysis procedure is reliable to the 50 p level of accuracy. 

Table I 
Monte Carlo Simulation 

Lifetime 
(10-13 s) 

Average Decay Length Average Decay Length 
Generated (u) Fit (u) 

0 0 45 i- 25 

2.8 644 605 + 35 

5.6 1338 1240 + 50 

We performed an additional check by analyzing pseudo-tau 

decays in hadronic events. Three-particle combinations were chosen 

in hadronic events to mimic the properties of the three-pi** tau 

decays as accurately as possible. The average "decay length" for 

these combinations was 250 + 40 u; our hadron Monte Carlo events 

gave a decay length of 275 + 50 v. The presence of charm decays 

explains the finite decay length, and the Monte Carlo correctly 

simulates the data. 

We studied systematic effects by re-analyzing the data with 

different assumptions about the beam position, beam width, reso- 

lution, and fitting function. The observed variations lead us to 

using a Monte Carlo calculation, we estimate that 10% of 

our tau candidates are hadrons. This leads to a f 50 !J correction 

in the average decay length. Initial state radiation lowers the 

average tau energy from its nominal 14.5 GeV to 13.8 GeV. 

6. Results and Conclusions. After correcting for hadron contami- -- 

nation and initial state radiation, we find ~~ = 3.31 ? 0.57 + 

0.60 x lo-l3 s, where the first error is the statistical error and 

the second is the systematic. Our measurement is compared to the 

other measurements which have appeared in the literature or were pra- 

sented to the XXI International Conference of High Energy Physics, 

Paris, France in Table II. The number of decays studied and the 

average decay length error are also shown for comparison. 

Table II 

Average Decay 
Experiment Number of Length Error TT (lo-13 s) 

Decays (rmn) 

TASS07 533 10 0.8A2.2 

MARK 118 126 4 4.6+ 1.9 

MAC9 280 4 4.1t1.2i 1.1 

CELLO" 78 6 4.72 2.; 

MARK II 
Vertex Detector 71 0.9 3.31+ .57c .60 

All of the measurements are consistent with the expected life- 

time: The present experiment confirms that the tau couples to the 

charged weak current with universal strength within the present 

statistical and systematic errors, 

g,lg, = 0.92 i 0.086 f 0.090 . 

. . -: : 

assign a systematic error of.+ 150 p to the decay length. 
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If we assume that the coupling has the universal strength, we can 

set a limit on the mass of the tau neutrino. Figure 8 shows how the 

lifetime varies as a function of the tau neutrino mass 11 along with 

the 90% confidence level upper limit set by this measurement. We 

findm < 0.49 w/c2, which is compatible with the .25 &V/c' limit 
VT 

12 deduced from the shape of the decay lepton spectrum . There is 

obviously little sensitivity to neutrino masses below about 

150 MeV/c2 with this method. We can also set a limit on how much the 

tau neutrino mixes with a heavy neutral lepton (NJ whose mass exceeds 

the tau mass. The mixing angle 5 is defined by the relation 

v 1 v' 
T ~ cos E + No sin E > 

where " 
T 

and No are the mass eigenstates and we've assumed there is 

only mixing with this heavier generation. At the 90% confidence 

limit sin E< 0.65. Clearly the present data do not exclude signifi- 

cant mixing with other lepton generations. 

The prospects for improved precision and accuracy in measure- 

ments of the 1 lifetime are good. An integrated luminosity of 

100 pb -1 at PEP/PETRA energies would allow a statistical precision 

in the 5 to 10% range. Holding and believing the systematic errors 

to that level will be challenging until the vertex resolution is 

significantly smaller than the decay length. The 2' should be a pro- 

lific source of G pairs, so high statistics determinations of the T 

lifetime will await LEP and the SLC. The SLC, with its micron- 

sized beam, is an especially interesting T source. 

:.. 
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Fig. 8 Variation of the T lifetime with the mass of the 
T neutrino. 
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Do LIFETIME 

There has been a flurry of experimental activity,-and con- 

siderable experimental as well as theoretical confusion concerning 

charmed particle lifetimes in the past few years. As Kalmus 
13 

reported to the Paris conference, the situation seems to be stabi- 

lizing as follows: The Do lifetime is about 4 x 10 
-13 s, about half 

the D+ lifetime of 9 x 10 -13 s. As Fig. 9 shows, however, the exper- 

imental situation for the Do lifetime measurementa is still a little 

rocky. All the experiments suffer from low statistics and 

possible systematic biases. 

In the standard model, charmed hadron decays are expected to be 

unsuppressed (i.e.,mixing with the heavier flavors is presumed to be 

small) , so the decay rate is fixed by the quark mass. Although this 

idea predicts the correct magnitude for the charmed lifetimes, it 

does not account for the observed lifetime differences, indicating 

that free quark decay is not the sole decay mechanism. The pattern 

of charmed hadron lifetimes will help elucidate these decay mechan- 

isms and hopefully serve as a guide to the decays of heavier 

flavors. 

We have measured the Do lifetime with the Mark II vertex 

detector using a sample of Do' s which had been cleanly identified 

by the main tracking chamber. The measurement differs significantly 

from previous measurements which used optical techniques in that 

(i) events are selected independently of the observed decay length, 

and (ii) the vertex resolution is comparable to, not significantly 

I I I I I I 

FNAL E531 
c CERN WA58 

SLAC f3C72/73 
CERN NA16 
CERN NA I8 

0 2 4 6 8 IO I2 

I-83 TD.ho-‘3s) 

Fig. 9 World data on Do lifetime measurements taken from 
ref. 13. 
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smaller than, the average decay lengths. Like the others, our 

measurement suffers from low statistics. An integrated luminosity 

of 17 pb 
-1 gave seven well-measured Do decays. 

1. Event Selection. The clean event sample comes about by -~ 

selecting D 0' s from D* decays. The technique is as follows. We 

first construct a 'cm-particle invariant mass, arbitrarily assigning 

one particle the pion mass and the other the kaon mass. We select 

neutral combinations with 1.76~ r+ni 1.96 GeV/c2 as Do candidates, 

and consider the possible three-particle combinations, u&,,. 

Figure 10 shows the mass difference, magi-%,, displayed with two 

different cuts on the fractional energy of the three-particle combi- 

*at ion, 2 = ED*/Ebeam. When 2>0.4, one sees a clustering at 

.145 GeV/c' in the mass difference, which corresponds to mD*+-mDo. 

For the lifetime analysis below, we select events with z>O.6. m=y 

seem to be free of background and so provide an ideal sample for 

study. This high momentum cut also makes it unlikely that these D*'s 

14 
have originated from B decays . 

2. Lifetime Measurement. The decay vertex is determined by vertex- 

ing the K and 1~ from the Do. The decay length is then determined 

with the same technique used in the tau analysis above. The pro- 

jected decay length is corrected using the measured Do direction 

to find the actual decay length. It, in turn, is converted to the 

proper time using the measured Do momentum. The average decay length 

is about 500 u, and the average vertex error about 700 u. Figure 11 
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Fig. 10 Don? - Do mass difference for Do candidates 
decaying into Kn. 
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Fig. 11 Measured proper times for the seven Do events. 

shows each of the 7 measurements with its error. As in the T 

measurement, we perform a maximum likelihood fit using the con- 

volution of a Gaussian resolution function with an exponential 

decay distribution as a fitting function. We have checked the 

analysis procedure on Monte Carlo data and considered its sen- 

sitivity to errors in the beam position, the resolution function, 

etc. We find the Do lifetime to be TD,, = 3.7 f 2.5 1.5 2 1.0 x 10 -13 s, 

where the first error is statistical and the second systematic. 

This result is in agreement with the current world average. The 

experiment is continuing, so we hope to increase the statistical 

significance of this measurement. 

LIMITS ON THE B MESON LIFETIME 

If their decays were not suppressed, the hadrons containing 

the b quark would be expected to decay with a lifetime 

5 

TO - T 
B v' 0 4 . L= 10-15 s . 

"b g 

The (qualitative) factor 9 comes from the number of available final 

states. The B meson lifetime is expected to be longer, however, 

since the decay is suppressed by the presumably small mixing between 

the second and third quark generations. The B meson lifetime thus 

gives a measure of the quark mixing, at least if one assumes 

universal weak coupling strength. several authors 
15 

have related 

the B lifetime to the quark mixing angles. Gaillard and Maiani 

express the lifetime in terms of the unsuppressed lifetime as 

._ _.,._ ..: : _:. : :-. : 
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TB= 
[ 

97; 

2.75 - 1 sin2y+7.69 sin2E- 5.75 sin26 sdy- .25 sin4y 

In this parameterization, the relevant elements of the mixing matrix 

are IJ ub I sin 8 and Ucb 3 sin y cos 6 ei6, with d a phase factor. 

The numerical factors account for the variations in phase space 

among the various decay channels. Using constraints on the mixing 

parameters from 5 decay and the Kt/Kz mass difference, the same 

authors predict 

TB 2: 0.3 x lo-l3 s , 

which would imply decay lengths at PEPjPETRA energies >_ 10 u. 

1. Lepton Impact Parameter. Two experiments have obtained upper 

limits for the B lifetime by measuring the average impact parameter 

of energetic muons. Events are selected which have high mass jets 

and an identified high-momentum muon. These events are almost 

entirely due to charm and beauty production. Using the thrust axis 

as an estimate of the B meson direction, a signed impact para- 

meter is determined from the lepton trajectory and the known beam 

position as shown in Fig. 12. In the limit where the parent hadron 

velocity and the velocity of the muon in both the parent frame and 

the lab frame are relativistic, the distribution of impact para- 

meters becomes Lorentz invariant and is a measure of the lifetime 

of the parent. Let the impact parameter be b. Then the unprojected 

I6 distribution is given by 

Decay Vertex 

Parameter A 

l-83 
4435A6 

Fig. 12 Lepton impact parameter. 
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m 
dn -= 2yz2 e-' dz 

dy o (G+y=)= ' 

where y=A/cr. The distribution, which is graphed in Fig. 13, has a 

mean value y = n/2. In practice, the projected distribution is 

measured, and its shape is somewhat distorted by event selection and 

particle identification cuts. The JADE group finds for their event 

cuts that 

TB ii =2oopx - . ( ) 10-12 s 

In addition to this procedure, the MAC experiment also measures the 

average displacement of the jet vertex from the beam position in a 

B-enriched sample of events. 

2. Results and Comments. --- The upper limits obtained are as follows. 

The JADE experiment finds =B< 1.4 x 10 -12 s and the MAC experiment 

finds TV< 3.7 x lo-l2 s, both limits at the 95% confidence level. 

Thus there is as yet no evidence for a finite B lifetime, let alone 

Cablbbo suppression In B decays. 

Several complications enter these analyses. The selection'of 

events is model and Monte Carlo dependent, the ratio of leptons from 

charm to those from bottom is imperfectly known, and the estimation 

of the primary vertex in an event which presumably has secondary 

and tertiary vertices is problematical. what is measured in such 

studies is, of course, a mix of lifetimes from charged and neutral, 

charmed and beautiful mesons and baryons. Even so, the technique 

shows promise. As knowledge of bottom apd charm production and 

I I I I I 

2 3 4 

y =A/ct 

56. 

4435Al 

Fig. 13 Unprojected distribution of impact parameters 
from ref. 16. 
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semi-leptonic decay is refined, the results will lose their model 

dependence. Higher resolution devices will permit better estimates 

of the primary vertex, and mre complicated analyses can separate 

charm and beauty effects. 

CONCLUSIONS 

Ekperimats at e+e- storage rings have successfully measured 

the T and Do lifetimes and set interesting limits on the B lifetime. 

So far, the conventional wisdom has prevailed. The T lifetime is 

consistent with prediction; there is no sign (but little sensitivity) 

Of a violation of universality. The charmed particle lifetimes are 

roughly as expected, but richer in their phenomenology than antic- 

ipated. The B lifetime is still unknown. 

The experimental art is developing rapidly. Several experiments 

have by now installed vertex detectors. Measurements of charmed 

particle lifetimes from e+e- experiments will complement the work 

that has been done at fkred target machines. Measurements of T 

and B lifetimes may be the exclusive province of e+e- experiments 

for the next few years. Significant improvements in these measure- 

ments await higher resolution tracking devices, positioned closer 

to the interaction point, and larger data samples. 
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PARTICLE SEARCHES IN e+e- EXPERINEHTS* 

AT PEP AND PETRA 

Kuong Ii. LaU 

Stanford Linear Accelerator Center 

Stanford University, Stanford, California 94305 

This talk review recent results in neu particle searches performed 

by experiments at the high energy e’e- storage rings PEP and PETRA. I 

uill concentrate on recent searches for : 

a) hadrons with a neu quark flavor, 

b) spin-l/2 charged heavy leptons. 

c) spin-0 charged leptons. 

d) spin-0 point-like scalars or pseudoscalars. and 

e) neutral heavy leptons. 

Earlier results are summarized in review papers in Refs. l-5. 

*Work supported under contract No. DE-AC03-76SF00515. 
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A search for a neu quark production threshold has been made at PETRA 

up to a center of mass energy (E&I of 36.7 GeV by measuring the total 

multihadron production cross section, o(e’e‘+ hadrons3.e In the naive 

quark-parton model. multihadron production proceeds via primary 

production of quark antiquark pairs which then fragment to hadrons. The 

multihadron production cross section, expressed in units of the muon 

pair production oross section , o(e+e- + p’p- 1, is then given by : 

R q 3 E eq2 ( 1 + a.01 I 

where the sum is over accessible quark flavors. The factor of 3 comes 

from 3 color degrees of freedom for the quarks. The faotor Cl + as/n) 

includes the QCD corrections due to the final state interactions of the 

quarks. The strong coupling constant as has a value of about 0.16. A 

neu hadronic threshold is therefore indicated by a step increase in R. 

Naively, R - 11/3 for the five know flavors u. d. s, c, and b uith 3 

colors. and R - 5 for an additional quark of charge Z/3, such as the t 

quark. 

The R measurements can also be used to test supersymmetry theories’, 

uhich are attempts to unify particles with integral and half integral 

spin by “gauging It the spin of particles. Such theories predict the 

existence of spin-0 partners for the known leptons and quarks. These 

particles differ by a quantum number which does not affect the pair 

production cross section via e+e‘ annihilation. If the supersymmetric 

partners of the quarks (called the squarks) exist in the present energy 

range, multihadron production uill have an additional contribution to R 

Of 

AR = 3 ‘f esqZ T/4 De (1) 

uhere the sum is over squarks uhioh can be pair produced. The factor 

l/4 Go comes from the fact that squarks are spin-0 particles. 

The measurements of R from experiments at PEP and PETRA are 

summarized in Fig.l. The data are consistent uith the constant value 

of R predicted by the quark-parton model including QCD corrections 

(solid line). and a neu quark threshold for charge 213 is ruled out for 

center of mass energies below 36.7 GeV. The data further exclude 

production of an additional squark of charge 2/3 with B - 1. 

Recently precision measurements of R have been made by the TASSOe. 

MAC’), and JADEtO collaborations at E o. of 12.0-36.7 and 29 GeV 

respectively. 

R = 4.01 i: 0.03 (stat) t 0.20 (SYSt) (TASS~). 

R = 3.90 + 0.04 (stat) t 0.12 (svst) (MAC). 

R : 3.93 2 0.03 (stat) t 0.09 (SYSt) (JAoE). 

These results are both in excellent agreement uith the previous combined 

measurements and uith the quark model prediction for five flavors, 3 

colors and including QCD corrections up to order a, T R = 3.85 for an 

assumed value of 0.16 for a.). 

Measurements of the fraction of multihadron events aocompanied by 

prompt muons provide another means of detecting new quark flavor 

production. Mesons with neu naked flavor uill decay through strong 

interactions to the lightest meson carrying the same flavor and then 

uill further decay only via the ueak interactions. The seminuonic 

branching ratio (GR) for the weak decays is estimated to be -10%. The 

fraction of multihadron events accompanied by a muon with a momentum 

( .,.. ::>z-. 
,.-:, : . . :.. 

,, :- . .‘.:‘::,, 
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)_ 
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greater than 2 GeV/c has been measured by the MAC’, PLUTO”, FTARKJ’x, 

and JADElo collaborations. The results are show in Fig.2 where the 

shaded bands are prediotions of the quark-parton model. Again. the 

results clearly exclude production of an additional quark of charge 213. 

To rule cut the existence of an additional quark of charge l/3 is 

substantially more difficult. The TASSO. JADE. and CELLO 

collaborations have studied the topological distributions for their 

multihadron event sanples.r* Their results are in good agreement with 

the predictions of the standard quark-parton model uith only five 

flavors and gluon emission. They rule out the existence of an additional 

quark of charge l/3 or 2/3 up to a mass of about 16 GeV/cx. The RARKJ 

collaboration’k has performed similar studies using multihadron events 

accompanied by muons and arrives at the same conclusion. A recent 

analysis procedure used by the MAC collaboration provides a very 

sensitive method for detecting heavy particle production.’ A multihadron 

event containing a muon is divided into tuo jets by the plane 

perpendicular to the thrust axis. The jet mass of the group of 

particles recoiling against the jet containing the muon is defined by : 

Mjmt = El,*,. ( 1 - T,,x’)“x 

uhere T,,x is the thrust of the recoiling particles. This jet mass will 

correlate with the mass of the parent quark. Fig.3 show the recoiling 

jet mass distribution for a sample of 54 multihadron events containing a 

nuon’uith momentum > 2 GeV/c and transverse momentum > 1 GeV/o relative 

to the thrust axis. The data are consistent with the predicted Monte 

Carlo result for o and b quark semimuonic decays assuming a 10% BR and 

constant fragmentation function, and rule out additional production of a 

heavy quark of charge l/3 of a mass less than 13.5 GeV/cx at a 95X 

;’ .,I,:--.‘.- ::. 
_.: 
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0 JADE 
. MARKJ 

0 PLUTO 
l MAC 

3v 

ECM(GeV) 

Fig. 2 Measurements of the rate of production of muons with momentum 
z 2 GeV/c for multihadron events. The lower shaded band is the 
quark-parton model prediction with a 10% semimuonic BR and 
different fragmentation functions for c and b quarks. The upper 
band includes amadditional quark of charge Z/3. 
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Fig. 3. Distribution of mass of hadron jet opposite to a muon with 
momentum > 2 GeV/c and p, > 1 GeV/c where pt is measured 
relative to the thrust axis. 
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confidence level (CL). 

SEARCH FOR SPIN-l/P CHARFED HEAVY UPTONS 

New spin-l/Z charged heavy lepton should fall into the follouing 

mutually exclusive categories:z 

a) stable, 

b) sequential. 

c) shoring the e, c\, or T lepton number (paralepton), or 

d) an excited e, p, or f (ortholeptonl. 

A charged spin-112 heavy lepton should be pair produced via e’e‘ 

annihilation (see Fig.4 I uith a cross section: 

o(e*e‘ + L*L- 1 = owu 8(3 -BLITZ (2) 

where ouw is the point-like cross section for pair producing light 

spin-l/2 fermions and B(3-132)/2 is the threshold factor for heavy 

spin-l/2 fermions. Experiments et PEP end PETRA have searched for all 

the above possibilities. 

A) Search for lonq lifetime x stable lectons 

The P!ARKJtb and JADE” collaborations have looked for heavy leptons 

uhich do not decay in their detectors corresponding to a flight-time > 4 

ns in the laboratory frame. These events are similar to the QEO process 

e’e‘ + w’)l- except for a slightly different momentum spectrum due to the 

mass difference. These events vould be categorized as muon pair events 

and uould give an additional contribution to the muon pair cross 

section. No surplus of events has been observed. The existence of long 

Fig. 4. Feynman diagram for the reaction 

e+e- + L+L- . 
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lifetime or stable leptons up to a mass of 14 6eV&e is excluded at a 

95x CL. The JADE collaboration, using combined momentum and dE/dx 

measurements, has also looked for charged particles with a mass 

different from the masses of the known charged particles. Again, there 

is no evidence for stable charged heavy particles. The louer mass limit 

from JADE is 12 GeV&. 

8) Search for sequential .&ton8 

Charged sequential leptons have their own lepton number and 

associated neutrinos. The tau lepton r is a good example. Charged 

sequential leptons can be pair produced via e*e- annihilation uith a 

cross section given by Eqn. 2. Sequential leptons with a mass less than 

4 GeV/cs would be expected to have decay modes similar to those of the 

tau lepton and uould rhou up as an excess to the tau pair production 

events. The good agreement of the tau pair production cross section 

with the QED prediction has excluded a possible light sequential lepton. 

The branching ratios of a heavier sequential lepton have been 

calculatedi’. It agrees quite uell uith the prediction of the final 

state counting rule which says the ER’s to the possible final states 

YL~Y.. YLPY~, YLTY~. vLudr and VLeP are in the ratio 1:1:1:3:3 where the 

factor of 3 for the hadronic final states coiees from 3 color degrees of 

freedom. This predicts: 

PI L 2X BR to piev * missing momentum, 

b) - 14X BR to ui (e’) recoiling against a hadron jet, and 

cl - 49% BR to two aooplansr jets of hadrons. 

Searches based on these final states have been performed extensively at 

PEP and PETRA. No charged sequential lepton has been found. The methods 

used and lower mass limits obtained are given in Table I. 

m 1 LOWER MASS LII1ITs gY SEQUENTIAL - 

EXPERIMENT SIGNATURE LOWER I?AAsS LIMIT REFERENCE 
( 95 x CL 1 
fin GeV& I 

JADE Two aoollinear jets 18.1 4 

MARKJ p + hadrons 16.0 19 

PLUTO p + hadrons 14.5 20 

TASS0 Isolated charged particle 

+ hadrons 15.5 21 

WAC Acollinear pe and 

p + hadrons 14.0 9 

MARK1 I Acollinear pe 13.8 22 

Cl Search for paraleptonB 

A negatively charged paralepton is defined to have the same lepton 

number as the known positively charged e. p. or r.e For example. a 

negativ’ely charged paraelectron (E-1 has the same lepton number as e+. 

The radiative decay is forbidden. The weak decays of E‘ are very 

similar to those of sequential leptons. Houever. due to the identity of 

the tuo final state neutrinos in the veer. channel, the final state 

counting rule now predicts the BR’s to veeve. vepvu, ~ervr, v&a. and 

,i.._- ..‘” ,,-. 
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Y.C~ to be in the ratio 2: 1 : 1 : 3 : 3. A similar argument applies to 

the muon and tau-associated paraleptons. 

Since the BR’s of a paralepton to the leptonic final states are in 

general larger than those of a sequential lepton of the same mass, the 

searches for sequential leptons are also sensitive to these paraleptons. 

Therefore. the mass limits in Table I apply to paraleptons as well. 

D) Search for ortholeptons 

Ortholeptons are excited states of the known leptons. For example, 

a negatively charged orthoelectron Fe*-> has the same lepton number as 

e- . The dominant decay mode is : 

e** -L et+ 7 

If e* is sufficiently light, they can be pair produced in e*e- 

interactions and detected. There has been no explicit search for e++ee- 

pair production at PEP and PETRA. However, a heavy electron can 

manifest itself by giving an additional contribution to the QED process: 

e’e- + 77 

by a coupling of the e*, e, and 72s. represented by the following 

Lagrangian : 

L = h Se* cay 9. f,,,, + h.c. (3) 

uhere X is a measure of the strength of the ee*r coupling. The e’e- * 

77’ cross sections measured by PEP and PETRA experiments” are show in 

Fig.5, and are in good agreement with the BED prediction. The results of 

the MAC collaboration used the Bhabha cross section measured uith 

identical cuts to provide a luminosity calibration and are substantially 

free of systematic errors. If one assumes that e* behaves like a heavy 

33.0 c J5c36.7 GeV &= 29 GeV 

1.4 - J- 

1.0 :r-t--!---ii--,---::+-i +,- +-!-*-L- 

0.6 - CELLO MAC 
I I I I T,I I I I 

I 27.4 < dZ< 36.7 GeV 1 27.4 < Js < 31.6 GeV 

JADE PLUTO 
0.6 - , I t --t, , I , 1 

27.4 < ,K< 36.7 GeV 27.4 < ,K < 31.7 GeV 

Fig. 5. Measurements of the reaction .+e- -+ Yy from experiment5 
at PEP and PETRA. The results are normalized to the 
QED prediction. 
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electron in,the e*er coupling, (i.e., X = e/M.* where Il.* is the mass of 

the heavy electron), the 95% CL louer mass limits obtained by PEP and 

PETRA experiments are given in Table II. A typical louer- mass limit is 

40 FeV/cZ. 

m II LOWER MASS LINIT ON HEAVY ELECTRONS 

EXPERIMENT LOWER l4ASS LIMIT 
(95% CL) 

(in GeV/cr) 

REFERENCE 

PlAC 55 9 

NARKJ SE 16 

NARKII 50 22 

JADE 47 25 

PLUTO 46 26 

CELLO 43 27 

TASS0 34 28 

The search for an orthomuon, or an excited muon. has been performed 

by the NAC9. JADE”, NARKJiC. and NARKII2f collaborations. Excited muon 

pairs can be produced via efo‘ annihilation which then decay to pprr 

final state. The presence of an excited muon is indicated by events not 

accountable by higher order QED radiative processes where tuo muons and 

tuo photons are produced. The p7 invariant mass should also peak at the 

p* mass. For example, 17 pp77 events uith at least one identified muon 

and both photons having energy greater than 1 GeV have been observed by 

the l+LAC detector in an integrated luminosity of 30 pb-1.’ The 

correlation of the tuo p7 invariant masses for each event is shoun in 

Fig. 6. (Note that there are tuo entries for each event.) For pap* 

production, the events are expected to populate around a point inside 

the dotted band uhich is a 2 standard deviations limit of the mass 

resolution of the tlAC detector. No surplus of events in this region has 

been found. This excludes an excited muon up to a mass of 14 GeV/cx. 

Similar results obtained by other experiments are listed in Table III. 

u u LOWER NASS LIRITS Bi m m 

EXPERINENT LOWER BASS LIfiIT REFERENCE 
(95% CL I 

(in GeV/cz) 

IIAC 14 9 

l’lARKJ 10 16 

MARK1 I 14 22 

The search for a higher mass p l can rely on a Pu+r coupling” as 

given by Fqn. 3 with e* replaced by p*. This alloos the production of 

. . ..-: __ y-..:: :: 

_ . . . . . . ,.. . . : .. 

:. . . 

‘. . . ‘:_ 
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* 

7-82 

I I I I I 

e+e’- p+p- Y Y 
17 Events (34 entries) 

~ppyy = (2.7 5 0.6) lO-3 R 

a In conclusion, there are no anomalous ~7 or ~~77 events which can be 

e attributed to production of excited muons in the center of mass energies 

.-------- 
T-7 covered by PEP and PETRA. 

IO 20 

Mp+ y, (GeV/c2) 

30 

4338A6 

Fig. 6. Correlation of the invariant mass of the two uy 
combinations for wyy events observed by the 
WC detector. Events from P*P* production are 
expected to populate between the dotted lines. 
(See text for details.) 

a single p* via 

These events Mill be mixed uith the radiative fnuon pair production 

process,,e+e- + p+l.I-7. The NACe, PlARKJ“, MARK II”, and JADE” 

collaborations have studied the pp7 final state and found good agreement 

uith the QED prediction for radiative won pair production. The limit 

on the mass of p* depends on the value of X. In most oases, a large 

region of the X-b+ plane is excluded. 

There has been no explicit search for an excited tau. An analogous 

search uould be to look for anomalous ep7 and and ep77 events. 

SEARCH m SPIN-O LEPTONS 

As mentioned earlier, supersymmetric theories predict tuo spin-0 

partners for the known charged leptons. ’ If these particles are light, 

they can be pair produced via e*e‘ annihilations. The production cross 

section for the supersymmetric partners of the muon and tau, denoted by 

sw and sr respectively, is given by Eqn. 1. The production cross 

section for se is slightly more complicated.’ 

,.._ .:_ 
:p=.,.::: ._. 
..’ . . ._-.-. :-..:.; .I: _.._ 

: . . : 3. 
:’ ,.. ,:,_ 

These leptons are expected to decay rapidly back to their partners 

by the emission of a photino which presumably is only ueakly 
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interacting. Their signatures therefore are e’e‘, w’&‘, r’r- final 

states with substantial missing momentum. These final states are 

distinguishable from the QED reactions : e+e- + e’e-, p+~-, ran- by 

having missing momentum transverse to the bean direction. This is 

indicated by a large angle between the plane containing the leptons and 

the beam axis (called the acoplanarity angle). Fig.7 is the 

acoplanarity angle distribution of e*e- final state events seen by the 

TASS0 detector.*’ The results are clearly in agreement with Uonte Carlo 

predictions for e’e‘ Bhabha scattering. Expectations of an additional 

4 GeV/cz and a 12 CeV/c’ s. are also indicated in the figure and are 

clearly ruled out. This analysis excludes a s. up to a mass of 16.6 

GeV/cz at a 95% CL. The pv\C collaboration has searched for 

supersymmetric muons by snalysing muon pairs uith acollinearity angle 

greater than 10 degrees. To reduce background from the two photon 

process e’e-+e’e-&+p-, at least one muon is required to have greater 

than 3 GeV/c momentum transverse to the beam. This results in 31 events 

in an integrated luminosity of 14 pb“. The acoplanarity angle 

distribution of these muon pairs is shoun in Fig. 8. Plotted along with 

the data are the Monte Carlo predictions for a 10 GeV/cL sw. From this 

analysis, the existence of a heavy supersymmetric muon in the mass range 

3-13 GeV/cz is ruled out at a 95X CL. 

Because of their similarity in final state configurations, the 

searches for charged sequential leptons are also sensitive to 

gupersymmetric taus. For example, the PlAC collaboration has studird 

events uith an isolated muon recoiling against three or more charged 

particles. If these events arise from So pair production, the muon and 

the hadron jet are expected to be acoplanar. This can be measured by the 

W= 34.4 GeV 

IO3 - 

b . 
? 
e 
5 
13 IO2 - 

IO’ T ------_. 

Id0 - 
O0 2o” 4o” 60” 

Acoplanarity angle 

Fig. 7. The acoplanarity angle distribution of e+e- final state 
events seen by the TASS0 detector. 
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. :, 

0 50 100 150 200 250 300 350 400 
ACOPLANARITY ANGLE A+ (degrees) 433e*13 

Fig. 8. The acoplanarity angle distribution of U+JA- final state 
events seen by the MAC detector. 

I I I I I I I 

l Data 

- Two Photon Monte Carlo Prediction 
--- Monte Carlo Prediction for a 10 GeV 

Supersymmetric muon p (43 events) 

momentum of the mucn relative to the thrust axis of the hadron jet in a 

plane perpendicular to the beam. Fig.9 is a plot of this unbalanced 

transverse momentum for a sample of 60 tau-like events uith at least 1 

muon. The distribution is clearly in agreement uith tau pair production 

and disagrees uith the presence of an additional10 GeV/c' heavy 

supersymmetric tau. This analysis excludes the existence of heavy 

supersymmetric taus in the mass range 3-13 WV/c2 at a 95x CL. 

In conclusion, no spin-0 supersymmetric partners of the e, )I, and 1 

have been found. The mass limits from PEP and PETRA experiments are 

given in Table IV. 

The ~WRKII and MAC collaborations have investigated the possibility 

of a scalar lepton unrelated to supersymmetry uhich can decay to ev and 

WY final states.36 This uill result in Ite events with missing momentum. 

The ve events observed by the MAC and MARK11 collaborations are totally 

accounted for by tau pair production.zz This establishes an upper limit 

on the product of the a~ and NY BR's (B.Bu)"~, uhich depends moderately 

on the assumed mass of the spin-0 lepton. The Hark11 analysis 

essentially excludes a spin-0 scalar lepton with (BeB,)"* > about 20% 

in the mass range 2-12 FeV/c'. 

. . . .._.“_ _...: .-: 
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- z- monte cart0 

--- 7 GeV rs monte carlo 

JABLE IV w\ss bIllITS Oti .SUPERSYMMETRIC LEPTONS 

EXPERIIIENT PARTICLES pv\SS LIMITS REFERENCE 
(95% CL) 

(in GeV/c2) 

MAC %A 3-13 

51 3-13 9 

TASS0 5. < 16.6 

SU ( 16.4 29 

JADE ST 4-13 30 

KARKJ =!A 3-15 31 

TRANSVERSE MOMENTUM (GeV/c) ST < 14 32 

PLUTO sa < 13 33 
Fig. 9. The muon pt distribution for mu-like events. pt is measured 

relative to the thrust axis on a plane perpendicular to the beam 
direction. 

CELLO s* 2-16.8 

911 3.3-16 34 

ST l.S-3.8,6-15.3 

MARK II S+ 1.1-9.9 35 
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SEARCH 1ps SPIN-O SCALARS AND PSEUDOSCALARS 

The standard gauge theory ue.es a spin-0 neutral Higgs field to break 

the vacuum symmetry. Current theoretical sentiment regards this as 

dissatisfying. Technicolor is a simple theoretical attempt to generate 

the spontaneous symmetry breaking dynamically.36 In general, these 

models predict Goldstone boscns called technipions n’ uhich can be as 

light as a feu GeV/c. Light charged Higgs particles (Ii*) are also 

predicted in scnw extensions of the standard lnodcl.‘” These light 

particles can be pair produced in e’e‘ annihilation with a cress section 

typical of spin-0 charged particles ( see Eqn. 1). 

In these models. the technipions and Higgs particles have a coupling 

proportional to the tnass cf the final state particles. Therefore, they 

are expected to decay leptonically to SY,. and hadronically via the 

heavier c5 or c6 system. A priori, the leptcnic BR to r (BT) is 

unknown. Houever, the combined searches at PEP and PETRA’) have 

exhausted all possibilities : [because of their similarities in 

production and decay. the follouing results apply to 7’ and Ii’,) 

a) Br - 50%. There is a substantial BR to the final state uhere one 

of the n’ decays to tau and the other decays hadronically. This uill 

result in events uith an isolated mucn recoiling against 5 or more 

charged tracks. The MAC collaboration has searched for these event 

types and fourd only tuo candidates in 30 pb-‘.9 In one of the events. 

two of the tracks are consistent uith photon conversion in the beam 

pipe. After taking detection efficiency into account. this is far belou 

the expected number from pair production of n’. A large region on the 

B7-flJI’ plane is therefore excluded. (See Fig.lOa.1 Results of similar 

j 4 7 EXCLUDED 3 

- (e) 
I- 

EXCLUDED H+ci 

MASS rrITI/H (GeV/c* 1 

Fig. 10. Regions on the B, - MTI’ plane excluded by experiments at PEP 
-;-I..T,....:.l.:.:. 
,::.. . I::. 1.. 

and PETRA. 

: .: 
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analyses from other experiments at PEP and PETRAo9 are also thou” in the 

same figure. 

b) Br * 100% The final state is similar to that of supersymmetric 

tau pair production uith the tau neutrinc playing the role of the 

phctinc. As explained earlier, there is no evidence for supersymmetric 

taus. The excluded regions are show in Fig.10. 

cl 6, ,-, 0%. The technipicns would decay hadrcnically most of the 

time. Two characteristics distinguish these events from normal 

multihadrcn events : 1) These events are accompanied frequently by a 

prompt muon from c and b quark decay and the jet crass of the recoiling 

hadrons should be correlated uith the mass of the technipicn. Events 

arising from heavy technipicn pair production should populate the high 

mass region. This signal is especially pronounced if technipicns decay 

preferentially via ci;. 2) flultihadrcn events from teehnipicn pair 

production should lock like 4-jet events because there are four quarks 

in the final state. This is more evident if n’ decays via the lighter 

825 system. 

Searches based on 1 and 2 have been performed by the BAC’ and 

TASSO’O collaborations respectively. The observed jet mass distribution 

is inconsistent uith the existence of a heavy x’ in the mass range 7-13 

GeV/c* decaying 100% to ~6. The method of 4-jet analysis uas described 

in S. W’s talk in this conference. Ho evidence for n‘ has been found. 

The excluded region is show in Fig. 10e. 

In summary, charged technipicns or Higgs particles are excluded up 

to a mass of about 13 GeV/c’ at a 95Y. CL limit independent of their L3R’s 

to r~r. cl. and 06. 

SEARCH FOR NEUTRAL HEAVY LEPTONS 

Some models contain neutral heavy leptcns. For example, a simple 

extension of the standard SU(P>XU(I) model proposed by Lee and 

Weinberg’c predicts a rich spectrum of charged leptcns accompanied by 

massive neutral partners. In generel, it is conceivable to have a 

neutral heavy lepton which has either its cun leptcn number or the e, f&. 

or r leptcn number. 

A search for a general neutral heavy 

interactions. Neutral heavy leptcns can 

annihilation via the Zo 

e*e- + zo + Lcfc . 

leptcn can be performed in e’e‘ 

be pair produced in e*e- 

The production cross section is given by2 

e* E,,Z(v,‘+e,2)(vLt+aLL)T 
o(e*e-+Lcic) = (4) 

96 n 

uhere VL and aL are the vector and axial vector coupling constants of L 

to Zc, and T is the threshold factor. The coupling constants vL and eL 

are in general model-dependent and of order 1. For rough estimates, I 

have assumed ( vLr + aL’ 1 = 1. and T = 1 in the fcllouing. The cross 

section (Eqn. 4) is small, - 0.2 pb at 30 GeV center of mass energy, 

compared with about 100 pb for charged particle pair production. Given 

typical integrated luminosities of 50-70 pb-’ at PETRA and 25-30 pb-’ at 

PEP, there uculd be only 5-20 events /experiment at best. Furthermore. 

: 
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.;: __.. . . . . ,‘* . . 

. . 

-626- 



it is generally difficult to isolate’ these events. 

It is relatively easy to detect events arising from pair production 

of e or p-associated neutral heavy leptons because they result in events 

uith Ze’s and 2~‘s in the final state respectively. These signatures 

are unlikely to be confused by normal multihadron events or higher 

order QED reactions. A meaningful search is possible in the near 

future. The search for e-associated neutral heavy leptons is feasible 

even at the present luminosity because these Et’s can be produced 

singly in e+e‘ interaction via W exchange (see Fig.111 uhich has a cross 

section about 10 times larger than given by Eqn. 4.” Far a light Ee, 

the final state appears as an unbalanced jet containing an electron. 

The JADE collaboration has searched for these events and found no events 

satisfying these criteria. 5 The lover mass limit is 18-20 GeV/ce 

depending on details of the assumed model. There has been no explicit 

search for u-associr+ted neutral heavy leptons at PEP and PETRA. 

CONCLUSIONS 

Experiments at PEP and PETRA have searched for production of quarks 

uith neu flavors, heavy charged sequential, pars and excited leptons, 

supersymmetric spin-0 charged leptons, spin-0 charged Higgs particles 

and technipions. and e-associated neutral heavy leptons. None of these 

particles has been found up to a center of mass energy of 36.7 GeV/ce. 

Basically all possible proposed charged states have been searched for 

and their production is excluded at a 95% CL limit, or better, over most 

e+ 3 e 

e- 

Fig. 11. Feynnan diagram for e+e- + vE" Via 
W exchange. 
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of the accessible range of masses. The lcuer mass limits are given 

belcu: 

a) BY measuring R and inclusive nwcn production in multihadrcns, the 

existence of a neu quark of charge 2/3 or l/3 is excluded up to a mass 

of 18 GeV/ce at a 95% CL. 

bl All possible decay modes of charged sequential and para leptcns 

have been searched for and such leptcns are excluded up to a mass of 18 

GeV/cf at a 95% CL. 

cl Pair production of excited electrons and muons have not been 

observed up to a center of mass energy of 36.7 GeV. The existence of an 

excited muon is excluded up to a crass of 14 GM/c* at a 95 X CL. Single 

production of excited muons is also not observed. 

d) Charged spin-0 supersymmetric partners of e. p. and r have been 

searched for and are excluded up to a mass of about 14 GeV/ca at a 95% 

CL. 

e) Charged Higgs particles and technipicns have been searched for in 

all possible decay modes. No such particles have been observed and are 

excluded up to a mass of about 14 GeV/ce at a 95% CL. 

f) The special c’lass of e-associated neutral heavy leptons have been 

searched for. No such particle has been found. The lcuer mass limit 

assuming standard coupling is 18-20 GeV/ce at a 95% CL. 

discussing their results. I uculd also like to thank D. Ritscn for 

discussions and assistance in preparing this manuscript. 
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SUPERCONDUCTIVE MONOPOLE DETECTORS 

Blas Cabrera 

Physics Department, Stanford University 

Stanford, California 94305 

ABSTRACT 

The theoretical basis for detection of magnetic charges using 

superconductive devices is summarized. Three generations of such 

detectors are described. They have been designed to search for a 

cosmic ray flux of supermassive magnetically charged particles. An 

upper limit for such a particle flux of 1.2 x 10-l' cm -2 s -1 .=-l 

has been set based on 382 days operation with the original single 

axis detector and 61 days with a new three loop detector. No new 

candidate events have been seen. 

I. INTRODUCTION 

The theoretical similarities between flux quantization in 

superconductors and Dirac's magnetic monopoles make superconductive 

systems natural detectors for these elusive particles. Morerecently, 

grand unification theories have been shown to predict the existence 

of stable supermassive magnetically charged particles possessing 

the Dirac unit of magnetic charge. These particles would be non- 

relativistic, weakly ionizing, and extremely penetrating; and thus 

may have eluded previous searches. In this paper we describe three 

generations of superconductive detectors designed to look for a cos- 

mic ray flux of such particles. 

Superconductive technlogies primarily developed at Stanford 

University over the last decade have led naturally to very sensitive 

.,. 
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detectors for magnetically charged particles. Much of the work uti- 

lizes ultra low magnetic field regions achieved using expandable 

superconducting shields. Application of this ultra low field tech- 

nology has allowed full utilization of modern SQUID (Superconducting 

QUantum Interference Device) sensitivities. In Section II we des- 

cribe the ultra low field technology. In Section III a simple deri- 

vation for flux quantization is presented and experimental data 

clearly demonstrating flux quantization in a five centimeter dia- 

meter superconducting ring are shown. The theoretical similarity 

between flux quantization and Dirac magnetic charges is shown in 

Section IV,and the exact coupling of a magnetic charge to a super- 

conducting ring is computed in Section V. In Section VI the design 

and operation of the original single axis detector with its 10 cm2 

isotropic sensing area is smarized, and in Section VII the initial 

operation of our new three loop detector with a seven times greater 

loop sensing area is presented. In closing Section VIII describes 

our design for the next generation of larger superconductive detec- 

tors with sensing areas approaching 1 m*. 

II. ULTRA LOW MAGNETIC FIELDS 

Ultra low magnetic field regim$)are made using expandable 

superconducting shields. Cylinders made of pure 0.007 cm thick lead 

foil are tightly folded in accordion fashion as shown in Fig. 1. 

These are slowly cooled through their superconducting transition 

temperature and trap the ambient magnetic field. In an ideal super- 

conductor one would expect the Missner effect to spontaneously 

exclude all magnetic fields; however, in practice one finds that 

Fig. 1. Schematic representation of magnetic field before 

and after the expansion of a lead shield. 
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conducting ring. 

Constructing magnetometers capable of measuring ultra low mag- 

netic fields has been the most difficult part of the-ultra low mag- 

netic field work. It has been relatively straightforward to obtain 

lower magnetic fields by simple modifications of the expansion tech- 

nique; however, it has proven much more difficult to make instruments 

with sufficiently low background magnetic contamination levels to 

observe the residual fields in the shields rather than the field 

associated with the instrument itself. The instrument used for 

measuring the shield magnetic field profiles of Fig. 2 is capable 

of measuring absolute fields at the 10 -9 gauss level. It is a flip 

coil assembly made almost entirely out of fused quartz and housed 

in an aluminum vacuum can. Rotation is achieved using a dacron 

string wrapped around a quartz pulley, and the tension in the string 

is maintained with a fused quartz spring. Four turns of 0.005 cm 

diameter niobium wire are wound inside of the 2 nm diameter quartz 

tubing formed into a 5 cm diameter circular coil form. The twisted 

pair niobium leads come nut through the axis and go up to a SQUID 

sensor some 35 cm above the coil. We shall return to this instrument 

later, where we describe its use as the first magnetic charge detec- 

tor to search for a cosmic ray flux of monopoles. 

III. E'LLIX QUANTIZATION 

In this section a simple theoretical derivation for flux quanti- 

zation is presented. It includes all that we need in the next sec- 

tion for understanding the coupling of a hypothetical Dirac magnetic 

charge to a superconducting ring. In 1957 Gorkov(5) demonstrated 

theoretically that the Ginzburg-Landau (GL) equations for supercon- 

ductivity are an exact consequence of the Bardeen-schreiffer- 

Cooper(6) (BCS) theory in the limit of the temperature T approach- 

ing the transition temperature Tc of the superconductor. Global 

properties such as flux quantization are straightforward conse- 

qbences of the GL equations but often become impossibly difficult 

to derive from the full microscopic BCS theory. It has been theore- 

tically shown that the global properties derived from GL are valid 

even well below T =, as observed experimentally. 

The GL supercurrent density equation 

(2) 

looks identical with the nonrelativistic single particle Schrijdinger 

equation, however, the interpretation is somewhat different. The 

particles participating in the supercurrent are the Cooper pairs 
* 

and have twice the mass m = 2m and charge e*=2e of the electron. 

In addition,$, called the order parameter, now represents a cohe- 

rent many-body state of Cooper pairs with @*$I = 4 ns representing 

the local pair density, thus half the superelectron density ns. 

Writing J, = IJil ei' we find 

(I* $4 -l&J*= 2$*$&l. (3) 

A line integral of ?$I will depend only on the end points. Thus 

upon integrating around a closed path the phase change A$ must 

equal n(2rr), where n is an integer, in order to obtain a single- 

valued function $J along any path as required physically. This 

requirement is exactly the origin of flux quantization and is 

:. ._ 
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experimentally obsenrable whenever the coherence of the order para- 

meter extends around a closed path entirely within the supercon- 

ductor. 

Making these substitutions into Equ. 2 we obtain 

hen 2 
+ j=-.&z +2-& "A, (4) 

Before taking the line integral around a closed path it can easily 

be shown that the current density ; vanishes inside of a thick super- 

conductor by taking the curl of both sides twice (note that ns 

remains constant to a high degree throughout the superconductor) 

Using Maxwell's equation d x % = 4rJc 3 and taking Q -? x , zero for a 

tine independent current 

02J-l-j=o, 
A2 

(6) 

(7) 

s 

is the London penetration depth, typically 300-500 angstroms. SC&l- 

tions for the supercurrent density 3 in Equ. 6 fall exponentially to 

zero over a characteristic length X into the superconductor. 

Now integrating Eq". 4 around a closed path r we obtain 

(8) 

where S r is the area bounded by the path r. Then for a supercon- 

ducting ring thick compared to X we can always find a path r along 

which 3 vanishes. Thus the magnetic flux through the ring must be 

an integer number of 

0, = E = 2.07 x 10 -7 gauss cm2 , (9) 

the flux quantum of superconductivity. 

Flux quantization was first observed in 1961, at Stanford by 
(7) 

Fairbank and Deaver and independently in Germany by Doll and Nabauer. 

Using the ultra low field technology and modern SQUID sensitivities, 

S. Felch, J. T. Anderson and I (4) have recently demonstrated flux 

quantization in a single turn 5 cm diameter ring made of 0.005 cm 

diameter niobium wire. The data shown in Fig. 3 were taken with 

the h/me apparatus and show the ringbiased within several millikelvin 

of its superconducting transition temperature Tc. The magnetic flux 

was measured with a second superconducting loop of higher transition 

temperature closely coupled to the ring and connected to a SQUID sen- 

SOT. The potential barriers separating the various flux quantum 

states are reduced in height as the temperature approaches Tc until 

finally the kT thermal energy associated with the normal electrons is 

sufficient to occasionally kick the ring from one quantum state to the 

next. If the temperature is too low, e.g., far left of the figure, 

no transitions are seen; whereas if the temperature is too close to 

Tc the transitions between states occur too rapidly to follow with 

the 1 Hz bandwidth used. There is a regime, 2 to 3 millFkelvin below 

Tc, where the transition rate is slow enough so that each of the quan- 

tum states is clearly shown. The kT thermal excitations carry the 

ring through no more than 6 or 7 quantum states because the energy 

associated with one flux quantum $02/2L is smaller than kT by a fac- 

tor of nearly 10. Our measurements on this 5 cm diameter ring are 

the first in this regime and represent the largest area for which 
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TIME (minutes) 

Fig. 3. Thermally induced transitions between quantum states; 

clearly demonstrating flux quantization. The passage 

of a single Dirac charge through this 5 cm. supercon- 

ducting ring would induce a current change correspond- 

ing to two flux quanta change. 

flux quantization has been directly observed. 

As discussed in the next section the coupling of a Dirac magne- 

tic charge to this ring would change the quantum state by 2. Thus 

direct observation of flux quantization in a superconducting ring 

necessarily demonstrates sufficient resolution for the detection of 

monopoles in that system. 

IV. THEORETICAL BASIS FOR MAGNETIC MONOPOLES 

Before calculating the coupling of a magnetically charged parti- 

cle to a superconductor let us briefly consider the theory for mag- 

netic monopoles.(8) We begin by considering the generalized Maxwell 

equations 

?-it = 4ap m’ (10) 

The magnetic charge density p m and the magnetic current density J', 

are normally set to zero from lack of experimental evidence for 

magnetically charged particles. The miras sign in the J', terminsures 

that the continuity equation for magnetic charges and currents has 

the same form as for electric charges and currents. The syumetriza- 

tian of Maxwell's equations in this way is not a strong reason for 

believing in the possible existence of magnetic charges. One can 

define new electric and magnetic fields as linear combinations of the 

present electric and magnetic fields 
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(11) 

where 0 is an arbitrary angle and then 

P'e = p, cos 63 
Plm = -p, sin e . (12) 

Thus every charged particle would carry both electric and magnetic 

charge in a universal ratio p',/p', = -tane. If we pick e= n/4, 

Maxwell's equations became symmetric but no new physics has been 

added. We must thus find a more fundamental reason for suggesting 

the existence of magnetic charges. 

In 1931, DiCx(9) found such a reason by asking whether the 

existence of magnetically charged particles could be made consistent 

with quantum mechanics. Dirac considered a single electron in the 

field of a magnetic charge and found that for the electron wavefunc- 

tion to remain single-valued a quantization condition must exist 

between the elementary electric and magnetic charges 

eg = Ific 
2 . (13) 

Thus if magnetic charges existed they would explain the experimen- 

tally observed quantization of all electric charges. At that time 

no other theoretical explanation for this observed quantization 

existed. 

We can understand the Dirac quantization using a similar argu- 

ment to the flux quantization derivation by considering the SchrGdinger 

current density for a single electron in the field of a magnetic 

charge 

Then for any closed path r not through the monopole 

Flux quantization is not obtained because atomic distances are much 

smaller than the London penetration depth and thus 3 cannot be set 

to zero. In fact the term containing : in Equ. 15 is typically lo5 

larger than the flux term. However, if we take two surfaces SF and 

"k each bounded by the path r and with the two together enclosing 

the monopole, then the current density term is identical for both. 

Subtracting the two equations we obtain 

where k is an integer and the closed surface integral equals to the 

total flux emanating from the pole. Thus Equ. 13 is obtained. 

For k not zero we have introduced a discontinuity in the vec- 

tor potential which produces an ambiguity in the phase change of $ 

around the path r. The phase change obtained when considering the 

surface Sy differs by exactly k(2n) from that obtained considering 

Sir. But as Dirac stressed, only phase changes module 277 are 

physically observable. Thus only magnetic charges possessing an 

integer Dirac charge are consistent with all physical observables 

in quantum mechanics remaining unambiguous. 

The Dirac condition does not symmetrize electric and magnetic 

charges because the elementary magnetic charge is predicted to be 

much stronger than the elementary electric charge. From Equ. 13 
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g = e/2c( , (17) 

13712 times greater than the electric charge e. Therefore, two mag- 

netic charges a certain distance apart feel a force which is 

(137/2j2greater than that between two electric charges the same dis- 

tance apart. The coupling constant, g2/hc = a(Ej2 z 34, would thus 

be stronger than that of any known force. 

Note also from Equ. 16 that the flux emanating from a Dirac 

charge is 

4ng = k=2Qo, (18) e 

exactly twice the flux quantum of superconductivity! This should not 

be surprising, for Dirac imposed the same single-valuedness condition 

on a single electron wavefunction in the magnetic field of a pole 

as we used in deriving flux quantization from the coherent many-body 

Cooper pair order parameter. The Cooper pairs possess twice the 

electron charge, accounting for the factor of two in Equ. 15. Thus 

the observation of flux quantization in a superconductive system 

automatically demonstrates sufficient resolution for detecting Dirac 

magnetic charges. 

The Dirac suggestion motivated many experimental searches for 

particles possessing magnetic charge, but no convincing candidates 

were found.(lO) 

Over the last decade work on unification theories has unexpec- 

tedly yielded strong renewed interest in monopoles. In 1974 

't Hooft and independently Polyakov (11) showed that in true unifica- 

tion theories (those based on simple compact groups) magnetically 

charged particles are necessarily present. These include the 

standard W(5) Grand Unification Model. The modern theory predicts 

the same long range field as the Dirac solution, however, now the 

near field is also specified leading to a calculable mass. The 

Dlrac theory was not able to predict a mass. The standard W(5) 

model predicts a monopole mass of 10 16 G&/C2, horrendously heavier 

than had been considered in previous searches. A detailed discus- 

sion of these theories can be found elsewhere in this volume in 

excellent papers by expert authors. 

These supermassive magnetically charged particles would pos- 

sess qualitatively different properties. (17-j These include neces- 

sarily nonrelativistic velocities from which follow weak ionization 

and extreme penetration through matter. Thus such particles would 

have escaped detection in previous searches. To understand why a 

(13) superconducting ring makes a natural detector for such slow mono- 

poles we next compute the couplin g of a magnetic charge to a super- 

conducting ring. 

V. MONOPOLE COUPLING TO SUPERCONDUCTING RING 

Rather than presenting a detailed calculation (14) , here we 

obtain the correct result for the current change induced by the 

passage of a magnetic charge through a superconducting ring using 

a simple magnetic field line picture. Consider a magnetic charge g 

moving along the symmetry axis of a superconducting ring made with 

wire many h in diameter. From Sec. III we know that the magnetic 

field inside the wire is always negligibly small. Thus no magnetic 

field lines may pass through the wire,and as the charge passes 

through the ring the field lines are brushed back. However, as the 
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particle proceeds to infinity after passing through the ring all of 

the magnetic field lines emanating from the charge cannot return 

through the ring. The resolution of this apparent dil&nma is shown 

schematically in Fig. 4. Each flux line is continuously deformed as 

the charge g approaches the wire and each separates into two dis- 

joint lines, one left surrounding the wire and the other remaining 

connected to the charge. At the point where the cross-over occurs 

the magnetic field is zero. 

For a trajectory along the ring's symmetry axis, the magnetic 

field lines can be easily calculated analytically. They always lie 

along the surface of tubes of constant flux which are now figures of 

rotation about the z axis. Thus for the charge g a distance z' 

away from the plane of the ring with radius b, the flux $(r,z) 

through a circle of radius r a distance z away from the ring is 

given by 

@b-,2) = m,[l +d*] - $0 f [ 1 +J*] (19) 
where L is the self inductance of the ring and M the mutual induc- 

tance between the ring and the circle. The first term on the right 

hand side is the flux from the monopole and the second the flux 

from the induced supercurrent in the ring. M (in henries) can be 

expressed in terms of the elliptic integrals E and K as 

C+(k) 1 
where 

k2 = 4=b 
(r+b12+z2 

(20) 

Fig. 4. Schematic representation of magnetic field 

lines as monopole passes through supercon- 

ducting ring. 
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Using these equations a video simulation of the changing field lines 

as a monopole passes through a superconducting ring ha,s been made by 

Gordon Smith at Stanford. 

Returning to Fig. 4 it is clear that every field line emanating 

from the pole must have left a closed loop around the ring wire as 

the particle moved through, Thus the "et change of flux through the 

ring must exactly equal the total flux from the pole - two $. for a 

monopole of unit Dirac charge. The same result is obtained for all 

particle trajectories which pass through the ring, whereas no "et 

flux change results from trajectories which miss the ring. To illu- 

strate, in Fig. 5 the induced supercurrent resulting from each of 

four different trajectories has been computed. Note that the rise 

times are similar and are of order the ring radius divided by the 

particle velocity. For trajectories which miss the ring only tran- 

sient currents are obtained with a maximum peak to peak excursion 

of one $ . 0 

Thus if a magnetic charge g passes through the ring, the "umber 

of flux quanta threading the ring will change by two; whereas, if the 

particle does not pass through, the flux will remain unchanged. 

Finally, if the magnetic charge passes through the bulk supercon- 

ductor, such as the wire of the ring, it would leave a trapped doubly 

quantized vortex, and swe intermediate total current would persist. 

A superconductive system based on these properties is sensitive 

only to magnetic charges and thus makes a natural detector. The pass- 

age of any known particle possessing electric charge or a magnetic 

dipole would cause very small transient signals but no dc shifts. 
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Fig. 5. The induced current in a superconducting ring 

for each of four different trajectories. 
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A cosmic flux of magnetically charged particles such as the predicted 

supermassive GUT monopoles can be detected by monitoring the current 

in a superconducting loop or scanning the surface of a superconduct- 

ing sheet for spontaneously appearing doubly quantized vortices. 

Below several such devices are described. 

VI. PROTOTYPE SINGLE LOOP DETECTOR 

To test the feasibility of such devices the magnetometer built 

for measurements of the ultra low field superconducting shields was 

used in a prototype search for a particle flux of supermassive motio- 

poles. (14) This instrument, described in Section II, has been operated 

as a monopole detector for a total of 382 days. It consists of a 

four turn 5 cm diameter loop made of 0.005 cm diameter niobium wire. 

The flip coil is positioned with its axis vertical and is connected 

to the superconducting input coil of a SQUID. The passage of a sin- 

gle Dirac charge through the loop would result in an 8 $. change in 

the flux through the superconducting circuit, comprised of the detec- 

tion loop and the SQUID input coil (2 $o couple to each of the four 

turns ) . As shown in Fig. 6, the SQUID and the loop are mounted in- 

side an ultra low field shield in an ambient field of 5 x 10 
-8 gauss. 

The presence of the superconducting shield complicates the 

expected detector response. Now in addition to the trajectory coup- 

ling directly to the loop, doubly quantized supercurrent vortices 

appear in the walls of the shield at the points where the particle 

enters and exits (see Fig. 6). A field change is produced in 

the shield which also couples to the loop even if the trajectory 

misses the loop. Thus the possible values for the total current 

induced in the loop are no longer sharp. 

MUMETAL 
SHIELD 

SUPERCONDU 
LOOP 

MONOPOLE 
TRAJECTORY 

.CALlB,P+TlON 

Fig. 6. Schematic of prototype monopole detector. 
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The distribution of all possible total induced current values 

for an isotropic distribution of straight line part&cle trajectories 

is shown in Fig. 8a. The density of sensing area D, (averaged "ver 

4~r solid angle) is plotted as a function of the total induced cur- 

rent. All of those trajectories which intersect the loop induce 

current changes between 7.5 I#" and 8 @o and the integral of that 

portion of the distribution is 10.1 cm2. This area corresponds 

exactly to the cross section of a 5.08 cm diameter loop averaged "Y~I 

4~ solid angle (l/2 of the loop area). In addition, for those traj- 

ectories which intersect the shield but not the loop, induced cur- 

rents between 0 and 0.5 I$" would be seen. The integral under this 

portion is infinite, but the noise level of the detector sets a 

natural lower cutoff. For our prototype with its noise level of 
n 

0.2 $o we obtain an additional sensing area of 145 cmL. Thus for 

every event between 7.5 and 8 $I" one would expect 14 events between 

0.2 and 0.5 0 0' 

Several intervals throughout a continuous one month time period 

are shown in Fig. 7a, where no adjustments of the dc level have been 

made. Typical disturbances caused by daily liquid nitrogen and 

weekly liquid helium transfers are evident. A single large event 

was recorded (Fig. 7b). It is consistent in magnitude with the 

passage of a single Dirac charge within a combined uncertainty of 

+ 5% (resulting from the calibration uncertainty and the distribu- - 

tion Do in Fig. Ea.). It is the largest event of any kind in the 

record. 

:.. _- -_. . ^ ._ .:. 
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Fig. 7. (a) Typical stability during one month 

(b) The candidate event 
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Fig. 8. (a) Density of sensing area function 

(b) Histogram of all spontaneous events during first 
1.51 days 

Several histograms have been obtained from a detailed analysis 

of the first 151 days (the detailed analysis of the remaining 231 days 

is not complete, however, no large events were seen). In Fig. 8b are 

plotted the 27 spontaneous events exceeding a threshold of 0.2 0, 

which remain after excluding known disturbances (Fig. 9a) such as 

transfers of liquid helium and nitrogen. An event is defined as an 

offset with stable levels for at least one hour before and after. 

Only six events were recorded during the 70% of the running time 

when the laboratory was unoccupied. Since many more small events 

were seen during working hours it is clear that the detector is sen- 

sitive to disturbances. As we shall discuss below, this is consis- 

tent with its known sensitivity to mechanical disturbances. However, 

even if we assume that the five small events and the large event 

occurring during nonwork hours are real, the absence of an additional 

9 small events suggests that the actual rate of large events should 

be three times lower. Thus a better upper bound on the particle 

flux is obtained by considering the lack of small events. 

The most likely sources for spurious signals are associated with 

the mechanical sensitivity of the apparatus. Mechanically induced 

offsets have been intentionally generated. These could be caused 

by shifts of the four turn loop wire geometry, which would produce 

inductance changes and inversely proportional current changes (IL = 

flux is constant). Alternatively, trapped supercurrent vortices in 

or near the SQUID could move from mechanically induced local heating. 

In any case, sharp raps with a screwdriver handle against the detec- 

tor assembly cause offsets. The magnitude distribution of 31 such 

induced events is shown in Fig. 9b. 
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Fig. 9. Histograms (a) of all events during first 151 days 

directly correlated with dewar maintenance and (b) 

of magnitudes from all mechanically induced events 

from test raps. 

Although we have not been able to produce such events which 

appear as clean as the candidate event, magnitudes close to the can- 

didate event magnitude have been generated. If we further assume 

that mechanical stresses frozen into the detector upon initial cool- 

ing from room temperature could spontaneously release or be triggered 

by a small external disturbance, it would be possible to imagine a 

large spurious signal. The difficulty with easily accepting this 

scenario as a plausible explanation for the candidate event is that 

the data from this detectorhave been accumulated over five separate 

Txns , each camencing with a cooldown of the apparatus from room 

temperature, and no other such signals were ever seen. Nevertheless, 

we feel IT IS NOT POSSIBLE TO RULE OUT A SPURIOUS CAUSE FOR THE 

FEBRUARY CANDIDATE EVENT. We are planning a series of tests on this 

detector aimed at reducing the uncertainty in our calibration and 

further clarifying the origin of the mechanically induced offsets. 

These tests will include repeated thermal cycling of the apparatus. 

Our recent primary effort has gone into building a new detector 

with a larger sensing area and with sufficient cross checks to rule 

out spurious causes for any new events. It is described in the next 

section. 

VII. PROGRESS ON NEW THREE LOOP DETECTOR 

In the spring of 1982 a group including M. Taber, J. Bourg, 

S. Felch, R. Gardner, R. King and me began work on a larger detector. 

We have completed construction of a new three loop detector. This 

new detector is based on the same principles as the prototype system 

described in Sec. VI but has improved mechanical stability, a greater 

. . .:. .-. . . 

.‘. ._ 

-644- 



sensing area and much better spurious signal discrimination. AS 

shown schematically in Fig. 10, it consists of three mutually ortho- 

gonal superconducting loops, each 10.2 cm in diameter -(twice that of 
n 

the original device). In addition to a sevenfold increase (71 cmL) 

in direct average isotropic sensing area for trajectories Passing 

through at least one loop, 57% of those trajectories also intersect 

at least two loops, providing valuable coincidence information. The 

sensitivity of this new instrument to near miss trajectories which 

traverse the shield but do not intersect the three loops Provides an 

additional effective sensing erea for single Dirac charges 53 times 

greater (540 cm2) than that of the prototype detector for signals of 

magnitude 0.1 $o or larger. Because of the smaller signal levels, 

this near miss sensitivity can provide lower flux bounds if no candi- 

date events are seen, however, such a near miss candidate would not be 

as definitive as one corresponding to a trajectory passing through at 

least one loop. 

We are completing pi detailed analysis of the distribution iunc- 

tions for this new detector. These functions are plotted in a three 

dfmensional phase space in which the axes correspond to the signal 

sizes seen by an event in each loop. Thus each point in this space 

corresponds to a :hree loop event. Preliminary results indicate 

that the volume of this phase space occupied by all possible mono- 

pole trajectories passing through at least one detector loop is 

about 1% of the volume of a sphere with radius just equal to that of 

the largest allowed event magnitude (about 6.5 $o). The magnitude 

is defined as the square root of the sum of the squares of each loop 

signal. Thus for a candidate event to be consistent with a possible 

. . : ---I 
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Fig. 10. Schematic of three loop monopole detector. 
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monopole trajectory it must lie within the allowed volume. This 

requirement is particularly stringent for trajectories that inter- 

sect at least one loop, but does not effectively discriminate near 

miss trajectories. 

In addition, two known sources of spurious signals lie within 

well defined planes in this phase space. These are magnetic field 

changes at the three loops caused either by leakage fields in through 

the top of the superconducting shield or by the pendulum motion of 

the loop assembly in the shield field gradient. These planes can be 

experimentally determined to better than 1% resolution. Thus the 

most convincing candidate event would correspond to a trajectory in- 

tersecting at least one loop and lying away from these planes in the 

phase space. Data from an external fluxgate magnetometer and an 

accelerometer, both mounted on the outside of the detector, will 

remove most if not all signals from the planes of confusion produced 

by the leakage fields and the shield magnetic gradient. 

To monitor the detector, we have designed a computer based data 

acquisition system. The output signals from the fluxgate and the 

accelerometer together with the outputs from the three independent 

SQUID loop current sensors are continuously sampled at 200 readings 

per second per channel. These data are temporarily stored onto a 

computer ring buffer (about 30 seconds long) and digitally filtered 

to 0.1 Hz bandwidth (one point every 5 seconds) in real time. The 

filtered readings are then stored on the disc to form a permanent 

continuous record. In addition, these filtered data are constantly 

compared to detect changes in the SQUID sensor levels above 0.1 $o. 

Such an event then triggers in software the permanent storage of the 

ring buffer contents azound the time of the event. The high band- 

width information allows convincing discrimination against mechani- 

cally induced spurious events of any kind. HoWeVer, our 10 milli- 

second resolution is NOT capable of observing current rise times of 

order 0.1 to 1 microsecond expected from the passage through a loop 

of a Dirac charge with velocity between 10 -3 and 10 -4 the speed of 

light. This data acquisition system is assembled and is expected to 

become fully operational by early 1983. 

As a backup to the computer the detector is also continuously 

monitored on a six channel strip chart recorder at 0.1 Hz bandwidth. 

As of October we have operated the system for nearly three months. 

We have accumulated 61 days of data, primarily on the strip chart 

recorder with SQUID noise levels of 10, or better. The signal from 

any Dirac magnetic charge passing through at least one loop would 

have been detectable. NO SUCH SIGNAL HAS YET BEEN SEEN. The present 

noise level does not allow clear detection of near miss signals. 

However, using only the direct loop sensing area the dominant contri- 

bution to our experimental particle flux bound now comes from our new 

three axis detector. 

As of October 16, 1982, the limit on the particle flux of mag- 

netic charges passing through the earth's surface at any velocity and 

of any mass is less than 1.2 x 10 -10 cm -2 s-1 ..-l . This limit is 

derived combining 382 days of data from the prototype detector with 

its 10.1 cm2 of average loop sensing area and 61 days from the new 

three axis detector with its 70.9 cm2 loop area. 
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Astrophysical arguments lead to several other limits. Here to 

obtain representative numbers we assume a particle mass of 10 l6 GeV/ 

2 c . Then an absolute upper bound for the galactic monopole particle 

flux of 4 x 10 -10 cmw2 6-l 5x-l is obtained from the limits on the 

local galactic dark rnas~('~j. A much smaller upper bound of 

lo-15 .,-2 s-1 .r-l is obtained assuming an isotropic flux from 

arguments based on the existence of the 3 microgauss galactic magne- 

tic fields.(15' However, possible models incorporating monopole 

plasma oscillations(16~ require densities above a critical value 

and lead to a LOWER bound of about 10 -13 cm-2 s-1 ,,-1 . All of the 

above bounds suggest particle velocities near 10 -3 
c. 

An enhanced monopole density gravitationally bound to our own 

solar system(l') would allow much smaller average galactic flux 

levels and lead to smaller particle velocities near 10 -4 C. 

Perhaps the most important experimental question is, can conven- 

tional ionization devices with their much larger sensing area detect 

the passage of single Dirac charges with velocities of order 10 -4 to 

lo-3 c? 118, New calculations based on fundamental quantum mechanical 

arguments suggest that helium gas devices would provide such a reso- 

lution.(19) 

Finally, it has been shown that the supermassive monopoles 

arising from grand unification theories will catalyze nucleon decay 

processes.(20) If the cross section for such events is of order the 

hadron cross section, as has been suggested, (21) then all attempts 

at direct detection of these monopoles may be doomed to failure. 

Arguments based on x-ray flux limits from galactic neutron stars (22) 

and assuming a strong cross section lead to an upper bound for a 

magnetic particle flux of about 10 
-22 cm-2 s-1 .r-l - about one per 

year through the entire land area of Rhode Island! 

VIII.LARGER SENSING AREA SUPERCONDUCTIVE DETECTORS 

Superconductive devices at present are the only known velocity 

independent monopole detectors and directly measure the magnetic 

charge. Thus an important question is how large can the sensing 

area of such devices be made using existing technologies? 

First with respect to our new three axis system, we are now 

working to reduce the detector noise levels below 0.1 '$* and have 

obtained short periods of such operation. The ability to reliably 

detect near miss events will increase the sensing area from 70.9 

cm2 to over 600 cxn2. However, as discussed in Sec. VII, candidates 

in the near miss category are less convincing. Larger diameter 

loops with their larger self inductances provide ever decreasing 

signal to noise ratios and for diameters larger than about 10 cm 

cannot be effectively used as monopole detectors. 

To overcome this limitation we are designing a new generation 

of superconductive detector which will use up to several square 

meters of a thin superconducting sheet in the form of a cylinder 

for recording magnetically charged particle tracks. It is analo- 

gous to a photographic emulsion which records electrically charged 

particle tracks. A magnetic charge, traversing the cylinder, twice 

in most cases, would record signatures consisting of doubly quan- 

tized trapped flux vortices in the walls (Fig.11). As long as the 

sheet renains superconducting, the strong flux pinning due to lattice 

and surface defects will prevent any motion. The ambient trapped 
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flux pattern, about one quantized vortex per cm2 in a 10 -7 gauss 

field, will be periodically recorded using a small scanning coil 

coupled to a SQUID. Two simulated scans, over a 10 cm by 10 cm 

area, are shown in Fig. 12(a) and (b). A typical SQUID noise level 

has been included. In (b) a new doubly quantized vortex has appeared 

and is most clearly seen when (a) is subtracted from (b) as shown 

in (c). 

With our new three loop detector, or latter with the larger 

sensing area scanning detectors, either we will begin to see more 

events which would be very convincing, o* we will set an upper limit 

approaching lo-l2 cme2 s-l sr-l on a magnetic particle flux - 100 

times smaller than our present value. Either way, this is a very 

exciting time for our group. 

The work described in this paper has been funded in part by 

NSF Grant DMR 80-26007 and DOE Contract DE-AM03-76SFOO-326. 
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THE EARLY UNIVERSE - THE ULTIMATE ACCELERATOR 

Gary Steigman 

Bartol Research Foundation 

Abstract 

The Early Universe was a hot, dense soup of all elementary 

particles - a high energy physicist's dream. The high 

temperature and density correspond to high flux and to collisions 

with high center-of-mass energy - the Early Universe was the 

Ultimate Accelerator. To convince you that cosmology provides a 

valuable probe of high energy physics and that high energy 

physics has a significant impact on cosmology, I will begin by 

emphasizing the successes of the standard model in describing 

primordial nucleosynthesis. After a general consideration of the 

survival of relics from the hot big bang, I will illustrate the 

results with the examples of relic nucleons and relic neutrinos. 

Relic nucleons are the remnants of a universal baryon asymmetry 

which GUTS plus cosmology can account for. Relic neutrinos may, 

if they have a small rest mass (= tens of eV), dominate the 

universal mass density. 

0 G. Steigman 1982 
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THE COSMIC CONNECTION 

The organizers of this conference have asked me to talk of 

the impact on cosmology of recent developments in high energy 

physics. Indeed, developments in high energy physics - both 

theory and experiment - have had a considerable impact on 

astrophysics in general and cosmology in particular in recent 

years. New proposals in Unified, Grand Unified and Super-unified 

Theories, as well as discoveries at accelerators and in more 

conventional laboratories, have suggested solutions to some long 

standing cosmological puzzles. It would be remiss, however, to 

fail to admit that as a dialogue between particle physicists and 

astrophysicists was established, the path between these two 

specialties at the frontier of physics has become a heavily 

travelled, two-way street. It has been clear to most 

cosmologists that to build the best models of the evolution of 

the Universe requires the incorporation of the very best physics- 

high energy physics included. With a few notable exceptions, 

it took the particle physics coaununity longer to appreciate that 

significant constraints to models of particle physics were 

forthcoming from astrophysical and cosmological investigations. 

By now, that has changed; these days, the "compleat" high energy 

physicist is also a cosmologist. Today the study of the Universe 

is a truly interdisciplinary field. 

The salient reason for the intimate connection between 

particle physics and cosmology is that the early Universe was 

very hot and very dense. High temperature and high density 

correspond to high center-of-mass energy and high flux. From the 

perspective of the particle physicist, the early Universe was the 

Ultimate Accelerator. Unfortunately, (or perhaps fortunately; it 

all depends on your point of view) adiabatic cooling forced the 

shutdown of this accelerator some 10-20 billion years ago. To 

probe particle physics at CIAC (Cosmic Isotropic Accelerator 

Center) requires that we be clever and careful. The general 

approach is briefly described as follows: The "best" high energy 

physics is a significant part of the microphysical input to the 

construction of a cosmological model to describe, in particular, 

the early evolution of the Universe. The Universe evolves 

according to the model cosmology,and comparisons are made between 

theoretical predictions and observational data. Agreements 

between theory and observation provide us with some confidence 

that the model - the cosmology plus the high energy physics - may 

be correct, or at least on the right track. Should 

contradictions arise, they would provide clues to flaws in the 

cosmology, the particle physics, or both. By this iterative 

symbiotic process, both the cosmology and the high energy physics 

advance. 

To describe the heavily trafficked road between particle 

physics and cosmology would require an entire conference. 

Indeed, there have been several such conferences in recent years 

(for example, see the review by Kolb and Turner, 1981). I have, 

of necessity, adopted a much more modest goal. In pointing out 

some of the more interesting vistas along the way, I hope to 

:: :.- .,-.-.-:I ,.._. 
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provide my audience with a feeling for the possibilities that 

exist and the sense of accomplishments already achieved by 

travelling this road. This talk does not pretend to either depth 

or breadth; those whose interest has been piqued must consult the 

literature, some of which will be listed below. 

PRIMORDIAL NUCLEOSYNTHESIS 

I've chosen to begin the journey along the road connecting 

particle physics and cosmology with a discussion of primordial 

nucleosynthesis. Why? The answer is simple and crucial: 

Primordial Nucleosynthesis provides us with the only probe of the 

Early Universe! To choose our direction for further progress - 

indeed, to be at all confident we're on the right road - we need 

to know the answers to several questions. 

First and foremost, "Does the 'standard' hot big bang model 

(i.e.: the simplest one with the fewest arbitrary adjustable 

parameters) agree with observations?" If the answer to this 

question is in the affirmative (it will be!), we may travel 

further and pose more detailed questions. For example, "How many 

neutrino - or other 'ino' - flavors are permitted (or required) 

by the consistency of the standard model?" As for a question of 

more direct relevance to cosmology, "What is the universal 

density of nucleons?" 

Before considering the answers to these questions,let us 

briefly review the requirements imposed on the cosmology by the 

observational data. The so-called "heavy" elements (A 2 12) are 

believed to be cooked in stars in the course of normal stellar 

and galactic evolution. The abundances of the "intermediate" 

elements (Li, Be, 6) can be understood on the basis of a cosmic 

ray spallation origin - in collisions between cosmic ray nuclei 

and the nuclei of interstellar gas atoms, heavier elements 

(C,N,O) are broken down to (among other products) Li, Be, 8 

(Reeves et al. 1970). This mechanism fails, however, to account 

for the observed abundance of 7Li. With the possible exception 

of 'Li, then, a cosmological origin is not required for the 

intermediate and heavy nuclei. 'Li may, however, be produced 

in stars (Cameron and Fowler 1971; Scala 1976; Starrfield et al. 

1978). The situation is dramatically different for the "light" 

elements 0, 3He and 4He. Deuterium, being very weakly bound, 

is very easily destroyed. It is, therefore, very difficult to 

find an astrophysical site for the production of D in its 

observed abundance. Indeed, to date it has proved impossible to 

synthesize D without overproducing other elements (Epstein et al. 

1976). A cosmological origin for deuterium is strongly suggested 

perhaps required. 3 He can be produced in stars. particularly 

those cool, low mass stars which fdil to burn helium to 4tie 

(Iben 1967). It seems likely that production in such stars in 

the course of galactic evolution enhances any primordial 3He 

(Rood, Steigman and Tinsley 1976). A primordial origin for the 

(poorly known) present abundance of 3He is not required; 

conversely, the big bang should not "overproduce" 3He. Next to 

hydrogen, 4He is the most abundant element in the Universe. 

. . _\ _ ..I.. .._: 
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Stars, in the course of galactic evolution, produce 4He. 

Stellar production. by all accounts, is insufficient to account 

for the observed abundance of 4He. A big bang origin is 

required for most of the 4He observed today. To recapitulate 

then, we require (or desire) that primordial nucleosynthesis 

produce all the observed D and most of the 4He. It may well be 

that a significant fraction of the observed 3He and 7Li also 

have a primordial origin. None of the other elements requires a 

big bang origin. Finally, it should be mentioned that since D 

and 7Li are easily destroyed, overproduction in the big bang is 

not necessarily a problem; the observed abundance may be 

reconciled with the primordial abundance when account is taken of 

astration in the course of galactic evolution. In contrast, it 

is difficult to destroy the more tightly bound 3He - indeed, 

estimates suggest a net production (Rood, Steigman and Tinsley 

1976). Since stars do synthesize 'He,and since the observed 

abundance greatly exceeds the abundance of all other elements 

(the helium abundance by mass Y < 0.2 whereas the heavy element 

abundance 22 0.02). the Universe must take care to not 

overproduce 4He primordially. 

Observations 

In a forthcoming paper (Yang et al. 1982 - hereafter 

YTS'O), my colleagues and I have re-examined the current 

observational data pertinent to determining the present 

abundances of the light elements. The reader is referred to that 

paper (and references therein) for a more detailed discussion; 

here I simply summarize the data and the conclusions drawn from 

the observations. 

Deuterium is only well studied in our local neighborhood. 

Comparisons of D- and H-Lyman series absorption by interstellar 

gas in front of nearby, hot, young stars leads to an abundance 

(by number) within a factor two of D/H = 2~10~~ (lo5 D/H = 

l-4). Since primordial deuterium may be astrated, a conservative 

conclusion from the :ata is: (D/H)DD ? 1~10~~. 

The abundance of 3He is poorly known. The "solar system" 

abundance which is within a factor two of 3He/H - 2~10~~ may 

be taken as an upper limit to the present abundance. Some of the 

observed 3He may have resulted from the burning of primordial 

D. The upper limits to the present abundances of D and 3He 

[(D/H)~A~ = (3He/H),A, s 4~10~~1 may be used to derive 

(YTS'O) an upper limit to the sum of the primordial abundances 

of those elements; given the uncertainties, [(D+3He)/H],, = 

( 12-2o)x1o-5. 

Because of its large and universal abundance, 4He is 

perhaps the most important of the light elements from the point 

of view of cosmology. Crudely speaking, observations suggest an 

abundance today which ranges from Y = 0.2 to Y - 0.3. Some of 

the presently observed 4He is surely stellar in origin. To 

infer a primordial abundance from current data entails 

uncertainties. The present situation is reviewed by YTS'O who 

derive from the data an upper limit to the big bang abundance of 

YBB 5 0.25-0.26. It is much more difficult (and the result 
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more uncertain) to set a lower limit; YTS20 find YDD ? 

0.22-0.23. Although we would hope to more narrowly constrain the 

primordial abundance of 41ie, it must be emphasized that with 

0.22-0.23 5 Y99 5 0.25-0.26, the helium abundance is, by far, 

the most accurately known of all the abundances. 

Theory 

The first, and most important, question confronting 

primordial nucleosynthesis was whether the standard model could 

account for the observed abundances -- in particular, those of D 

and 4He. The observed abundances of D and 4He differ by some 

3-4 orders of magnitude. It is a signal success of the standard 

model that it correctly predicts this difference. In Figure 1, 

taken from YTS'O, the big bang abundance of 4He is plotted as 

a function of the big bang abundance of D+3He for several 

values of the number of two-component neutrino species. It is 

clear from Figure 1 that for 2 5 NV 5 4, consistency between 

theory and observation for D, 3He and 4He is obtained. 

Although we've not discussed it here, it should be mentioned that 

recent observations by Spite and Spite (1982) of 7Li in old 

stars suggest that the standard model may also account for a 

significant fraction of the observed 7Li. Our first question 

is thus - at present - answered affirmatively. This encourages 

us to embark on a more detailed comparison between theory and 

observation. 

In Figure 2, taken from YTS20, the big bang abundances of D 

and 3tJe (and their sum) are shown as a function Of the nucleon 

Figure 1. The predicted big bang abundance of 4He [by mass, 

YDD) versus the predicted big bang abundance (by 

number relative to H) of D plus 3He. 
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Figure 2. The predicted big bang abundances (by number relative 

to H) of D, 3He and D+3He versus the universal 

ratio of nucleons to photons n. 

abundance n -the ratio of nucleons to photons. The higher the 

nucleon abundance the more rapidly is D (and, to a lesser extent 

3He) burned to 4He; higher n corresponds to smaller yields of 

D and 3He. If we require that primordial nucleosynthesis 

account for at least the minimum observed abundance of D (D/H z 

1x10m5), then we constrain n to be smaller than n c 

10x10-JO. On the other hand, a very small value of n would 

lead to a large primordial abundance of D. To avoid too much 

D+3He ( [(D+3He)/H]ge s &2Ox1O-5) leads to a lower limit 

to n, n ? (2-3)x10 '. With these constraints on n (2-3 5 

lO"h C- lo), let us return to 4He for a more detailed 

comparison. 

In Figure 3, adapted from YTS'O, the 4He abundance is 

shown as a function of n for three values of N,, - the number of 

species of two-component neutrinos. Although Nv=4 is a 

possibility, this value is only allowed (for n 1 ~xJO-~') if 

YB8 2 0.25. That the primordial abundance of 4He is this 

large cannot be excluded although the data do suggest smaller 

values. Note that, if indeed Nv=4. then the constraint Y66 5 

0.26 leads to a small value for n (5 5~10~~'). Although the 

current data may be consistent with Y66 as high as 0.26, future 

observations may reduce this upper limit. If we could infer that 

YBB 5 0.25 then, for Nv >_ 3 (v,, vu, v~) we would obtain 

a new upper limit on n: n < 8x10-l'. A further reduction in 

the estimated upper limit to Y65 ( 0.23 would begin to cause 

trouble with the standard model. The combined constraints of 

__ _ . . . ZF : . . 
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Figure 3. The predicted big bang abundance (by mass) of 4He as 

a function of the nucleon abundance for three values 

of the number of species of light, two component 

neutrinos. 

[(D+3He)/H]gg 5 (12-20)x10 -5 (which corresponds to n > 

(2-3)x10- 10 ) and YBB _ < 0.23 can only be consistent if NY < 

3. In the standard (particle physics) model, y is expected to 

be a light (mvt CC 1 MeV) neutrino similar to ve and v,,. 

Experimentally, however, all that is known is that mvT ( 250 Melr; 

if mvT > 25 MeV (Kolb and Sherrer 1982) then Nv < 3 is possible. 

A true incompatibility of the standard model with the data would 

be obtained if observations ever led - convincingly - to the 

limit YDD < 0.22. 

Nucleon Mass Density 

Before moving on from this discussion of primordial 

nucleosynthesis, it is worthwhile (and interesting) to consider 

the implications for cosmology of the constraints derived from 

the data. In particular, we've learned that the nucleon 

abundance (the ratio of nucleons to photons) is constrained to 

lie in the range: 2-3 5 nIo 5 10; nlo = 101'n. Knowing the 

nucleon abundance we may calculate the universal mass density in 

nucleons. 

pN = inNmy; n t 4x102(To )3cm-3 
Y F-7 . 

(1) 

In (l), mN is the nucleon rest mass and nY the density of 

black body photons; the range of estimates of the present 

temperature of the microwave background is 2.7 5 To 6 3.0 K. 

It is useful to compare the nucleon mass density to the critical 

density nc which separates those low density (P, < nc) 

universes which will expand forever, from the high density (P, 

> pc) universes whose expansion will eventually stop, to be 
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followed by collapse. 

PC 
= 3HE (8rG)-l = 2x10-2gh~(gcm-3). (2) 

In (2), G is Newton's gravitational constant and Ho is the 

Hubble parameter describing the present expansion rate of the 

Universe. 

Ho = 100 ho (kms-'Mpc-l); l/2 5 ho 5 1. (3) 

As an aside to which we'll return later, the inverse of the 

Hubble parameter has the dimension of time. The Hubble time, 

Hi', provides, within the context of the standard model, an 

upper limit to the age of the Universe. 

Hi1 : 10h~lxlOgyr=>to 5 (lo-20)xlO'yr. (4) 

Returning to the nucleon density and comparing it to the critical 

density, we find 

PN 
T 

n N =rc= 0.0035h;2(s )3n10. (5) 

Since both ho and To are imprecisely known, oN would be 

uncertain even if the nucleon abundance were known to high 

accuracy; for 2.7 5 To 5 3.0 K and l/2 5 ho 5 1, 0.0035nIo 

I RN 5 0.019sI0. Combining all the uncertainties we find 

that: 0.01 < nN c 0.2. The important conclusion which follows 

from this comparison is that: Nucleons Fail To Close The 

Universe By At Least A Factor Of Five. 

It is instructive to compare the mass density in nucleons 

constrained by primordial nucleosynthesis to the estimates of the 

total universal mass density from dynamical considerations. The 

most straightforward - but impractical - approach to estimating 

the universal mass density is to add up all the mass in a volume 

large enough to provide a fair sample of the representative 

"stuff" of the Universe. Instead, the light emitted in such a 

volume is sumned to provide an estimate of the universal 

luminosity density, Lobs. Then the mass on various scales is 

determined dynamically (i.e.: from Newton's Laws) and compared to 

the light emitted on the same scale to obtain the (scale 

dependent) average mass-to-light ratio, <M/L>. If the mass and 

the light were similarly distributed, then 

PDyn = <M/L>LObs, (6) 
would provide a fair estimate of the total, average mass 

density. Unfortunately, as the entries in Table 1 demonstrate, 

the mass and the light are not similarly distributed. Virtually 

all of the light comes from the inner lo-20 kpc (Y 30-60~10~ 

lyr) of galaxies,whereas the mass is much more broadly 

distributed. The so-called missing mass problem is really a 

missing light problem: on larger and larger scales there is more 

and more mass but not more and more light. It is therefore 

difficult to decide which scale provides the best estimate of the 

average stuff of the Universe. A natural choice would be to 

concentrate on the largest scale&but one must be alert to the 

possibility of invidious selection effects. For example, 

although the mass-to-light ratio is largest on the scale of Rich 

Clusters of Galaxies, the galaxies which contribute most of the 

light to Lobs do not find themselves in Rich Clusters. Perhaps 

-: 
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Table 1 

Dynamical Estimates of the Universal Mass Density* 

Region Surveyed <M/L>(MG/LG) 
'Dyn _ 

Solar Neighborhood 2-3 > 0.002 hi1 

Galaxies (lo-20)ho 0.008-0.017 

Binaries &Small Groups (60-180)ho 0.05 - 0.15 

Rich Clusters (200-600)ho 0.17 - 0.50 

Intracluster Gas EM HG r '*' MDyn 1 0.02 - 0.05 

*The entries in this table are based on the <M/L> values 

in Faber and Gallagher (1979). 

the high observed mass-to-light ratios for Rich Clusters is less 

a measure of the universal mass density than of the initial 

conditions at the formation of the Cluster or its subsequent 

dynamical evolution. Because of such caveats, the entries in 

the last column of Table 1 should be regarded with great caution. 

The quantity nDyn is defined as follows. From the observed 

luminosity density we may infer a critical mass-to-light ratio 

which corresponds to p Dyn='c' For the recent observations of 

Kirshner et al. (1982 - KOSS), 

~~~~ (KOSS) =)tM/L>, :: 1200 ho (Me/LO). (7) 

Then, nDyn is defined by 

'Dyn p (8) 

Notice that the nucleon density as constrained by primordial 

nucleosynthesis (0.01 ?; nN 5 0.2) is consistent with the 

estimate of the total mass determined dynamically on all scales 

except that of the Rich Clusters. It is worth noting that a 

lower limit to the mass in nucleons on the scale of Rich Clusters 

follows from the intensity of x-ray emission, via bremsstrahlung 

radiation, from the hot, intracluster gas. This estimate, as 

well as that for the inner, luminous parts of galaxies, suggests 

that nN z 0.01-0.02 provides a reasonable lower limit to the 

universal nucleon density. Unless more convincing evidence in 

support of fro > 0.2 emerges, nucleons may well (but need not) 

dominate the universal mass density. 

RELICS FROM THE EARLY UNIVERSE 

Our brief discussion of the success of the standard, hot big 

bang model in correctly describing primordial nucleosynthesis 

gives us confidence that an extrapolation of the evolution of the 

Universe to much earlier times may not be unreasonable. During 

most of the evolution of the Universe all wavelengths scale with 

the scale factor: x-R where the scale factor R describes the 

universal expansion. Since interparticle separations scale with 

R, the number density (with an important exception to be 

described below) varies as n=R -3 . For relativistic particles 

(e.g.,photons) the temperature (average energy per particle) and 

the wavelength are inversely related so that T=xW1=R-I. As a 

result, if we go to earlier times when R was smaller, n and T 



increase: The Early Universe Was Very Hot And Very Dense. For 

most reactions, the reaction rate becomes very fast compared to 

the expansion rate. 

r 0: no = T3 d(T), (gal 

t-l T/2 ~ T2 
Or 'TOT 

rt = T o(T) >> 1 (9c) 

As an aside, it is worth noting that for gauge interactions 

(2+2), rt 5 1 for T ? TG,,T; above the GUT temperature, gauge 

interactions are incapable of establishing equilibrium - the 

regime between the Planck temperature (TP - 101' GeV) and the 

GUT temperature (TGUT I 1014 GeV) is a no-man's (or woman's!) 

land. 

As a result of the rapid reaction rate (SC), all particles - 

those already discovered as well as those not yet discovered 

because their mass is too high or their interactions too weak to 

have been produced or detected at current accelerators - will be 

produced in abundance during the early evolution of the universe: 

The Early Universe Was A Hot, Dense Soup Of All Elementary 

Particles! The important question is, what survives? 

We approach the question of the survival of relics from the 

early Universe as follows. Consider a comoving volume V - a 

volume which expands along with the general universal expansion - 

which is large enough to provide a representative sample of the 

Universe. Count the number of particles of various types in V. 

Ni = niV=R3niuT-3ni(T). (10) 

In equilibrium, when the collision rate greatly exceeds the 

expansion rate, the particle densities are given by their 

equilibrium distributions. 

ER(mctT): nFR=T"=)NER = constant, (lla) 

NR(T<<m): nNR=T3[x3'2e-X], x=m/T, (lib) 

=) NNR'=X 
3/2,-x ~ o (llc) 

The results in (11) are easily understood. In equilibrium, pairs 

of ER particles are easily produced,and since the production rate 

and the annihilation rate are equal (detailed balance), the total 

number of ER particles in V is conserved. The situation is very 

different for pairs of NR particles. With masses much in excess 

of the temperature, it is very difficult to find a collision with 

enough center-of-mass energy to produce a massive pair. Only 

those very rare collisions, out in the exponential tail of the 

distribution, have enough energy to produce a massive pair. The 

abundance of NR particles is thus suppressed, exponentially, 

compared to that of ER particles. 

Eventually, as the Universe expands and cools and the density 

drops, equilibrium can no longer be maintained - the reaction 

rate becomes smaller than the expansion rate. At that stage, no 

new pairs are produced and no old pairs (already present in the 

volume V) annihilate. Subsequently. therefore, the number of all 

kinds of particles in V (NR as well as ER) is conserved. The 

most weakly interacting, massive particles (e.g.,neutral leptons) 

will decouple first, before their abundance becomes very small. 

The more strongly interacting particles (e.g.,charged leptons, 

hadrons) remain in equilibrium longer, to a lower temperature and 
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a lower abundance before they too drop out of equilibrium and 

their number in V is conserved. Massless particles, or those 

which decouple while they still are extremely relativistic, are 

conserved at their original large abundance. For a description 

of the detailed calculations of the surviving abundances of 

relics from the big bang, see Steigman (1979) and references 

therein. For A-iipairs with mass mA and annihilation cross 

section qA7i; the surviving abundance (relative to photons) is 

NA + Ni 

N 
Y 

(12) 

In equation (12) mN is the nuclear mass and (uV)~N-S 

10-15cm3s-I is the N-N annihilation rate for v < C. 

Before proceeding to a comparison between the standard theory 

and observations, several aspects relating to the interpretation 

of (12) should be elucidated. As already mentioned, (12) applies 

to those particles which are NR (m > T) when they decouple; for 

ER particles NER z Nr. The particles A must be stable at 

least on the timescale at which the result is (12) is applied; 

for current observations T? to z 10x10' yr. Finally, and 

most important, the .foregoinq discussion and the result in (121 

apply to symmetric pairs NA = A, N-. that is, to particles with 

a conserved charge so that they may only be produced and 

annihilated in pairs. 

Relic Nucleons 

if Baryon Number were conserved, a Baryon Symmetric Universe 

would be anticipated: dB;iB-B-0, Were that in fact the case, 

equation (12) would apply to the survival of relic nucleons (A=N) 

and we would expect Nd=NN <- 10-18NY. Actually what is 

observed (see Steigman 1976) is an Asyannetric Universe with % 

<< NN=nN -10 
,,n210 - For some time there were those who 

considered this result (Nl;lfNN) a cosmological puzzle. 

However, it was known that in the absence of a zero mass gauge 

boson coupled to baryon charge - the analog of the photon and 

electric charge - baryon number was not necessarily conserved. 

Grand Unified Theories have completely laid this puzzle to rest; 

in most GUTS Earyon Number is not conserved. In this case the 

present nucleon density is recognized as the relic of an earlier 

baryon asymmetry: NN=bB (Sakharov 1967, Yoshimura 1978; Ellis 

et al. 1978; Dimopoulos and Susskind 1979; Toussaint et al. 1979; 

Weinberg 1979). For details of how to generate a universal 

baryon asymmetry, the reader is referred to the preceding 

references as well as the more extensive studies of Fry et al. 

(1980a,b,c) and Kolb and Wolfram (198Da,b). 

For the purpose of illustration, I will outline one mechanism - 

the out-of-equilibrium decay scenario - for generating a net 

baryon number. The main ingredients necessary for generating a 

universal asymmmetry are exposed in this example. 

Assume there is a superheavy boson (Gauge or Higgs) S(3) 

whose decay rate is "slow." In this context, slow means that 

when the temperature drops to mS, the decay rate of S is slow 

compared to the universal expansion rate. In this case, when T 
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drops below mS, the S(r) haven't decayed and Ns : NS z NY. When 

they finally do decay at TUS << mS there is a non-equilibrium 

distribution of S and 5. There are three ingredients required of 

the S-decays to guarantee the generation of a net baryon 

asynsnetry. 

(i) 8 aryon Nonconservation. Suppose there are two baryon 

violating decay channels such as 

S4G(B=-213); S$qq(B=+2,3) 

s II;' q e(I%=+1/3); 5 $L q F-(6=-1/3). 

(13) 

In (13), r and r are the branching ratios for the particular 

channel. In this case, the decay of each S-s pair generates a 

net baryon number k=r-F. 

(ii) C and CP Violation. If C and CP were conserved, r=r 

and ~0. To generate a baryon asymmetry requires C and CP 

violation; B is a measure of the amount of C and CP violation. 

(iii) Out-of-Equilibrium. If the S bosons were in 

equilibrium when they decayed, then decays would be balanced by 

inverse decays and AB=O. However, we have arranged for the S-5 

pairs to decay when TBS << mS when their distributions are 

far from equilibrium. Since TUS << ms, inverse decays cannot 

compete with decays so that 

(14) 

The resulting nucleon abundance at present is 

(15) 

The last term in (15) accounts for the dilution of the nucleon 

abundance due to the "extra" photons produced by the decays and 

annihilations which occur for T < TUs. This dilution may be 

estimated (see, for example, Steigman 1979) by counting the 

number of degrees of freedom present at Tos, NYO:goSNyUS, 

so that 

n = q;,5 
-2 *lo E. (16) 

Since we are aiming for n z 10-I', we only require a weak C and 

CP violation E ? 10e8. Although the required E appears to be 

small, it is not so easy to guarantee that E 2 10e8 in the 

simplest GUTS. With minor modifications though. a variety of 

GUTS appear capable of accounting for the observed nucleon 

abundance. More important than the quantitative success however 

is the fundamental contribution of particle physics - GUTS - to 

the solution of a cosmological problem. The cosmology predicts 

the early Universe was hot and dense enough to produce S-5 pairs 

copiously. The expansion of the Universe provides the 

possibility of non-equilibrium processes; the GUTS provide the 

required Baryon number, C and CP violations naturally. 

Relic Neutrino 

As a final example of the survival of debris from the CIAC 

let us consider relic neutrinos. Unified theories predict that 

neutrinos participate in neutral current weak interactions such 
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as 

e+ + e--vi + Gi (i=e, II, T...?) (16) 

For temperatures greater than a few MeV, reactions (16) are in 

equilibrium (rYGt>>l) for "light" reactions (m"<<T). In 

equilibrium neutrinos are roughly as abundant as photons. 

Equilibrium: n 
-x+ i;T 
n 

; NV = x 1 gvi 

Y 

When 6+-e-pairs annihilate they heat the relic photons but 

not the already decoupled relic neutrinos. 

(17) 

(184 

where: (T /T )3 = 4/11 
v YO 

(Il8b) 

It is thus a predicted consequence of cosmology plus particle 

physics that there exists, in addition to the background of 

microwave photons, a background of relic, microwave neutrinos. 

Relic neutrinos'are as abundant as relic photons and, 

therefore, much more common than relic nucleons. 

(19) 
If neutrinos should have a small rest mass, they may compete 

favorably with nucleons in contributing to the total universal 

mass density. 

2 = 3mv(ev) m” R 

nN n10 ‘33 

where: m, = t i gYimvi 

(20a) 

(20b) 

If my> 3eV, ours is a Neutrino Dominated Universe. The 

estimate of R,, itself is more uncertain since it depends on 

Ho and To. 

"vho2 = (21) 

If, indeed, we live in a neutrino dominated Universe, massive 

relic neutrinos would have played a significant role in the 

growth of perturbations leading to the development of structure 

in the Universe (Peebles 1973, Bond, Efstathiou and Silk 1980, 

Wasserman 1981). Decoupled neutrinos would stream freely from 

regions of high density to regions of low density thus mixing up 

such regions and damping any perturbations which may have been 

present (provided, of course, that neutrinos dominate the mass 

density: my? 3eV). The lighter the neutrinos are, the faster 

they move and the larger the scale on which neutrino damping is 

effective. 

"Dv - 4~10%-~M Y 9 (22) 
Massive, relic neutrinos are, in many ways, very attractive 

(Schramm and Steigman 198Oa). Since relic neutrinos are expected 

to be at least a billion times as abundant as relic nucleons, 

neutrinos with a small mass may dominate the mass of the 

Universe. If, indeed, the Universe is neutrino dominated - that 

,is, if my ? 3eV - they may provide a solution to the puzzle of 

the missing light. eecoupled neutrinos are nondissipative and 

would cluster gravitationally more easily on large scales than 

small scales. This might explain why there is more dark mass on 

:-..;rz,:r:. .: : .::. 
.__._._.,..._. .:. 

,-.. -.-..,, ,: .-. :” I.:,. ;>.- y 
^ .:-. 

. . . . 
: ,.‘. ,... I..; 

_; 
‘. .-..:: -. 
.::_. . . .::::: 

:.-. 
,._ _.“. ^..‘.‘“) 
.‘.Y ‘.’ ._ 

-663- 



large scales. SUMMARY 

There are some cosmological constraints on the mass of such 

neutrinos. If neutrinos were too heavy there would be 

discrepancies with observations - there would be too much of a 

good thing! For example, since neutrinos don't shine, too 

massive a neutrino(s) would contribute too much dark mass. For 

clusters of galaxies (see Table 1). 

In this talk I've limited myself to some sightseeing along 

the road connecting particle physics and cosmology. The 

highlights I've chosen illustrate the symbiotic relation between 

particle physics and cosmology. From primordial nucleosynthesis 

we gain some confidence that it is not unreasonable to trust the 

standard model in extrapolating the cosmology to earlier times 

and the particle physics to higher energies. We learn that there 

are no more than four, two-component, light neutrinos (NY 5 4) 

and that the nucleon abundance is small: n < 10 -9 , nN < 

: 

M 
2, MDARK - < 10-30 
MN - MLUM (23) 

From equations (20a) and (23) then, mu 5 30-100 eV. 

A similar constraint follows from a lower limit to the age of 

the Universe. The higher the present density no, the faster 

the Universe will have expanded and the younger it will be 

today. From the ages of globular clusters (Schramm and Steigman 

1980b), 

t,(lO') 2 lo-13+n,hz 5 l/4-3/4 (24) 

Since no > Ry, a comparison of equations (21) and (24) leads 

to the constraint my 5 25-75 eV. 

For neutrinos with mv -> 3 eV - so that the Universe is 

neutrino dominated - a lower limit to mv follows from the 

requirement that neutrino damping not erase all structure in the 

Universe. If we insist that perturbations survive on scales of 

superclusters or smaller, we find 

MDu 2 MsC 5 10 my -> 20 eV. (25) 

0.2. The standard model (including GUTS) has shown why the 

Universe may be asymmetric (AB=O) and provided a formalism for a 

quantitative calculation of the nucleon abundance (n- 6g D-'). 

Finally, we've seen that the standard model predicts a background 

of microwave neutrinos of large abundance. Such neutrinos may, 

if they have a finite rest mass (my z 3 eV), dominate the 

universal mass density. If ours is a neutrino dominated Universe, 

then neutrinos may provide the solution to the cosmological 

puzzle of the missing light. The sum of the masses of such 

neutrinos must not exceed 25-100 eV; the heaviest of these 

massive neutrinos should be at least 20 eV. 

The future in this interdisciplinary area of research seems 

bright. There is still much each can give to the other. The 

width of the 2' will constrain Nv. Searches for vT decays 

may help us decide if vT is light or heavy. Constraints on the 

existence of exotic particles will help to delimit new theories 
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of particle physics. The road connecting particle physics and 

cosmology promises to become even more congested. 
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