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(1)A ~ 100-200 GeV

Direct Probes of Composite Structure

Form Factors(i)

The most stringent bounds on quark and lepton com­
posites which are currently quoted come from bounds on
form factors: bounds on electromagnetic form factors
from experiments at PETRA, and bounds on the muon and
electron (g-2). The PETRA experiments quote 3

In this section we will concern ourselves with the
direct manifestations of the finite size and divisibil­
ity of quarks and leptons. We will first examine the
effects of quark and lepton form factors. We will then
discuss the effects of new contact interactions between
quarks and leptons which should appear if these objects
have constituents. A striking conclusion of this study
is that the search for these contact interactions is
actually the most powerful way to test for compositeness;
planned e+e-, ep, and pp facilities are sensitive to
values of A up to 3 TeV through these effects.

is the same arbitrariness involved in deciding whether
f n or the p mass represents the scale of the familiar
strong interactions. Our main concern, however, will
be to compare the effects of the same interaction term
at different accelerators, to determine the values of
A to which each is sensitive. We will make the assump­
tion that A is the same for all quarks and leptons;
this is not necessarily true, and the reader should
keep that qualification in mind. This method of effec­
tive interactions, along with many other aspects of the
physics of composite mOdels, has recently been reviewed
by Peskin;l we will follow the general schema of that
paper in formulating our analysis.

Throughout our analysis, we will assume that the
standard model is basically correct and that the gauge
bosons of the standard model are elementary. There are
severe theoretical problems in assuming that the photon
or the gluon are composite.1,2 The w± and zO may be
composite. If so, the effects of this will be very
striking: The zO will be substantially heavier than in
the standard model. A separate "Beyond the Standard
Model" report is devoted to the phenomenology of such
models.

(However, as we will explain in section (ii), we believe
these experiments place an even tighter bound on A.)
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One of the major currents of physics in the twen­
tieth century has been the unfolding of structure, the
successive analyses of atoms, nuclei, and nucleons into
constituent particles with more fundamental equations
of motion. It is, then, natural to ask whether quarks
and leptons can also be decomposed into simpler con­
stituents. At one time, this idea could be viewed as a
casual speculation. But in the past few years, the
proliferation of quarks and leptons has become one of
the central puzzles of particle physics, and the problem
of computing the mass spectrum of quark and leptons has
become one of its most difficult challenges. Models in
which quarks and leptons are composite have provided a
major approach to the resolution of these questions.
It is thus important to search for experimental signs
of the composite nature of quarks and leptons. In this
section, we will compare the abilities of various pro­
posed accelerators to probe for indications of this
structure.

We have considered two types of predictions of
composite models. The first of these are direct indi­
cations of finite radius or internal structure - form
factors and other anomalous interactions. The second
are new particles suggested by composite models - ex­
cited states of quarks and leptons, and fermions of
unusual color.

We have based our analysis on the principle of
searching for the first signs of compositeness, con­
sidering accessible center-of-mass energies to be below
the binding energy of quark or lepton constituents.
This allows us to approximate the composite quarks and
leptons as objects which are almost point-like; the
effects of compositeness are summarized as new effective
interactions of these point-like objects. It is in­
tuitively clear what some of these interactions must be:
One must provide an anomalous magnetic moment, another
must add Q2-dependence to the coupling of the fermion
to the photon. We will describe our specific assump­
tions about these and other interactions in the course
of our analysis. But one general remark is appropriate:
These new interactions all have their strength charac­
terized by the value of some mass scale. We will con­
sistently use to denote this scale a magnitude A
which we will refer to as the scale of compositeness.
Think of A as the energy required to dissociate a com­
posite quark or lepton (in the sense that a proton is
dissociated in deep inelastic scattering) or as the
reciprocal of the radius of such a composite. It is
clear that there is some arbitrariness in the determina­
tion of A using different effective interactions; this
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The current limits of oa = ~[(g-2) - (QED value)] are: 4
0.3

for e: loal < 3.2 x 10-10

for lJ: loal < 1.5 10-8 (2)

In composite models, oa is related to thescale by 5 compositeness

(6)

(7)II > 600 GeV
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Fig. 1. Effect of a quark form factor on the Q2
dependence of F2 on ep scattering, for two values
of x. The energies indicated are the values of
assumed.

This expectation requires that the high Q2 structure
functions be predicted accurately by QCD evolution of
lower Q2 data. However, this form factor effect is
in principle, distinguishable from QCD scaling viol~­
tion. since it is independent of x. We should note
that we expect this form factor effect, and analogous
form factor effects in pp scattering, to be obscured by
much larger effects of the contact interactions which
we will discuss in section (ii).

One place that the form factor effect should be
the dominant one is on the ZOo Form factors of the
form (4) for the coupling of quarks and leptons to the
zO will increase the area under the zO peak in any
given channel by a factor

A 10% enhancement in e+e- + zO + lJ+lJ- or in e+e- + zO +

hadrons over the standard model prediction should be
striking enough to be credible; this would allow one
also to bound

0.2

If quarks and leptons are bound states, whatever
force binds the constituents will also mediate new
interactions between the bound states. One way to
visualize these interactions is shown in Fig. 2:

(ii) Contact Interactions

(3)
for lJ: II > 860 GeV

How much can these bounds be improved? Let us dis­
cuss first the lepton (g-2) measurements. In both cases
an improvement must be made in the accuracy of both
theory and experiment. For the electron (g-2) the
theory is limited by the accuracy of the numerical
evaluation of integrals in the sixth- and eight-order
coefficients, and by our knowledge of the value of ~.

In the past year, a new method for measuring ~ - the
quantized Hall effect 6 - has been discovered, so it is
not reasonable to hope for improvement in our knowledge
of this quantity. The technique used by the Seattle

7group to measure the electron (g-2) has not yet reached
the limits of its sensitivity. However, it is difficult
to imagine improving the current bound of II by an order
of magnitude. For the muon (g-2), the theoretical un­
certainty comes dominantly from diagrams involving the
hadronic contributions to light-by-light scattering and
vacuum polarization. The accuracy of our knowledge of
the former contribution has recently been substantially
improved by work of Kinoshita, Nizic, and Okamoto.
Improving the accuracy of the latter contribution re­
quires higher-statistics measurements of the e+e­
annihilation cross section at low energies; these
measurements should be done in the next few years using
a new high-intensity, low energy e+ beam available at
CERN. These two improvements could decrease the
theoretical uncertainty in the muon (g-2) by a factor
10-20. 8 Improvement of the experimental value of the
muon (g-2), however, would require building a new
facility to replace the CERN muon storage ring. The
capabilities and cost of such a new facility have been
discussed at this workshop by the Fixed Target group.

To assess the sensitivity of new accelerators to
form factor effects, we used the following model for
these form factors: Compositeness gives each quark and
lepton the same form factor for its coupling to any
gauge boson. For q2 « 112 , one may parameterize this
form factor:

(oa)t = (m
t

/II)2

where t is lJ or e (this estimate is defended in some
detail in Ref. I), so that the bounds (2) translate into

for e: II ~ 29 GeV

Fig. 2. Origin of an
electron-quark contact
interaction in a theory
of composite quarks and
leptons.

Implies

Fermion-fermion scattering may be mediated by the ex­
change of constituents. The diagram shown in Fig. 2
is the precise analogue of a duality diagram represent­
ing a scattering process between hadrons. If these
constituent-binding interactions are anything like the
usual strong interactions, then in fermion-fermion
scattering at energies IS > II one should expect to see(5)

(4)

II > 600 GeV

The same form factor should be used in both the space­
like and time-like regions: In hadron physics, the
pion form factor extrapolates smoothly from one region
to the other if Iq2\ < m2; we expect similar behavior
from composite quarks an§ leptons.

The collaboration proposing an e-p collider for
Fermilab has studied the effect on their cross sections
of a form factor for the quarks only, at a luminosity
of 1038/yr .9 Their results are presented in Fig. 1.
A dedicated e-p collider, at the energy IS = 2 x 104
GeV2 but with a luminosity of 1039/yr ., should be able
to observe a decrease in the structure functions cor­
responding to a 10% effect at Q2 = (100 GeV)2. Under
the assumptions of our model, this would correspond to
a bound
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h racteristic of strong interactions, includ­processes c a
ing multiple production of quarks and leptons and Regge
behavior. Cross sections are, of course, .scaled down
by a geometric factor (1 GeV/A)2; this st~ll giV~S cfgss
sections of order 1 nb for s - A - 3 TeV. De RUJula
has given a qualitative discussion of quark-quark scat­
tering at energies s - A and has labeled such events
"glints."

If s <<A, however, the effect of these couplings
is considerably more subdued. In this regime of
energies, the quarks and leptons appear almost point­
like and the coupling of Fig. 2 may be approximated, as
shown in Fig. 3, by a 4-Fermi interaction:

their contact interactions will be suppressed. (This
suppression would be analogous to the Zweig's rule sup­
pression of processes in the familiar strong interac­
tions.) We can be assured, however, that as long as
electrons and quarks are composite, the contact inter­
action will operate with full strength in Bhabha scat­
tering and in quark-quark hard scattering, processes
in which the four fermions involved are identical.11

These new contact interactions turn out to be very
sensitive probes of composite structure. The reason
for this is apparent from Fig. 4, which shows the con­
tributions to e+e- ~ qq, including standard mddel
effects and the contact interactions. Since the contact

10 - 82 440lA3

Fig. 3. Phenomenological description
of th~ contact interaction valid for
s < A •

Fig. 4. Contribu­
tions to e+e-~ijq

in composite models.

(8)62 = C (ee) (<'!q)

(13)

(14)

(12)

A>2.5TeVor

A > .75 TeV

( 2)4mZ
aA2 <.1

that is

We will defend this estimate in detail in a moment. In
neutrino scattering an (admittedly, more model­
dependent) estimate from the existing data gives a
stronger bound: If one grants that anomalous currents
make up less than 10% of the v-hadron neutral current
total cross section (otherwise, one is hard-pressed to
explain the small derivation of the p parameter from I),
one finds a bound

The effect of the contact interaction is thus larger by
a factor of a than the form factor effect; recognition
of the effects of the contact interaction increases
the value of A to which a given experiment is sensitive
by a factor of Icl ~ 10!11

This line of reasoning leads us to reinterpret the
PETRA bound on the electron form factor quoted in (1)
as a bound

interaction is a strong interaction competing with
interactions of electromagnetic strength the relative
size of the deviation from standard model is

(11)

An additional moral to be drawn from this estimate is
that, in composite models, unusual currents of the
types presented in Appendix A could easily appear in
low-energy weak interaction processes at the 10% level.

Before we apply the contact interaction (10) to
processes at proposed accelerators, we should say a few
words about the multiple production of quarks and
leptons, the process shown in Fig. Sa. If the
constituent-binding interactions are similar to the
familiar strong interactions, this process will be a
major contribution to the total cross section if s > A.
However, we have just seen that A is a very large scale;
hence, we should concentrate on the case s < A. In
this case, the multiple production process should be
represented by the local interaction shown in Fig. 5b.
This is a 6-fermion coupling. If one imposes the con­
straint that this coupling conserve helicity (an as­
sumption required in composite models to allow quark
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(10)

+ ••• }

62 =

where A may be ±l. One should note that this inter­
action embodies the assumption that all quarks and
leptons contain common constituents. If two species of
fermion (e.g., e and t) have no common. constituents,

A more difficult question is that of the space­
time structure of this 4-Fermi interaction. Assuming
that this coupling is a correction to the standard
model, the structure of this interaction should respect
SU(3) x SU(2) x U(l). (Since A is well above the
scale of weak interaction symmetry breaking, SU (3) x

SU'2) x U(l) should be a manifest symmetry.) If A is
taken smaller than 10 TeV, this coupling must also con­
serve quark and lepton flavors; otherwise it will lead
to unacceptably large rates for processes such as
~ ~ ey and KO ~ ~e.I,5 However, these two constraints
are not very restrictive. The complete set of 4-Fermi
interactions (for lepton-lepton processes only) satisfy­
ing these restrictions is presented in Appendix A. One
should note two features of this collection of inter­
actions: First, these interactions generally violate
parity. There is no reason why they should not; the
left- and right-handed electron are completely different
species above the scale of SU(2) x U(l) breaking.
Secondly, the list of possible interactions contains
terms usually thought of as scalar, pseudoscalar, and
tensor weak exchanges.

Since the list in Appendix A is so long and since
all of the coefficients appearing there are unknown, we
felt that the most general interaction is too unwieldly
for consideration in a summer study. We have, there­
fore, restricted our attention to consideration of a
single term in the effective interaction; we believe
that the physics of this term is sufficiently rich to
display the basic consequences of the full effective
interaction. Our model is to take as the contact
interaction a flavor-diagonal left-handed current:

A first question is the magnitude of the coefficient C
giving the strength of this interaction. This coef­
ficient has the dimensions of (mass)2. If Fig. 2 showed
a process in hadron physics, mediated by meson ex­
changes, the appropriate value of C would be (g~/m~),
where (g~/4n) = 2.1. We will thus estimate C by:

C = ±g2/ A2 i/4n = 1 (9)
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Fig. 5. Multiple production of quarks and
leptons.

and lepton masses to be much smaller than A) 1 the
simplest such couplings correspond to local ~perators
with dimensions (mass)lO, requiring a coefficient with
dimensions (mass)-6. A typical effective interaction
of this type is:

Such an interaction leads to a cross section

1 (s )5o(eq -.. eqqq) - - -
A

2
A

2

(15)

(16)

Fig. 6. Deviation of the cross section for e+e- -.. e+e­
from that of the standard electroweak theory, due to
compositeness of the electron, computed for ;; = 100
GeV. The LL model is that of Eq. (10). The RR, VV,
and AA models are obtained by replacing the left-handed
currents in Eq. (10) by right-handed, vector, and axial­
vector currents, respectively. (From Ref. 11)
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Fig. 7. Deviation for the cross section of e+e- -.. e+e­
from that of the standard electroweak theory, computed
for;; = 100 GeV. The notation is as in Fig. 6. We
have set mz = 93.0 GeV, rz = 2.9 GeV. (From Ref. 11)

If electrons and muons can exchange constituents,
one should also see a deviation from the standard model
prediction for o(e+e- -.. ~+~-). The magnitude of this
effect, computed for A = 3 TeV, is shown in Fig. 8.
The effect is a 10% correction to the standard model
result at ;; = 110 GeV, but it gives only a very small
correction below the resonance.

One caR test quark compositeness in hadron col-
liders by searching for the effects of (10) on the pro­
duction of light quark jets with large transverse
momentum (PT)' At sufficiently high Pr the dominant
QCD process for jet production should be hard scatter­
ing of quarks by the exchange of a single gluon. In
high Pr pp collisions, this process involves mainly the
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(17)A > 4 reVor

In e+e- annihilation, one can observe the effects
of the contact interaction by searching for a deviation
from electroweak predictions in wide-angle Bhabha
scattering. We might first discuss the sensitivity of
current experiments. Figure 6 shows the effect of the
interaction (10), and contact interactions with other
space-time structures, on the angular distribution of
Bhabha scattering at I:S = 35 GeV. The Mark J experi­
ment 12 has measured the Bhabha scattering cross section
at this energy with an accuracy of ±5% (including an
estimate of 3% systematic uncertainty) and found agree­
ment with the predictions of the standard model; this
measurement already excludes values of A up to .75 TeV.
(This justifies· our Eq. (12).) We should emphasize
that this experiment does not require an absolute
measurement of the value of the cross section: Since
the contact interaction makes a negligible effect at
small angles, one can normalize to the QED prediction
there.

This result is easy to extrapolgte to higher­
energy e+e- machines. Just on the Z peak, the contact
interactions is obscurred by the overwhelming effect of
the resonance. One does not have to go far on either
side of the peak, however, to find a significant effect.
Figure 7 shows the Bhabha scattering cross section at
IS = 100 GeV. The cross section at large angles is
only one-fifth as large at this energy as at PETRA
energies, but still a 5% determination of the cross
section at 900 should be possible. This measurement
would be sensitive to A unless

so the mUltiple-production cross section turns on extra­
ordinarily slowly with energy. We should note that
De Rujula's estimates of multiple production 10 assumed
a considerably more mild s-dependence.

Let us now investigate the consequences of the
interaction (10) at various planned accelerators. A
compilation of the specific cross sections we have used
is given in Appendix B. The effect is most straight­
forward to discuss at ep machines, where an electron­
quark coupling causes in a straightforward wayan
apparent change in the value of the structure functions
at large Q2. In our discussion of form factors we
claimed that a 10 x 1000 GeV ep collider with a lumi­
nosity of 1039/yr ., could detect a 10% deviation of the
structure functions from QCD predictions at Q2 =
(100 GeV)2. The contact interaction (10) makes an
effect smaller than this only if

(aA 2) > (350 GeV)2
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Fig. 10. Diagrams for qq ~ qq
scattering in composite models.
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Fig. 11a. Jet production cross section in a theory
with composite left-handed Quarks in PP scattering,
/;= 2 TeV. (From Ref. 11)

and d6 ij /dt is the differential cross section for the
subprocess. fl = u, f 2 = d, f3 = u, f4 = d, f5 = g
are various parton distribution functions; y is the
rapidity of the jet and PT is its transverse momentum.
The distribution functions include scale violating
effects associated with the scale PT'

The effect of the contact term for various values
of A and A = ±l is shown in Fig. lla for a pp collider
at IS = 2 TeV and in Fig. lIb for a pp collider at the
same;';, Under the assumption that detection of a
variation from QeD expectations would be possible if
the variation is: 1) at least a factor of two,
2) gives at least a 100 events/yr variation from
expectation, and 3) gives a detectable non-scaling
energy behavior; it should be possible to observe a
contact term in pp colliders with IS = 2 TeV up to a
A - 1.5 TeV and in a pp collider at the same energy
a somewhat higher scale may be probed A ~ 2.0 TeV.
The better limit for a pp machine is due to the large
luminosity possible there (assumed to be a factor of
1000 better than pp). In both the pp and pp cases a

H01A8

1.0 L-__-L.~_...l...______L__~______'_____'

70 80 90 100 I 10 t 20 I 30

.rs (GeV)

Fig. 9. Diagrams for qq ~ qq
scattering in composite models.

Fig. 8. Deviation of the cross section for
e+e- ~ ~+~- from that of the standard electro­
weak theory, dtie to the compositeness of
leptons, computed for A = 3 TeV and A ±l.

are tabulated in Appendix B (Eq. (B. 8)). (We ignore the
effect of a form factor at the quark-quark-gluon
vertex; this is smaller than the effect of the contact
interaction by a power of as') The associated jet
production cross section is given by:

For pp colliders, the dominant process in high PT
qiqj ~ qiqj scattering, including a contact term, is
shown in FLg. 10. Of course, at experimentally acces­
sible PT's, all the processes qiqj ~ qiqj' qiqi ~ qjqj'

qiqj ~ qiqj' qig ~ qig , qig ~ qig , and gg ~ qiqi (for

ql = u, q2 = d) contribute to the jet production cross
section background. All these cross sections, includ­
ing the effects of a composite contact term of the form

411A/2A
2

(uLy~uL +dLY~dL) (uLY~UL +dLY~dL)

valence quarks and is the analogy of Bhabha scattering
in the e+e- case. The diagrams for q~ ~ q~ scattering
including a contact term are shown in Fig. 9.
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Fig. lIb. Jet production cross section in a theory
with composite left-handed quarks in pp scattering,
".; = 2 TeV. ( Fro m Re f. 11)
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h - 30 TeV (Fig. 13). But it is much more instructive
to consider the cross sections which would be observed
~t such a machine if, as is certainly possible, h is
1n the range of a few TeV. Figure 14 shows the cross
section for e+e- ~ ~+~-, in units of R over the range
of such a machine, for h = 3 TeV and h = 6 TeV.
Figure 15 displays this cross section over a larger
rang~ for the case h = 3 TeV. Here the ~ pair cross
Sect10n displays real strong interaction physics. The
rate is 103 times the standard model prediction.
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more detailed study needs to be done of what constitutes
an experimentally identifiable deviation from ordinary
hadronic behavior.

Finally, if both light quarks and muons are com­
posite then the effects of the associated contact term
(10) will modify the usual Drell-Yan cross section.
The resulting differential cross section for muon pairs
of mass squared s = tS and Feynman xF = a is:
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Fig. 13. Deviation of the cross section for
e+e- ~ e+e- from that of the standard electroweak
theory, due to compositeness of the electron, for
IS= 700 GeV. The notation is as in Fig. 6. (From
Ref. II)

Fig. 14. R(e+e- ~ ~+~-) in a theory with a composite
left-handed electron •

Let us, however, return to more readily acces­
sible energies, to tabulate the sensitivity to A which
can be obtained by various techniques before 1992.

(20)

0.50

- A=+I
-- A=-I

0.410.320.23

Dii - fL+fL-X ./S=2TeV

Ix =0 =
F

do
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-01-
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10-6

0.05 0.14

.fi

Fig. 12. ~ pair production cross section in a theory
with composite left-handed quarks, computed for pp
scattering IS = 2 TeV.(From Ref. 11)

The cross section for the subprocess a is given in
Appendix B (Eq. (B.6)). The results for various hand
A = ±l are presented in Fig. 12. Again assuming the
conditions necessary for observing the effects of the
contact term are: 1) A factor of two deviation from
the expected Drell-Yan cross section, 2) at least 100
~+~- events/yr effect and 3) observable non-scaling
energy behavior of the events; the limit set on h by
a pp collider at IS = 2 TeV should be at least 4 TeV.

It is amusing to consider the effects of (10) at
still higher energies. An e+e- collider which can
reach /s = 1 TeV may be seen to be sensitive to
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Table I. Conclusions: Compositeness Limits* by 1992

A is relatively small. In this case the magnetic
moment couplings are important effects, and ex­
cited quarks and leptons decay relatively rapidly
by photon or gluon emission. In our rate com­
putation, for all machines, we have used the
lowest imaginable value, A = 300 GeV. The pro­
duction rates may be scaled to any other value of
A by multiplying by (300 GeV/A)4.

A is very large. In this case, the magnetic
moment couplings yield negligible production rates;
only the pair production of excited states is
relevant. The decay rates of these excited states
also decrease as A-4, whether the dominant decays
proceed by magnetic moment effects or by 4-fermion
contact interactions. If A - 100 TeV (this is the
lowest value of A allowed if ~ ~ ey can proceed by
rearrangement of lepton constituents), these
excited states have lifetimes CT - 1 cm. One
could thus tolerate very low rates for the pair
production process, because the signature of a
stable heavy particle would be so dramatic.

(2)

(1)

We will therefore divide this section into three
main parts. In the first two we examine the cross
sections for the production of excited states of quarks
and leptons in various reactions, for cases (1) and (2)
respectively. In the last subsection we will discuss
the signatures and decay characteristics of these new
states •

singly produced in quark-gluon collisions or produced
in association with a light quark or lepton in e+e­
annihilation or zO decay. However, both the production
and decay processes involve couplings of the magnetic
moment type; the rates are thus extremely sensitive to
A, being proportional to A-4.

We should, then, discuss the production of these
excited states under two different hypotheses for A:
(The reader should recall that the value of A param­
eterizing a magnetic moment coupling may differ by
factors of two from the value which parameterizes the
processes discussed in section (i).)

4401816
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b

Fig. 15. Sketch of o(e+e- ~ ~+~-) in very high
energy e+e- collisions, for A - 3 TeV.

Muon (g-2) 3 TeV

ep, 10 x 1000, 1039/yr 4 TeV eq ~ eq
+ - IS s 100 GeV, 1038/yr 2 TeVe e ,

+ - + -+ - IS ;, 200 GeV, 1038/yr 3 TeV e e ~ e e
e e ,
pp, IS= 2 TeV, 1040/yr 2 TeV

IS= 1Q37/ yr 1.5
qq ~ qqpp, 2 TeV, TeV

pp, .Is = 2 1037/yr 4 qq
+ -TeV, TeV ~ ~ ~

This compilation, the conclusions of our study, is
given in Table I. If quarks and leptons are indeed
composites of particles bound with energies of a few
TeV, that fact will become clear in many ways within
the next ten years.

(i) The Case of Small A:

New Particles Predicted by Composite Models

*Or compositeness discovery.

excited states which can decay
or a gluon can also be created

Such states may thus be

(21)

If A is small, the single production of excited
objects will dominate over the pair production. The
vertices necessary for the computations of the single­
production cross sections are shown in Fig. 16. They
are all of the magnetic type, as required by gauge in­
variance. We will present the cross sections for a
variety of single-production processes.

Let us first consider the production of excited
leptons in e+e- annihilation. For simplicity we do
not consider the production of an excited electron,
but rather an excited ~ or T. The relevant diagrams
for these latter processes are shown in Fig. 17; only
diagrams with a photon in the s-channel contribute.
Assuming sin2SW = .25 for simplicity we easily find
the production rate

+12.
9

where m* is the excited lepton mass, and all other
lepton masses have been set to zero. The cross sec­
tion is relatively flat as a function of m* for fixed
s; for s = 200 GeV, A = 300 GeV o(e+e- ~ ff*) ­
(.1-.2 pb). Excited quarks are singly produced at
roughly the same level.

Note: These estimates assume the possibility
of constituent exchange in the indicated sub­
processes. Such exchanges might be suppressed
in processes involving non-identical flavors.

In this section we will discuss the production of
a variety of particles predicted by composite models.
If quarks and leptons are composite, there should be
excited states of these particles which decay back to
the ground state by emitting a photon or a gluon. If
the constituents are colored (so that a lepton corres­
ponds to a color-singlet bound state of colored ob­
jects) one can also imagine forming excited states by
rearranging the relative color orientation of the con­
stituents. Thus, one should expect some excited states
of quarks and leptons to belong to higher representa­
tions of color.

Any of these excited states may be pair-produced
in zO decay or e+e- annihilation. Any of these ob­
jects which are colored may be pair produced in gluon­
gluon or photon-gluon fusion. The rates for such
pair-production processes are the same as for any
elementary fermion with the same mass and quantum
numbers.

In addition, those
by emission of a photon
by the inverse process.
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Excited lepton production

Excited quark production

8070
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Fig. 19. Mechanism for single
excited quark production in
hadron-hadron collisions.

6050

9 q

10-82
-4401BHI

. .
N N

a: a:
1XJ 1XJ

Fig. 18. The ratio of branching ratios
BR(ZO ~ f*f)/BR(ZO ~ ff), as a function of the mass
of the f*, using A = 300 GeV.
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Fig. 16. Vertices for excited fermion productions.
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where T = m;/s, G is the gluon distribution function,
and Q is the quark distribution function. We have
plotted the production cross sections for various
energies in pp and pp collisions in Fig. 20 for the
case A = 300 GeV. Note that these cross sections are
very flat with increasing mass. It is difficult to
give reliable rates for higher energies since the gluon
and valence or quark distributions are being probed at

Any excited fermion which is sufficiently light
may also be produced in zO decays. The branching ratio
for production of an excited fermion f*, together with
an I, is most conveniently expressed by comparing it to
the branching ratio to ff. For any fermion f (assuming
the simple couplings of Fig. 15): ..rs :2000 GeV

105

2000 GeV
.0

E
J06

b

....
107 ....

10-4 r-------.-------,----,-----.-----c::::I

(22)
in Fig. 18 for mZ = 93 GeV; it is
the edge of the kinematically

BR(ZO ~ f*f)

BR(ZO ~ ff)

This ratio is plotted
substantial almost to
allowed region.

Let us now turn to the hadronic production of a
single excited quark, q*. In principle, one can pro­
duce both color triplet and color sextet objects; the
difference in the cross sections is only a color factor.
So we consider the production of a color triplet q* by
the process gluon + q ~ q* as illustrated in Fig. 19.
To find the cross sections for color sextets, multiply
the following results by 2.5.

Neglecting the width of the q*. we easily find

180100 140
m* (GaV)

60
108 L-__--L ...L....__---l --'----'

20

Fig. 20. Cross sections for production of a
single excited quark of mass m* in pp (solid
lines) and pp (dashed lines) collisions. We
have taken A = 300 GeV.

(23)

4 fl',n lIlT
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0= --- - dy
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-281-



Fig. 23. The pertur­
bative diagrams for
the pair production
of excited colored
objects.

(ii) The Case of Large A

( 0)

Although the rates for single production of excited
fermions displayed in section (i) were quite large, one
must remember that these rates decrease rapidity, pro­
portional to A-4, as A increases. If II is of order 10
TeV, rather than 300 GeV, the processes discussed in
section (i) would be invisible. However, the rates for
pair-production of excited states are independent of II
and limited only by phase space. These become the
dominant production processes when II is large.

If A » s, the cross sections for pair production
of excited fermions is the same as for pair production
of elementary fermions with the same electromagnetic,
weak, and color quantum numbers. Fermions of electric
charge Q contribute Q2 units of R to the e+e- annihila­
tion cross section for s > 4m*2. If 2m* < mZ' the
branching ratio of the zO into such fermion pairs is
several percent; the precise formula (omitting the
standard phase space factor) is:

(b)

The production cross sections for excited fermions
are plotted in Fig. 24 (a-d) for proton-proton colli­
sions at IS = .8, 2, 10, 40 TeV. Because the gluon
fusion diagrams dominate over the kinematic range con­
sidered, these results also apply to pp collisions.
Again, one must be careful in using these curves.
Charm production is not very well described by pertur­
bative calculation of the type described above.
However, in all cases known, perturbative calculations
underestimate the actual rates. Greater caution must

for each color and handedness (R or L), where 13 is the
weak isospin and Q is the electric charge. Thus, if
excited fermions have modest masses, they will be pro­
duced copiously at an e+e- collider.

Excited fermions which are colored may also be
produced in hadronic collisions; here they represent a
smaller fraction of the total cross section, but higher
mass states are accessible. The rates may be estimated
using the standard lore of perturbative QCD. The dia­
grams which lead to the production of a pair of colored
fermions are shown in Fig. 23. The relevant formulae
for the cross sections are lengthy and will not be
reproduced here. They may be found in Ref. 13.

Since muon beams presently exist with Eu = 200 GeV, and
beams with Eu - 1000 GeV might be available soon we-plot
this cross section in Fig. 22 for II = 300 GeV and ~ =
20, 50 GeV. The cross section for an ep machine (10
GeV electrons colliding with 1 TeV proton leading to a
IS = 200 GeV) are also plotted in Fig. 22.

In the curves of Fig. 22, the sharp rise and fall
mirror the rise and fall of the gluon distribution at
small and large x, with scaling violations. Due to the
large uncertainty in this distribution there may be
large errors in these cross sections; let the reader
beware!

(24)
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Fig. 21. Mechanism for the
production of a color-octet
excited lepton.
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Fig. 22. Cross sections for production of a
color-octet excited lepton in lepton-proton
collisions, for various values of IS and A =
300 GeV.

It = ;;;Z/ s - 10-2 - 10-1 for already IS = 2000 GeV,
and the sharp rise due to scaling violations leads to
significant uncertainty for very small x. We shall
return later to the expected signatures for detection
of these objects. Note, however, that with an inte­
grated luminosity of 10QO/cm2 and m* = 200 GeV, one
expects 105 events/yr at IS = 800 GeV in a proton
machine.

Finally, we turn to the example of a single pro­
duced lepton in the octet representation of color.
This amusing object could be produced in lepton-proton
collisions by the process shown in Fig. 21. The cross
section is easily calculated to be:

2 *4 (*2)a = ~~ a (m*2) G ~,m2
s 114 s s
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be exercised, however, when x ~ m2 /s is either very
small x ~ .05 or very large x ~ .5. In these latter
cases, errors of an order of magnitude could result
from the parameterization of the gluon distribution.
Our knowledge of perturbative QCD is not advanced
enough to permit a better evolution of these cross
sections and the reader should consider them only as
a gUide. With all the caveats, however, it does seem
that the rates are extremely large (due to large color
factors) especially for color sextet and decouplet
quarks. The signatures of these objects will make
them rather easy to detect as we shall see in the next
section.

As a quick guide, we can also give a rule of
thumb to predict the production rate of one color ob­
ject when given that of another. Indeed in the kine­
matic region we are exploring, the gluon fusion
diagrams dominate, as we have already emphasized. In
the integration of these diagrams, a term of the form
cl • In(s/m2) arises from the propagator, where cl is a
color factor. This logarithmic term dominates the
cross section. Consequently the cross sections are in
the ratios of cl for the various color representations:

Fig. 24. Cross sections for exotic fermion pair pro­
duction in pp or pp collisions, for various values of
s. The various plots show results for fermions which
are: a) color triplet (excited quarks); b) color
sextet; c) color octet.
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Fig. 24. Cross sections for exotic fermion pair pro­
duction in pp or pp collisions, for various values of
s. The various plots show results for fermions which
are: d) color decouplet.

We now briefly comment on the various signatures
for the detection of these objects. The excited leptons
will most likely decay to a photon and an ordinary lep­
ton. Depending on the values of A, these leptons will
have lifetimes ranging over a wide region. Hence one
should look for low multiplicity events with photons or
heavy tracks in e+e- collisions.

In the case of an "octet-lepton," the signature
will be dramatic if the excited leptons are pair pro­
duced in hadronic collisions and A is small enough.
Each fermion will decay back into a lepton and a jet,
leading to very stiff leptons recoiling against jets.
The stiffness of the lepton should allOW one to dis­
tinguish it from a normal heavy-quark lepton. Again, if
A is large enough this object would be long-lived.

The case of color triplet, sextet and octet quarks
can be discussed simultaneously. For small enough A,
they will be simply produced and decay back into a quark
and a gluon, leading to two back-to-back jets. In this
case their detection must rely on jet mass reconstruc­
tion, as in the W± hadronic decay modes. If A is large,
they will be doubly produced by longer-lived; it is
likely that they will decay at a vertex visibly (mm - cm)
separated from the interaction vertex. The most
interesting candidate is the color decuplet quark. It
is always pair produced, and cannot decay because of the
color factors. So here we must look for a long-lived
hadron, which can be either charged or neutral.

As we can see from this brief survey, the situation
for experimenters will be difficult on the whole. One
must hope that A is either very small, to allow unusual
processes, or very large, to make these new states es­
sentially stable. One can only trust one's luck, and
look.

This simple rule shows, e.g., that for equal masses,
color decuplet (10) quarks are produced 360/(16/3) =
67.5 times more copiously than ordinary color triplet
(3) quarks.

(iii) Signatures and Detection
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Appendix A 6/Z 1 { (-a ~ a)(-b b)=--;z bl Lly Ll L2Y~L2

+ b2
(LaY~Lb)(Lby La)

1 1 2 ~ 2

+ b
3 (1lRYU£lR)(I2RY~£2R)

(::j yUV (v y v )
(A.Z)

+ b4 lR lR 2R ~ 2R

+ bsl (\RY~£2JP:2RYUVlR)+ (1
~ 2) i

+ b6
lea U a)(- ~ ) ~ 2) II Ll y Ll £2Ry i ZR + (1

+ b
7 I(L~y~L;)(VZRY~V2R) + (1 ~ 2) J

+ be I(I~Y~L~)(I2RY~£lR)+ (1 2) I
I

+ b I(LaY~La)(V yv )+(1 ~ 2)l9 1 2 2R U lR

+ \ Ca )(-b ) ~ 2)lblO I E: ab LlV lR LZt 2R + (1

+ bll !E:ab(L~v2R)(L~tlR) + (1 2) J

(A.l)

+ a 3 (vRy~vR)(eRy~eR)

+ a4 (vRy~eR)(~Ry~vR)

+ as tLaY~La)(~Ry~eRj

+ a6 (LaY~La)(vRy~vR)

+ a7 [E:ab(LavR)(IbeR) + h.C.]

6/Z

For interactions involving two different leptons:
£iR,viR,Li; i = R,~,T

In this section we present the most general 4­
fermion interaction satisfying the constraints of
flavor and SU(2) x U(l) conservation. Since this
table is meant to be illustrative rather than being a
basis of calculations, we restrict ourselves to inter­
actions involving leptons only. For interactions
involving eR,vR,La (v,e)L only:



then:

(1) If f f e, the e+e- cross section for producing ff
is:

(B.5)

(B.7)

(B.4)

(B.6)

2 [ 2= :6s (1 + cose) Af(s)

+ (1 - cOS6)2 BfCS)]

If f is a quark flavor. the ep (or IJP) deep
inelastic scattering cross section is given by

da + - -
dl1 (e e ... ff)

do = 2 [1 . (uy 1 • (fYJlTa
dt ---:T 3 Af(s) ;- + 3 Bf(s)

3s-

and

2
[Af (;) + Bf(S)]a=~27;

:X
2
; = lT~22 I [XffCX) {t Af C-Q2)

y OX y f

+ (1 _ y)2 • .!. B (_Q2) I
3 f I

+ xff(x) {t Bf (-Q)2 + (l_y)2 t Af(-Q)2}]

(2)

where Q2 = xys.

(3) The parton subprocess cross sections for qq ... IJ+"­
are

(B.I)

Appendix B

[(

II 2 2)(1 . 2 ) )2\ -- - sin e -- s~n e A s
3 1 + 2 3 w 2 w _s_ + _2_

3 .2 2 2 2
s~n ewcos ew s - m

Z
all

It is straightforward to work out the modifica­
tion of the usual formulae for parton-model processes
in the presence of the contact interaction (10). We
will simply record the results here.

For each flavor of fermion, define functions
Af(s), Bf(s) as follows:

Helicity conservation may require that a7' biO ' and
bll be set to zero.

for f = e,IJ,T

for f u,c,t (above threshold)

.2 (1 .2) )2S1n 6w 2 - S~n 6w s ___

2 2 . 2
sin 6wcos e

w
s - m

Z

+ CI - cose)2 BCs) + 8 CCS)]

The Bhabha scattering cross section can be ex­
pressed as

where

A(s)

B(s)

C(s)

(4)

(B.2)

(B.3)

.!. sin4e )2:]3 w s
.2 2 ---2

S1n e cos e s - mw w z

. 2 (1 1 2) )2]S1n ew 2 - 3 sin ew __s_

. 2e 2 2
s~n wcos ew s - m

Z

[(
(.!. - .!. sin2e )(.!. - sin2e ) A S~2

3 .!. + 2 3 w 2 w _s_ _3_
3 2 2 2+ 2

sin e cos e s - m a!lw w Z

and for f = d,s,b
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5) Finally the various cross sections for QeD hard scattering (single
gluon exchange) are tabulated as modified by the introduction of a
contact term

(B.9)

a)

b)

c)

d)

Subprocess

Ull ~ uti

(or dd .... dd)

UU -+ Ull

(or dd .... dd)

ud .... ud

(

or ud Ud)
lId lId
lid lid

Ull dd

(or dd Ull)

~ ~~2 + S2)(a~t)r + (u2 + £2) (a~~»)2J

8 a(t) a(s) A2 + ~ il
2

A [a~E) + a~s)J
- 27 T T U 9 112 t s

while the two subprocesses qg .... qg and gg .... qq are unmodified by the
contact interaction

e)

f)

ug .... ug

(

or ~g ~g)
ug ug
dg -+ dg

gg uu

(or gg dd)

- % (u2 + s2{~~U) a~~) ]

+ (a~t»)2 (u2 + 82)

1. (u2 + £2) a~~) a~£)
6 u t

_~(U2+£2) (a~s»)2
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