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Compositeness may be signaled by an increase in the production of high transverse 

momentum hadronic jet pairs or lepton pairs. The hadronic jet signal competes with 

the QCD production of jets, a subject of interest in its own right: Tests of perturbative 

QCD at the SSC will be of special interest because the calculations are expected to be 

quite reliable. Studies show that compositeness up to a scale of 20 - 35 TeV would be 

detected in hadronic jets at the SSC. Leptonic evidence would be discovered for scales 

up to 10 - 20 TeV. The charge asymmetry for leptons would provide information on 

the nature of the compositeness interaction. Calorimetry will playa crucial role in the 

detection of compositeness in the hadronic jet signal. Deviations from an e/h response of 

1 could mask the effect. The backgrounds for lepton pair production seem manageable. 
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1 Introduction 

The standard model of the strong and electroweak interactions is in excellent agreement with 
all current experimental data. There is no reason, however, to believe that the standard model 
is correct at arbitrarily high energies. One possibility is that the quarks and leptons, which 
are assumed to be fundamental in the standard model,. are in fact composite particles (for a 
general review of the subject. see [1]). Current experimental limits show that the leptons are 
point-like down to distances' of order (1 TeV)-l [2] and that quarks are point-like down to 
distances of order (few hundred GeV)-l [3]. The SSC is an ideal place to probe the structure 
of the quarks (and the leptons if they share common constituents with the quarks) at shorter 
distance scales. 

Compositeness may provide the key to understanding flavor. In the standard fundamental 
doublet Higgs model, flavor is introduced by hand in the different values of the Yukawa 
couplings of the different quarks and leptons' to the Higgs. It is· to be hoped that there is a 
dynamical explanation for the different masses, of the observed flavors of quarks and leptons 
(e.g. see [4]). In general, such dynamics give rise to dangerous flavor-changing neutral currents 
that contribute to the KL - Ks mass difference. The smallness of this mass difference implies 
that the scale of the dynamics responsible for differences between flavors must be very high -
of order 100 to 1000 TeV[5]. It is extremely difficult to construct a model in which one can 
account for the very large differences in the quark masses (in particular to account for the t 
quark mass) without inducing unacceptable flavor-changing neutral currents [6] [7]. 

In a model of composite quarks and leptons, however, it is possible that the different 
masses of the quarks and leptons are due to different masses of the constituent fermions 
and that flavor-changing neutral currents (which might arise from cons~ituent fermion four
fermion interactions) are sufficiently suppressed [8] [9] [10]. In models of this type, the scale 
of compositeness is of order several TeV, and signs of compositeness should appear at the 
SSC. 

As noted by Eichten, Lane, and Peskin [11], at energies below the scale of compositeness, 
the effects of compositeness may be summarized by a set of four-fermion operators arising 
from the ex.change of constituent particles. We are mostly concerned with searching for the 
first signs of compositeness and therefore will concentrate on the effects of these four-fermion 
operators. An analysis of effects above the compositeness scale might proceed along the lines 
suggested by Hinchliffe and Bars [12]. 

Below the energy at which the constituents of quarks could be produced, compositeness 
would induce effective interactions among the quarks. These interactions would lead to in
creased quark~Jet production at very high transverse momentum. As a result, tests of QCD 
and searches for compositeness are inevitably linked. 
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The problem of QCD jets is two-fold. On the theoretical side; jets are analyzed at the 
partonic level where quarks and gluons are the quanta,' while real jets are composed of hadrons. 
On the experimental side, jets must be defined by an algorithm -appropriate to the detector at 
hand, utilizing calorimetric information and possibly information from tracking. The relation 
of the algorithmically defined jet to the actual jet is a crucial issue. Important work remains 
to be done in bridging the gap between the theorists' partonic jet and the experimentalists' 
detector-dependent jet signature. These problems are addressed in Sections 2, 3, and 4 below. 

Once the QeD jet production is understood, it will be possible to search for deviations from 
the expected cross sections. These deviations could be a sign for compositeness. The search 
forcompositeness in hadronic jet production is discussed in Sections 4 and 5, following the 
treatment of EHLQ [13]. The most important results are the determination of the influence 
of calorimeter characteristics on the search for compositeness, explored in Section 4. 

It may be that leptons as well as quarks are composite. If the leptons and quarks have 
common constituents, interactions of the form q7j -+ 1+1- will be induced. At very high invari
ant mass, lepton pair production from these interactions could exceed that of the conventional • 
Drell-Yan process. This manifestation of compositeness is discussed in Sections 6, 7, and 8. 
An important conclusion is that if compositeness is observed in lepton pair production, the 
study of the charge asymmetry will provide important information on the structure of the 
currents responsible for the interaction. 

2 QCD Jet Cross Sections 

At larger values of momentum transfer, the predictions of QCD become increasingly precise. 
The SSC is the natural place to test this theory. How precise can these predictions can be? 
At the momentum scale Q ~ 1 TeV appropriate to the SSC, hadronization effects, which 
produce corrections of order 1 GeV /Q in properly chosen inclusive processes, are negligible. 
Furthermore, 0'6(Q) ~ 0.1 is about half of its value at Q = 10 GeV, so that the effects of 
uncalculated higher order diagrams are smaller. 

The main sources of error in the theoretical predictions will be: 

1. Uncaiculated higher order terms in the parton-parton hard-scattering cross section. 

2. Errors in extrapolating the structure functions from the measured domain into the sse 
energy region. 

3. Measurement errors in determining the partoQ distribution functions. 

The two cases in which three terms of QCD perturbation theory have been calculated 
provide guidance to the importance of higher order terms. The first is the beta function, 

which controls the evolution of 0'6(Q). The result is [14] 
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dlno,,(Q) { 2} 
dlnQ2 = -0.880" 1 + 0.740" + 0.820" + .... (2.1) 

where we have chosen the case of zero flavors in order to give definite numerical values for the 
coefficients. 

Three terms have also been calculated for the total cross section for electron-positron 
annihilation to hadrons [15]. Here we quote the ratio R of this cross section to the cross 
section for producing a m~on pair. We choose 4 quark flavors, A = 150 MeV in the MS 
scheme, and c.m. energy Q = 30 GeV for purposes of illustration. Sensitivity to the choice of 
renormalization scale, p.*, is minimized if dR(p.)/dp. = 0 at p. = p.*. One finds p.*=24.5 GeV 
and 

R = 3 L e; {I + O.320s(p.*) + 0.0690" (p.*)2 + ... } (2.2) 
i 

On the basis of Eqs. (2.1) and (2.2) we surmise a conservative rule: the coefficient of on is of 
order 1. 

Let us now examine the cross section dO' / dQ2dy for producing muon pairs with dimuon 
mass Q and rapidity y in proton-proton collisions. We will take ';s = 40 TeV, Q = 1 TeV, 
and y = O. For the present illustrative purposes, we have included virtual photon decay but 
not virtual Z decay. We define the parton-level hard-scattering cross section using the MS 
definition of parton distribution functions, which helps to improve the behavior of perturbation 
theory somewhat. 

We show the cross section in Fig. 2.1, using the calculations of [16,17] for the one-loop 
corrections. The cross section depends on the choice of the factorization scale p., so we 
display both the Born cross section and the cross section including the one-loop correction as 
functions of p.. In the graphs, we have normalized the cross sections to the Born cross section 
as conventionally defined with the scale p. set equal to Q. In order to fix the value of p., we 
choose the value p.* at which the derivative of the calculated cross section with respect to p. 

vanishes, p.* :::::: 700 MeV. (The simple choice p. = Q would do about as well.) We see that the 
first order term provides about a 15% correction at the Born cross section at p. = p.*. The 
value of o,,(p.*) is approximately 0.09. Thus the coefficient of o,,(p.*) is about 1.7. This is in 
agreement with the expectation that the coefficients in perturbation theory should be of order 

1. 

How big will the next term, which is uncalculated, be? The general estimate that the 
coefficients are of order 1 gives 1 x 0,,(p.*)2 :::::: 0.008. It seems safe then to conclude that 
the uncalculated higher order terms will give corrections of 5% or less, even allowing for a 

coefficient several times larger than the value 1 we have guessed. 
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Figure 2.1: Drell-Yan cross section dQ/dQ2dy at Vs == 40 TeV, Q = 1 TeV, and y = O. The 
lower curve gives the Born cross section, while the upper curve gives the cross section including 
one-loop QeD corrections. The cross sections are plotted against the arbitrary factorization 
scale J.l and normalized to the Born cross section at J.l = Q. We use A = 50 MeV in the 6 
flavor MS convention, which corresponds to A = 160 MeV in the 4 flavor MS convention and 
gives cx$(J.l) = 0.091 at J.l = 1 TeV. 

A second source of error is that induced in the structure functions by using approximate 
kernels in the Altarelli-Parisi equations. We expect the residual uncertainty from this source 
to be quite small because evolution over the range 10 GeV < J.l < 1 TeV for values of x 

near 1 TeV /20 TeV = 0.05 is itself a rather small effect. For instance, the gIuon distribution 
at x = 0.1 changes only by about 30% between J.l = 100 GeV (Tevatron) and J.l = 2 TeV 
(SSe). Thus a 5% error in this evolution would produce a 1.5% error in the gluon distribution 
function. 

' .. 

Experimental errors in the measurement of the parton distributions also induce errors into • 
theoretical predictions for the SSC. Between now and the time experiments at the SSC are 

underway, there will be additional measurements at HERA and at the Tevatron collider. In 
particular, measurements of the one jet inclusive cross section at the Tevatron collider can 
give a good measurement of the gluon distribution if the quark distributions are known from 
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Figure 2.2: Lego plot of measured PT in calorimeter cells at pseudorapidity y and azimuthal 
angle cPo 

other sources. We have not been able to estimate the expected errors in any systematic way, 
but guess that a 10% uncertainty in the parton distribution functions is likely. This would 
result in a 20% error in the theoretical prediction for the cross sections, and would be the 

dominant source of error. 
In order to test QeD beyond the Born level, one must adopt a definition of what a jet 

is, calculate the jet cross section based on that definition, and compare the prediction to a 
measurement using that definition. This has not been necessary in collider experiments up 
until now because there has been no jet cross section calculated beyond the Born level. In order 
to be suitable for this purpose, a jet definition must be simple enough to facilitate theoretical 
calculations at the parton level, and must have the property that hadronization effects and 
perturbative effects beyond the one-loop level yield small corrections to the prediction. We 
sketch one possible jet definition here. (The basic ideas follow those of Sterman and Weinberg 
[18].) 

, We imagine that the (y, cP) solid-angle space about the interaction point is covered by 
calorimeter cells that are capable of measuring the transverse momentum entering each cell. 
Here y denotes the pseudorapidity, y = -In tan 0/2. Then a typical jet event produces a Lego 
plot, as depicted in Fig. 2.2. Let the index j label the calorimeter cells. Let C denote the 

cone, depicted in Fig. 2.3, centered about the jet axis having angles (y, cP), 

(2.3) 
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Figure 2.3: Jet cone in (y,4»-space. 

Here ~R is a fixed quantity, effectively an angular acceptance. The jet PT is defined as 

PT= L PT,j, (2.4) 
jinC 

where PT,j is the absolute value of the transverse momentum in cell j. We define the jet axis 
(y,4» as the PT-weighted average of the angles in the cone: 

Y = L: PT,jYj/PT, 
jinC 

4> = 'E PT,j4>j/ PT. 
jinC 

(2.5) 

(2.6) 

Since the definition of the cone C depends on the angles (Yj,4>j), this definition has to be 
applied self consistently: one must find a cone such that the average angle turns out to be 
located at the center of the cone. In certain cases the centers of two smalle~ jets can fall 
within the cone defining a single larger jet. In such cases, it seems best not to count the 
smaller sub-jets as legitimate jets in the jet definition. 

One should note that with this inclusive jet definition, one does not try to determine how 
many jets there are in a given event. Nor is there any clustering algorithm beyond eliminating 
subjets if they fall within the defining cone of a larger jet. Evidently, this is not the definition 
to use if one wants to detect W-bosons decaying into two jets. Nor is it a good definition 

for examining delicate questions of jet substructure, which are washed out in the definition. 
However, it is insensitive to the details of shower development and hadronization. 
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The definition involves an arbitrary angle 6.R. This angle should be reasonably small so 
as to help suppress contributions from debris left from the spectator partons of the beam jets. 
On the other hand, 6.R must not be too small. The perturbative corrections beyond the order 

that can be calculated will contain logarithms of 6.R. If In(l/6.R) is a large number, these 
logarithms will make the uncalculated terms large and destroy the usefulness of perturbation 
theory. Thus one wants to use a mid-range value of 6.R, perhaps 0.3 radians or so. One 
should note that the dependence of the cross section of 6.R will be predicted by QCD. One 
aspect of the experimental t'est will be to check this dependence. 

3 Inside a QeD Jet 

In addition to understanding the cross sections for jet production, it is important to understand 
the nature of the jets themselves for at least three reas<;>Ds: 

1. QCD "predicts" various features of the structure of jets. A careful study of these features 
at the SSC can constitute a test of QCD. 

2. Jets will be a dominant feature of the interesting hadronic final states at the SSC and 
will play an essential role in the analysis of the physics. Thus it is important to have a 
sound knowledge of the structure of jets. 

3. The role of jets will be central to understanding and carefully evaluating the standard 
model backgrounds to the experimental signals for new physics, e.g., compositeness, 
SUSY, etc. Without this type of analysis, it will be very difficult to identify reliably the 
appearance of new physics, a lesson already (painfully) learned at the CERN Collider. 

These points, especially the third, seem to constitute a powerful argument for having a 
"jet spectrometer" at the SSC capable of analyzing a "typical" jet consisting of 50 charged 
particles all contained within an angular region of order 6.R = J(6.y)2 + (6.¢»2 < 0.1 ! [See 
the earlier studies on this jet spectrometer question in earlier SSC workshops, [19,20]] From 

the work of EHLQ[13] we expect to be able to obtain an enormous data set of large energy 
jets at the SSC (of order 103 events per SSC year in a 10 GeV bin at a jet pair mass of 5 
TeV /c2 

- see Fig. 3-22 of EHLQ). It in order to obtain a perspective on the problem let us 
review some of the expected features of jets based on QCD. 

The perturbative techniques of QCD predict that jets should exhibit several features. 
However, it is important to keep in mind that these are theorists' jets. These features may 
or may not be exhibited by more "realistic" jets as generated by Monte Carlo simulators 
or as measured and identified by real detectors. It is, in fact, the conclusion of this review 
that a careful study should be undertaken to determine to what extent the very process 
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of detecting and identifying jets in real detectors will obscure or change the theoretically 
anticipated structure. 

First let us define a theorist's jet. It is the "spray" of hadrons generated by the interactions 
of QCD as a parton (quark or gluon) that is initially isolated in momentum space (as the result 
of some hard process) evolves to produce a color neutral final state (no isolated partons) on 
the 1 fermi scale. Thus the jet might be called the "smile of the Cheshire parton"; jets are 
how we actually see partons. We then characterize the approximately collinear (along the jet 
direction) distribution of haclrons within the jet in terms a fragmentation function Dh/j(z), 
where Z is essentially the fraction of the jet's energy carried by the hadron. 

The first thing QCD says is that D(z) is'really D(z, Q2) where the scale Q characterizes the 
"size" of the parton, i.e., the momentum scale at which it is scattered out of the initial hadron, 
Q ,.... Ej. Actually perturbative QCD really talks about Dp/j(z, Q2) not Dh/j(z, Q2) where p 

stands for a parton within the perturbative evolution of the jet. The mapping of perturbatively 
understood partons onto the final hadrons involves the magic (and mystery) of confinement 
and remains quantitatively uncertain at the moment. QCD tells us about the evolution of D 
with a variation in Q. We must input some initial conditions at some Qo [where perturbative 
QCD is already valid] from experiment. Further, the leading order QCD predictions are truly 
reliable only in the limit of large Q where this means that In( Q / AQCD) > > 1 with AQCD '" 100 
Me V. With these warnings in mind we can proceed to briefly review the predictions of QCD. 

1. Large Q jets will exhibit large gluon multiplicities (and therefore large hadronic multi
plici ties). 

2. Jets "broaden" in PT with increasing Q: 

due to "hard" emissions in the perturbative evolution. 

3. In terms of angles the jet gets "narrower" with increasing Q: . 

< PT > (Q2) Q ex 0 6 

The angle of a cone X containing a fraction of the jet's energy € is 

x(€) ex exp [-CIn(l/€)ln (Q2/AbcD)] 

where C is a constant depending on the type of jet. 
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4. Quark initiated jets are harder than gluon jets: 

(3.4) 

5. Gluon jets have more gluons than quarks jets: 

< n >GIG . CA 9 ----< n >GIQ CF - 4 ' 
(3.5) 

6. Gluon jets are broader than quark jets: 

< PT >GIG CA -=---'--- -
< PT >G/O CF' 

(3.6) 

In (XG(€)) 3CF/2 CF 
In (XQ(€)) - 7CA /5 + Nj/l0 ~ CA < 1, 

(3.7) 

7. Stimulated by the initially surprising results from VAl on charm production in jets 
("the great charm scare" which is now over) much more is now understood about the 
theory of the heavy flavor content of jets [21,22]. This recent work strongly suggests 
that perturbative predictions for heavy flavor production should be reliable. 

Assuming that these predictions can be applied without essential modification to hadrons 
within jets we can proceed to look at data. In fact, the existing data on jets at both hadronic 
and e+e- colliders seem to exhibit, at least qualitatively, all of the above features [see, in 
particular, the review at the 1986 Berkeley Conference by G. Thompson][23]. 

However, there still remains an essential issue. Individual quarks and gluons cannot frag
ment directly into only hadrons in complete isolation, as implied by the naive jet picture. At 
the very least such a process would not conserve color, energy-momentum or electric charge. 
Thus jet formation must always involve some collaboration of the main jet initiating parton 
with at least one other parton in the event. Hence a real jet cannot, in principle, be precisely 
defined. On the other hand, like true love, even though a jet cannot be defined precisely, you 
know it when you see it. In practice jets are experimentally defined via a jet algorithm which 
in detail is experiment dependent (see the previous Section). As an example consider the 
VAl jet algorithm, circa 1983. To identify and reconstruct the jet one uses the information on 
the energy deposited in the various segments of the calorimeter, the Lego plot. These energy 
elements are then clustered into jets according to a specific algorithm. In the VAl case one 
adds (vectorially) the energies of all calorimeter cells with transverse energy Er > 2.5 Ge V 

within a cone defined by AR = V(Ay)2 + (A¢>)2 < 1 and then further adds the energy of any 
other cells inside a cone angle of 45° with respect to the effective jet direction if the energy of 
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the cell transverse to the jet direction is < 1 Ge V. Thus the very process of finding and defin
ing a jet will, to some extent constrain the structure of the jet: the dreaded trigger bias. In 
particular, such jet algorithms are likely to exclude from the jet both hadrons that are emitted 
at large angles and soft hadrons, even though these hadrons are, in some fundamental sense, 
associated with the jet. This can be expected to influence the average PT and multiplicity 
(dominated by soft hadrons) experimentally obtained for jets defined this way. We are left 
with the concern that the very process of defining the jet will dictate it properties, independent 
of QeD or other expectations. [One can already see some of this effect in the very different 
< PT > values obtained by the AFS collaboration at the IRS depending on whether the jet 
direction is obtained from the calorimeter algorithm or directly from the charged tracks used 
in the < PT > measurement.] 

Clearly hadronic jets will be a central feature of the physics at the SSC. However, since 
there is not a unique a priori definition of a jet either theoretically or experimentally, there 
will be an interplay between the theoretical and experimental definitions of jets. There is, 
therefore, the potential for distortion of results. Three topics seem the most important for • 
further analysis in this regard: 

1. Do the various Monte Carlo simulators of jets reproduce QCD? [Webber seems to be 
"ahead" here], 

2. Jet defining algorithms to be used at the SSC [can QCD really be tested?], 

3. SSC detector properties [can jets really be used as signatures for compositeness and 
other phenomena?]. 

4 Measurement of Jets at the sse 
The detection of compositeness through jet production requires the measurement of jets at the 
highest values of transverse momentum accessible at the SSC. The stable particle multiplicity 
distribution from 1000 hard-scattering events with a PT of 5 Te V I c (as generated by ISAJET 
5.34 [24]), is shown in Fig. 4.1. Although a mean of 1000 particles per event is probably an 
overestimate [25], the particle multiplicity in jet events will be considerably greater than in 
current experiments. Most of these particles have low energy, although a significant amount 
of the energy is carried by high energy particles. The particle PT(E) distribution for 1000 jets 
of approximate'y 5 TeV Ic is shown In Fig. 4.2 (4.3). (There are approximately 200,000 entries 
in the first bin, not shown, from 0-100 GeV Ie.) About 50% (70%) of the jets have a particle 
with PT(E) > 1 TeV Ic. Thus, essentially all of the events in this range will have particles 
with 1 TeV or greater. Clearly, the calorimetry must be capable of accurate measurements 
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Figure 4.1: 1·fultiplicity distribution for 1000 events generated by ISAJET 5.34. Each event 
contains a hard parton-parton scattering with PI' near 5Te V I c. The horizontal axis gives the 
multiplicity in units of 103 • 

of particle energies from a few GeV to a few TeV. Another way of making this point is by 
showing the cross section dt7 I dFT in Fig. 4.4 for particles generated by hard scattering in the 

range 0.5 TeV Ic< PI' < 6.0 TeV Ic and Iyl < 5.5. Again it is evident that single particle 
production extends past PI' > 2.5 TeV Ic. 

Adequate containment of a few-Te V hadron requires a calorimeter thickness of the order 

of 10 - 12'x. (For a more detailed review of the requisite detector properties at the SSG see, 

for example [26]) The resolution for both electromagnetic and hadronic calorimeters can be 

parameterized in the form t7 I E = AI VE + B. The first term describes the contribution to 
the resolution from sampling fluctuations, while the second term represents contributions from 

systematic effects such as calibration, stability, and, as shall be discussed below, elh =f:. 1. 
In existing large detectors, the constant term B is on the order of 2 to 3 % in electro

magnetic calorimeters and 4 to 6 % in hadronic calorimeters. At the sse we should aim for 
devices with constant terms of the order 1-2%. The energies being measured in this particular 
application are so large that the exact value of A is not so important, but the final resolution 

should be in the range of 10-15% lVE for electromagnetic calorimeters and 35-55%/VE for 
hadronic caloNmeters. 

One important source of the constant term B is the difference in the response of the 

calorimeter to electrons and hadrons, i.e. e/ h =f:. 1. In Fig. 4.5, the value of this constant term 
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Figure 4.5: The constant term, B in the calorimeter resolution ()' / E - AI.;E + B, as a 
function of the calorimeter e/h response (at 10 GeV). 

is shown as a function of the e/h response (at 10 GeV). A requirement that the constant term 
be in the range of 2-3% requires that the e/h response of a calorimeter be 1 ± 0.15 [27]. 

Perhaps more important for our application, e/ h =/: 1 introduces a non-linearity into 
the energy measurement. In Fig. 4.6 the effective e/h response of a calorimeter is shown 
as a function of hadron energy for different intrinsic calorimeter e/ h responses. As Ehadron 

increases, e/h (effective) approaches 1 for all e/h (intrinsic), basically because a larger fraction 
of a hadron shower's energy appears in the form of 11'°S (see [27] for more details). As shown 
in Fig. 4.7, this results in a non-linearity in the response of the calorimeter to hadrons. For 
example, if e/h (intrinsic) = 1.4, the energy of a 1 TeV hadron would be measured to be 1.2 
TeV. (Note that calorimeter respons~ are normalized to 10 GeV.) 

A proper understanding of the behavior of calorimeters built for the sse will require the 
extensive use of test beams. As discussed earlier, there is a strong motivation for understanding 
the response of calorimeters to particles of energies on the scale of 1 Te V. A test beam of 1 
Te V (e.g. Fermilab) probably would be adequate, but particles of higher energy will be 
encountered frequently and a complete understanding of a detector's response at these higher 

energies would certainly be useful. 
We studied the detection of quark compositeness in production of high PI' jets by modifying 

ISAJET and including flavor diagonal contact terms as in EHLQ [13]. The PI' range from 0.5 -
6.0 TeV /c was considered. Jets were reconstructed using a simple calorimeter simulation with 
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the calorimetry covering the pseudorapidity range, Iyl = ±5.5 and with a lateral segmentation 
(both electromagnetic and hadronic) of 0.09 x 0.09 (6.y x 6.¢). The energies of electrons and 
photons were smeared by a gaussian resolution terms with a 0' typically of 0.15 VE. Hadron 
energies were smeared by a gaussian resolution term with a (j typically of 0.50VE. For 
a calorimeter with different intrinsic responses to electrons and hadrons, i.e. e/h =/: 1, an !o' 

appropriate constant term was added to the resolution (for example, 0.06 for e/h = 1.4; see 
[27]) In addition, each hadron's energy was corrected by the non-linearity appropriate to the 
e/h response of the calorimetry. (Note that this simulation lacks one aspect of realism in that 
hadron energies are deposited only in the hadron calorimeter. However, there are still useful 
lessons to be learned from this exercise.) 

Jets were reconstructed using a UA-l type cluster algorithm summing all calorimeter cells 
with energy greater than 1.5 GeV within a certain radius (tl.R = vf6.y2 + 6.¢2 = 0.5 for 
most of the study) of a "seed cell" to form the jet eI!~£gy. TypicallY~O% _ of the 0 of an 
event is contained in the 2 jet mass formed using this algorithm. The jet cross section thus 

_ reconstructed is within 50% of the EHLQ jet cross section over the PI' range from 0.5 - 6.0 

TeV/c. 
The major purpose of the study was to examine whether experimental or theoretical con

cerns could mask a signal for quark compositeness (see Section 5). The case considered below, 
a compositeness scale A· = 20 Te V and destructive interference (TJ = + 1), is near the limit of 
detectable with the SSC, as discussed in Section 5. 

The ratio of the jet cross section obtained with the above compositeness parameters to 
that obtained with "QCD" alone is shown in Fig. 4.8. (The error bars are reflections of the 
statistical errors of the study, not the errors expected in the SSC. The events were generated 
with the modified ISAJET 5.34.) The "baseline" for all comparisons to come is the measure
ment marked RJET = 0.5. This measurement is obtained with the calorimeter stimulation 
described above with (jEM = 0.15vE, O'HAD :: 0.50v!E, e/h = 1 and with a jet radius 
tl.R = 0.5. 

No systematic deviation from 1 is seen until PI' > 3.5 TeV /c. At PI' = 5.5 TeV /c the 
ratio is over 2. The effect of using a larger jet radius (RJET = 1.0) was investigated with 
no significant differences being observed. The signal for compositeness was also examined 
(a) allowing no QCD evolution of the initial or final state to take place, (b) allowing QCD 
evolution but no hadronization, (c) allowing QCD evolution and hadronization but ignoring 
energy from initial state radiation. The signal remains essentially unchanged. 

In Fig. 4.9, no compositeness is assumed. The ratios shown are those obtained by varying 
either the calorimeter response or the input structure functions. (The denominator in every 
ratio is the "standard QCD" jet cross section obtained with EHLQ structure functions RJET 
=0.5 and e/h = 1.) Using Duke--Owens structure functions instead of EHLQ causes a no-
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destructive interference (1]=1) to that obtained with just QeD interactions. The calorimeter 
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Figure 4.9: The ratio of the observed cross section to that for a "standard" calorimeter with 
elh = 1, using EHLQ structure functions. Only QeD production is considered. The effects of 
el h i: 1, a constant term in the calorimeter resolution, and the use of Duke-Owens structure 
functions in the place of EHLQ are indicated. 

ticeable increase in the jet cross section. The ratio is approximately 1.1 at PT = 1.0 TeV Ic 
and increases to approximately 1.8 at PT = 5.5 Te V I c. The shape is not exactly the same 
as that expected for compositeness but a misunderstanding of the structure functions of this 
order (between EHLQ and Duke-Owens) could cause a great deal of confusion in extracting 
a. compositeness signal. The ratio of the jet cross section obtained when the el h response of 
the calorimetry is 1.4 to that for elh = 1 is also shown. As stated above, the effect of elh # 1 
is the addition of a constant term to the resolution (of order 0.06) and a non-linearity in the 
energy measurement. As can be easily seen, the deviation of the ratio from 1 this causes is 
larger than that due to the compositeness signal itself. The bulk of this deviation is due to 
the non-linearity, not the constant term. This is seen in Fig. 4.9 where the effect of a constant 

term 0.06 in the energy resolution (but with elh=l) is shown. 

It may seem surprising at first that the addition of a constant term of 0.06 has such 
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little effect on the "steeply falling" jet cross section. The answer lies in the fact that the jet 
cross section at the SSC is not so steeply falling, at least on the scale of calorimeter resolution. 
Consider a 5 TeV jet, for example. Let 3 TeV of hadronic energy be deposited in a calorimeter 
with a constant term of 0.06. The constant term dominates the resolution and leads to a (j of 
about 200 GeV Ic. At 5.2 TeV Ic, the jet cross section is reduced from that at 5.0 TeV Ic by 
approximately 30%. However, being one (j out on a gaussian causes a 40% suppression. Thus 
jets do not "roll off" the steeply falling cross section very far. The non-linearity resulting 
from elh = 1.4 causes a 5.0 TeV Ie jet to appear on the average as a 5.5 TeV Ie jet. The cross 
section at PT = 5.0 TeV Ic is approximately twice as large as that at PT = 5.5 TeV Ic as shown 
in Fig. 4.8. 

Of course, we are cheating in the sense that corrections for this elh :/: 1 behavior can 
be applied, once the behavior of the calorimeter is understood. In fact, to first order in this 
simple simulation, the effect of el h :/: 1 is an increase in the PT of a jet by about 10%. This 
can be seen in Fig. 4.10 where 1000 5-TeV hard-scattering events have been generated and 
the highest PT jet was reconstructed with (a) elh = 1 and (b) elh = 1.4. The distribution 
is certainly broader for the elh = 1.4 case (most of the intrinsic broadness is due to the way 
ISAJET conserves energy and momentum) but the major effect is the shifting of the mass 
from 4.8 to 5.3 TeV Ic. However, corrections are certainly going to be smaller if elh = 1.1 as 
seen in Fig. 4.9. 

The same systematic effects as described above are also examined in Figs. 4.11 and 4.12 
but as a function of the two-jet mass (for those jets produced between 600 and 1200 in the 
jet-jet center of mass). The behavior is essentially the same. It is worth pointing out that 
the presence of composite terms in addition to increasing the jet cross section, also modifies 
the angular distribution, making it flatter. This modification of the angular distribution is a 
powerful tool for the detection of compositeness, especially since it is less sensitive to detector 
resolution effects. 

It is also worth noting that measurements of this type (high PT single or dijet production) 
are relatively insensitive to the effects of event pile-up. Even in the case of a relatively slow 
calorimeter such as liquid argon, the (j of the pile-up 'noise' from minimum bias events is 
only on the order of 300-400 MeV Ic from c, = 1033cm-2s-1 for a 6.y x 6.4> = 0.09 x 0.09 
cell [28],[29]. For C, = 1034cm-2s-1 this increases to approximately 1 GeV Ic. A jet defined 
with a radius of 0.5 incorporates about. 100 cells, leading to a (j for the pile-up noise per jet 

of approximately 10 Ge V I c. 
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Figure 4.10: The PI' distribution of the highest PI' for hard scattering at PT = 5 TeV Ie. In 
(a) the ealdrimeter has e/h = 1. In (b) the calorimeter has e/h = 1.4. 
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Figure 4.11: The ratio of the jet cross section with compositeness scale A* =20 TeV and 
destructive interference (7]=1) to that obtained just with QeD interactions. The c;alorimeter 
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5 Compositeness Signal in Quark Jets 

The effects of compositeness relative to QCD will be greatest for large values of 0, the quark
quark c.m. energy, and for scattering near 90° in the quark-quark c.m. frame. Quark-quark 
scattering by QCD processes at 90° must have do,/df2 '" 0.;/8 on dimensional grounds. Com
positeness on a mass scale A would give dt7/df2 '" 8/A4. Thus if 8~o.sA2, the compositeness 
effects should dominate QC~. It is a separate question whether there will be enough events 
at this 8 to allow observation of the effect. 

These considerations were first presented and made precise by Eichten, Lane, and Peskin 
[11]. Following them we suppose that compositeness gives rise to effective four-fermion contact 
interactions. An isoscalar, color-singlet interaction can be represented as 

(5.1) 

where 
(5.2) • 

(5.3) 

where there are implicit color indices ULaI!-,ULafhbl!-,ULb, etc. The meaning of A * is not imme
diate. It is defined by the convention in the expression for the four-fermion interaction. Its 
physical interpretation can only be made precise in an explicit model. 

Amplitudes from the contact interaction interfere with the QCD interaction amplitudes. 
The resulting c.m. differential cross sections for uu -+ uu(= dd -+ dd) and ud -+ ud are 

( d(7) a; u2 + 82 
1 [2 2 A2 2 2 A2] 

df2 uti-uti = 98 [2 + 48A*4 (7]LL + 7]RR)S + (7]LR + 7]RL)u 

where 8 is the center of mass energy squared and 

Here () is the c.m. scattering angle. 

i = -8(1 - cos ())/2 

U = -8(1 + cos ())/2. 
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Table 5.1: The luminosity, dC/dT, is parameterized as dC/dT = eap(l - Vi)c. The lumi
nosity is calculated with structure functions evaluated at Q2 = TS, using structure functions 
from EHLQ. 

a b c 

uu -0.56 -2.5 8.7 
dd -2.7 -2.8 10. 
ud -0.48 -2.3 9.9 

gg -3.4 -4.2 15. 
ug -1.00 -3.4 12. 
dg -2.2 -3.5 13. 

To see the effect of the contact interaction it is necessary to look at pp events with two 
balanced high PT jets. By measuring the jets it is possible to reconstruct s, the center of mass • 
energy squared for the partonic collision, and (), the scattering angle in the partonic center of 
mass. Only at large s can the contact interaction compete with QCD and in fact, it is not 
the process qq -+ qq that is largest, but qg -+ qg because of the large number of gluons in the 
proton. Generally, the luminosity for collisions with s = TS is, for qiqj -+ X, i =/: j 

(5.8) 

and for qiqi -+ X 

dC fdx . 
dT = -;-qi(X)qi(T/X) (5.9) 

The cross section as a function of T and () is 

d(j d(j A dC 
dTdn = dn(s = ST)' dT (5.10) 

For the QCD process qg -+ qg we have 

(5.11) 

and for gg -+ 99 

(dU) = 9Q; [3 _ iii. _ sii. _ silo 
dn 8s S2 i2 ii.2 

99 

(5.12) 
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Figure 5.1: Luminosities, dC,/dT, at ..;s = 40 TeVas a function of 0 = V;:S. The structure 
functions were taJsen from EHLQ. 

In Table 5.1 we give a simple parameterization of dC,/dT. These luminosities are shown in 
Fig. 5.1. From the luminosities and the cross sections, Eqs.5.4, 5.5, 5.11,5.12 we can compute 
the cross section to produce a jet pair with in~ant mass greater than FoS and with c.m. 
scattering angle within ±8 of 90°: 

11 dc' 1:60 da a( T > TO, Icos 81 < cos 80) = dT-
d 

21T' d cos 8
dn

. 
Ttl T -c0660 

(5.13) 

The results for 80 = 600 and 80 = 30° are shown in Figs. 5.2 and 5.3 and Tables 5.2, 
5.3, 5.4, and 5.5. An integrated luminosity of J c'dT = 104ocm-2 is assumed. The contact 

interaction has been taken to be a purely LL interaction, i.e. 1]LL = ±1, 1]LR = 1]RL = TJRR = O. 
For TJLL = +1, the interference with QeD is destructive, while for TJLL = -1 it is constructive. 

We propose two criteria that should be satisfied for an "observable signal" . 

a. The contact plus QeD interactions must give twice as many events as anticipated from 

QeD alone. 
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Figure 5.2: The cross section at the sse to produce a jet-jet pair with invariant mass greater 
than 0, with a scattering angle between 600 and 1200 in the jet-jet c.m., as a function of 
v's. The dashed line is for production by QeD only. The cross section increases as the value 
of A· is decreased progressively, with the values 35, 30, 25, 20, 15 TeV. The dotted curves 
are for constructive interference between QeD and the compositeness interaction, the solid 
curves for destructive interference. 
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Figure 5.3: The cross section at the sse to produce a jet-jet pair with invariant mass greater 
than 0, with a scattering angle between 300 and 1500 in the jet-jet c.m., as a function of 
0. The dashed line is for production by QeD only. The cross section increases as the value 
of A· is decreased progressively, with the values 35, 30, 25, 20, 15 TeV. The dotted curves 

are for constructive interference between QeD and the compositeness interaction, the solid 
curves for destructive interference . 
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.;s (TeV) 8 10 12 14 16 18 
A'" = 15 3331 1536 780 390 185 82 
A* = 20 1734 591 260 123 57 25 
A* = 25 1347 352 126 53 23 10 
A* = 30 1229 275 81 30 12 5 
A'" = 35 1190 247 64 20 7 3 
PureQCD 1207 239 54 13 3 1 

Table 5.2: Jet-jet events with 600 < (J < 1200 and jet-jet invariant mass greater than 8, 
10, 12, etc. TeV, for various values of A'" in TeV. The contact interaction gives destructive 
interference (7J = + 1). Entries satisfying the observability criteria described in the text are 
shown in italics. 

b. The number of events must be at least 100. 

For the case of destructive interference we see from the Tables that a limit of A" > 25 Te V 
could be set with events with M> 12 TeV using the ±30o data. Using the ±60o data, a limit 
a little less than 24 TeV could be set with data for M > 14 TeV. For constructive interference, 
the ±30o data would permit a limit of about 35 TeV using M > 12 TeVand about A* = 30 
TeV with the M > 1-4 TeV data. 

The design parameters of the SSC will permit an extensive search for compositeness. 
Reducing instantaneous luminosity and thus the likely integrated luminosity would seriously 
limit the scope of the search. Tables 5.2 - 5.5 show that J c'dr = 1039cm-2 , which would reduce 
the event numbers by a factor 10, would lessen the domain of A* probed to less than 20 TeV. 
Conversely, increasing the integrated luminosity to 1041cm-2 would increase the domain to 
beyond 30 Te V for destructive interference and 35 Te V for constructive interference. 
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VB (TeV) 8 10 12 14 16 18 
A* = 15 10657 9596 1548 718 929 149 
A* = 20 8030 2014 670 264 111 46 
A* = 25 7425 1628 448 148 54 21 
A* =30 7258 1510 377 109 35 12 
A* = 35 7212 1470 351 94 28 9 
Pure QCD 7302 1481 345 87 23 6 

Table 5.3: Jet-jet events with 30° < () < 150° and jet-jet invariant mass greater than 8, 
10, 12, etc. Te V, for various values of A * in Te V. The contact interaction gives destructive 
interference (1] = +1). Entries satisfying the observability criteria described in the text are 
shown in italics, 

VB (TeV) 8 10 12 14 16 18 
A· = 15 4506 2015 975 468 215 93 
A* = 20 2995 860 970 167 74 31 

A· = 25 1770 525 196 81 34 14 

A* = 30 1523 395 190 49 20 8 
A* = 35 1406 335 100 35 13 5 
PureQCD 1207 239 54 13 3 1 

Table 5.4: Jet-jet events with 60° < () < 1200 and jet-jet invariant mass greater than 8, 
• 10, 12, etc. TeV, for various values of A* in TeV. The contact interaction gives constructive 

interference (1] = -1). Entries satisfying the observability criteria described in the text are 
shown in italics. 
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v'S (TeV) 8 10 12 14 16 18 
A* = 15 13367 4701 1999 899 399 169 
A* = 20 9555 2636 924 366 150 61 
A* = 25 8400 2026 611 213 80 30 
A* = 30 7935 1786 490 154 53 19 
A* = 35 7710 1673 434 128 41 13 
Pure QeD 7302 1481 345 87 23 6 

Table 5.5: Jet-jet events with 300 < () < 1500 and jet-jet invariant mass greater than 8, 
10, 12, etc. TeV, for various valuesof A* in TeV. The contact interaction gives constructive 
interference (1] = -:-1). Entries satisfying the observability criteria described in the text are 
shown in italics. 
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6 Lepton Pair Production as a Signal for Compositeness 

If quarks and leptons are composite objects with common constituents, there will be twcrquark 
two-lepton contact interactions below the scale of compositeness in addition to the four-quark 
operators discussed. above. These interactions would affect quark-antiquark annihilation into 
lepton pairs. Following the analysis of Eichten, Hinchliffe, Lane, and Quigg [13], we consider 
the effect of these contact interactions on the lepton pair production process, pp- l+ [-X. 

If contact operators between quarks and leptons are detected, questions about their form 
will remain. The best test for the presence of compositeness is the total integrated cross 
section for the production of high invariant mass lepton pairs. However, if compositeness were 

found, further information would be obtained. from the study of the differential cross section 
as a function of invariant mass of the lepton pair, rapidity, and the angle of the negatively 
charged lepton relative to the line-of-flight of the lepton pair. 

In [30], similar questions were posed' about the form of the coupling of an additional U(I) 
gauge boson, where the front-back asymmetry of the outgoing negatively charged lepton was 
studied. We perform a similar analysis below for contact interactions. Unlike the situation 
with only jets in the final state, the sign of the outgoing leptons can be identified, so there is 
a measurable asymmetry. 

We use notation analogous to that used in Section 5 to describe the contact operators and 
cross sections. We restrict our attention to flavor-diagonal gauge singlet interactions which 
can be described by the Lagrangian: 

where 

Lcontact = ~~ (TJLLJLI-Ji + TJLRJL~J'; + TJRLJR~Ji + TJRRJR~J';) (6.1) 

JL~ = ih,~UL + JLI~dL 
JR~ = fiRl~UR + JRI~dR 

J I -1- 1-
L~ = L I~ L 

J I 1-- 1-
R~ = RI~ R 

(6.2) 

(6.3) 

(6.4) 

(6.5) 

where the implicit color indices (e.g. fiLal~ULa) are summed. Here, Ai is the scale of the 
contact operator appropriate to the lepton channel being studied. For similar values of A· 
and Ai, the cross section for jet pair production exceeds the cross section in pp collisions for 
lepton pair production (at the same pair invariant mass) because the lepton pair production 
requires an incident anti-quark while the jet production does not. The differential forward 
and backward cross sections are: 
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U::;J ... ;_" = 2~S {[~A;(';') + ~B;(.;')l q;(x,)if;(x,) 

+ [~A(S2) + iBi(S2)] Qi(X2)Qi(Xl)} 

where Xl > X2 and 

_ Q. _ . . i 1 S _ 77LLS 
[ 

L L ~ ~]2 

I 4xw(1- xw) S - M~ + iMzfz oAj2 

+ Q. _ Hi 1 S _ 'Y/RRS 
[ 

D.R A A]2 
I. 4xw(1- XW) S - M~ + iMzfz OAj2 

Q. _ Hi 1 S _ 77RLS 
[ 

D.L ~ ~]2 

- I 4xw(1 - xW) S"':' M~ + iMzfz OAj2 

+ [Q. _ LiRt· oS _ 77LRS] 
2 

I 4xw(1- XW) S - M~ + iMzfz OAj2 

(6.6) 

(6.7) 

(6.8) 

(6.9) 

Here, s is the parton center of mass energy squared, s is the proton center of mass energy 
squared, 

Li = T3 - 2Qixw (6.10) 

LI = -1 - 2Qlxw (6.11) 

~ = -2QiXW (6.12) 

RI = -2QIXW, (6.13) 

Xw = sin2 Ow, and T3 is twice the weak isospin projection of fermion i. 
These formulae are obtained by integrating the differential cross section over (), the angle 

of the negatively charged lepton in the parton-parton pair frame, where the forward direction 
is defined to be the direction of motion of the center of mass system. 

In Tables 6.1, 6.2, 6.3, and 6.4 we present our results for the total number of events that 
are expected for an integrated luminosity of 1040cm-2 with center of mass energy of 40 TeV 
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for several values of Ai. The data are binned in 500 Ge V bins in M = 0'. The total cross 
section is integrated over the full rapidity range (up to a cutoff at Iyl = 3), while the data for 
the forward and backward cross sections have only been integrated down to rapidity Iyl = 1. 

We have not integrated over the small y data in this case because the asymmetry will be 
negligible near the symmetrical point y = o. 

Table 6.1 [6.2] presents the results for an "1-1" contact interaction, where "1LL= 1[-1], "1LR = 

'"', "1RL = TJRR = o. In Table,6.3 [6.4], we present the results for a "V-V" interaction, with 

"1LL = "1LR = TJRL = TJRR = 1[-1]. 
We take the following criteria for "observability" of compositeness: 

a. For at least one 500 Ge V bin of M, there are twice as many events as predicted by the 
standard model . 

b. There are at least 100 events in this bin. 

With these criteria, we can' test for an "1-L" composite interaction up to Ai=15 TeV • 
when there is constructive interference with standard model Drell Van processes ("1=-1), 
and up to 12.5 Te V for destructive interference. Because of the increased cross section for 
"V-V" interactions (because both left and right-handed helicity states contribute to the cross 
section), compositeness can be tested up to scales of 20 [17.5] TeV for constructive [destructive] 
interference. 

Assuming these criteria have been satisfied, we then test whether four-fermion operators 
with left-handed and vector currents are distinguishable. We do a X2' fit with 14 degrees of 
freedom to test how well the data for left-handed [vector] currents could mimic the prediction 
for vector [left-handed] currents. The 15 data points were the total cross section integrated 
o~er Iyl < 1, the forward cross section integrated over 1 < Iyl < 3, and the backward cross 
section integrated over 1 < Iyl < 3 for the five values of M in Tables 6.1 - 6.4, and there was 
a single parameter, Ai. We required: 

c. X2 > 50 for discriminating against left-handed [vector] interactions fits to vector [left
handed] current data. 

With this criterion, we find that for all compositeness scales within the discovery limits, 
v the 1-L and V-V contact operators could be distinguished. This indicates that there may 

be sufficient discriminating power in the data to test the prediction~ of a particular model. 
Although in practice such fits will be limited by the systematics, the situation for distinguishing 

among composite scenarios is encouraging. 
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M(TeV) 0.5 1.0 1.5 2.0 2.5 
Ai = 2.5 Te V, Total 170000 140000 120000 100000 86000 

F-B 47000 42000 34000 27000 21000 
Total, y>l 110000 81000 61000 46000 34000 

Ai = 5.0 TeV 36000 10000 8000 6600 5500 
etc. 9400 3300 2400 1800 1300 

25000 6200 4200 3000 2200 

Ai = 7.5 TeV 27000 3100 1800 1400 1100 
6500 980 550 390 280 

19000 1900 970 640 450 
Ai = 10.0 TeV 25000 1700 730 500 390 

5700 530 230 140 97 
17000 1000 390 230 160 

Ai = 12.5 TeV 25000 1200 410 240 180 
5500 380 130 68 45 

17000 770 220 110 71 

Ai = 15.0 TeV 24000 1100 280 140 96 
5300 320 86 41 25 

16000 660 160 69 40 

Ai = 17.5 TeV 24000 980 230 100 61 

5200 280 66 28 16 
16000 610 120 48 25 

Ai = 20.0 TeV 24000 940 190 77 43 
5200 260 56 21 11 

16000 570 110 37 18 

Ai = 00 24000 820 130 34 12 

5000 210 32 8 2 
16000 490 68 16 5 

Table 6.1: Number of lepton pair events with different lepton pair invariant masses (500 GeV 
bins) for different values of Ai. First row for each Ai is total number of events with y <3, 
second is number of forward events minus number of backward events (with 1< y <3), and 
third row is total number of events with 1 < y <3. The data are for an LL contact interaction 
with constructive interference (7] = -1). Entries satisfying the observability criteria in the 

text for total production are shown in italics. 
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M(TeV) 0.5 1.0 1.5 2.0 2.5 

Ai = 2.5 Te V, Total 130000 130000 110000 99000 84000 
F-B 29000 36000 32000 26000 20000 

Total, y>l 82000 73000 58000 44000 33000 

Ai = 5.0 Te V 27000 7600 6800 6000 5100 
etc. 4800 2000 1900 1500 1200 

17000 4300 3400 2700 2000 

Ai = 7.5 TeV 23000 1800 1300 1100 980 
4400 400 330 280 230 

15000 1000 640 500 380 

Ai = 10.0 TeV 23000 980 430 350 300 
4600 200 99 82 68 

15000 550 210 150 110 

Ai = 12.5 Te V 23000 800 220 150 120 
4700 170 45 32 26 

15000 460 110 61 45 

Ai = 15.0 Te V 23000 760 150- 77 58 
4800 170 30 15 12 

16000 440 73 32 21 

Ai = 17.5 TeV 23000 760 130 50 33 
4900 180 25 9 6 

16000 450 63 21 12 

Ai = 20.0 TeV 23000 760 120 39 21 
4900 180 25 7 4 

16000 450 60 16 8 

Ai = 00 24000 820 130 34 12 
5000 210 32 8 2 

16000 490 68 16 5 

Table 6.2: Number of lepton pair events with different lepton pair invariant masses (500 GeV 
bins) for different values of Ai. First row for each Ai is total number of events with y <3, 
second is number of forward events minus number of backward events (with 1< y <3), and 
third row is total number of events with 1 < y <3. The data are for an LL contact interaction 
with destructive interference (7] = +1). Entries satisfying the observability criteria in the text 
for total production are shown i~ italics. 
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M(TeV) 0.5 1.0 1.5 2.0 2.5 
Ai = 2.5 Te V, Total 580000 540000 470000 400000 340000 

F-B 15000 3000 1100 500 260 
Total, y>1 380000 320000 240000 180000 130000 

Ai = 5.0 TeV 70000 38000 31000 26000 22000 
etc. 7500 910 300 130 66 

47000 22000 16000 12000 8600 
Ai = 7.5 TeV 37000 9100 6600 5300 4400 

6100 520 150 63 30 
25000 5500 3400 2400 1700 

Ai = 10.0 TeV 30000 3900 2400 1800 1500 
5700 390 100 39 18 

20000 2400 1200 820 580 
Ai = 12.5 TeV 27000 2300 1100 810 630 

5400 320 76 28 13 
18000 1400 610 370 250 

Ai = 15.0 TeV 26000 1700 670 430 330 
5300 290 62 22 9 

17000 1000 360 200 130 
Ai = 17.5 TeV 25000 1400 460 270 190 

5200 270 54 18 8 
17000 840 250 130 78 

Ai = 20.0 TeV 25000 1200 350 180 120 
5200 260 49 16 6 

17000 740 190 86 51 
Ai = 00 24000 820 130 34 12 

5000 210 32 8 2 
16000 490 68 16 5 

Table 6.3: Number of lepton pair events with different lepton pair invariant masses (500 GeV 
bins) for different values of Ai. First row for each Ai is total number of events with y <3, 

. second is number of forward events minus number of backward events (with 1< y <3), and 
third row is total number of events with 1 < y <3. The data are for a VV contact interaction 
with constructive interference (ry = -1). Entries satisfying the observability criteria in the 

text for total production are shown in italics. 
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M(TeV) 0.5 1.0 1.5 2.0 2.5 

Ai = 205 TeV, Total 460000 510000 460000 400000 340000-
F-B -4806 -2592 -1054 -487 -249 

Total, y>l 290000 290000 230000 180000 130000 

Ai =5.0 TeV 39000 29000 27000 24000 21000 
etc. 2600 -488 -239 -115 -60 

25000 17000 14000 11000 8100 

Ai = 7.5 TeV 23000 5400 5100 4600 4000 
3900 -99 -88 -46 -25 

15000 3100 2600 2000 1600 

Ai = 10.0 TeV 22000 1800 1500 1400 1200 
4400 37 -35 -22 -12 

14000 1000 750 610 470 

Ai = 12.5 TeV 22000 1000 600 540 480 
4600 100 -10 -11 -7 

15000 550 290 230 180 

Ai = 15.0 TeV 22000 760 300 250 220 
4800 130 2 -5 -4 

15000 430 140 110 84 

A; = 1705 TeV 23000 700 190 130 120 
4800 160 10 -1 -2 

15000 400 88 55 43 

Ai = 20.0 TeV 23000 690 140 79 65 

4900 170 15 0 -1 

15000 400 65 33 24 

Ai = 00 24000 820 130 34 12 

5000 210 32 8 2 

16000 490 68 16 5 

Table 6.4: Number of lepton pair events with different lepton pair invariant masses (500 GeV 
bins) for different values of Ai. First row for each Ai is total number of events with y <3, 
second is number of forward events minus number of backward events (with 1< y <3), and 
third row is total number of events with 1 < y <3. The data are for a'vV contact interaction 
with destructive interference (71 = +1). Entries satisfying the observability criteria in the text 

for total production are shown in italics. 
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7 Backgrounds for the Drell-Van Process 

The signature of the Drell-Van process in the lowest order is simple and clean, but the higher 
order effects of initial and final bremsstrahlung diminish the clarity. In addition, the finite 
energy resolution and the limited particle identification of realistic detectors allow other pro
cesses to be misidentified as the Drell-Yan process. A Monte Carlo study was done to evaluate 
such physics backgrounds. 

Among the backgrounds are (a) production of a pair of W's each of which decays lepton
ically W ~ i + v, and (b) production of a pair of heavy quarks QQ, each of which decays 
semileptonically Q ~ q+i+v. It is also possible that the abundant QCD jets combined with 
the detector limitations mimic the Drell-Van events if each of a pair of back-to-back jets (c) 
contains a 1T'01T'+(1T'01T'-) overlap that simulates e+(e-), or (d) contains a punch-through pion 
which imitates a muon, or (e) includes a leptonically decaying pion. 

Events were generated for the processes of W-pair, t-quark pair, and two jet production 
using ISAJET 5.20. A t-quark mass of 50 GeV 12 was assumed. The background study was 
made for an invariant mass of the lepton pair of- 2 TeV Ie? Table 7.1 shows results of the 
simulation. The cross sections for the invariant mass W of 2 Te V for the intermediate states 
in various processes are shown in the first column. To get the cross section at W = 2 Te V, a 
rapidity interval of 21Ayl = 4.0 was multiplied by (do-jdMdy)y=a from EHLQ[13]. The real 
background for the lepton pair mass of 2 Te V comes from a higher value for the invariant mass 
of the produced background system, and was estimated from Monte Carlo event generation 
as (dCF I dM) in Table 7.1. The cross sections for some of the background processes are larger 
than those for the Drell-Van processes, if no further cuts are made~ 

Two kinematical parameters of the dilepton system were studied for the signal and back
grounds. One is the normalized PT sum of two leptons, defined by 

where PTl and PT2 are transverse momentum vectors of two leptons. The case x = 0 cor
responds to an exact balance of transverse momentum. The other parameter is the sum of 
transverse energy flow around a lepton, defined by 

where AR represents the distance from a lepton in the y - fj) space. A smaller value of Eb 
corresponds to a better isolation of the lepton. The distribution of parameters x and Eb for 
signal and background events are shown in Fig. 7.1 and Fig. 7.2. 

The rejection efficiencies for cuts with x < 0.2, and Eb < 100 GeV (for All-' = 2 TeV), are 
shown in Table 7.1. The overall cross sections with these cuts are shown in the last column 
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EHLQ ISAJET SIMULATION 

Process da/dM (PT)w da/dM PT Isolation da/dM 
at W = 2 TeV at M =2 TeV balance cut after cuts 

(nb/GeV) (TeV) (nb/GeV) cut (nb/GeV) 
Drell-Yan 5.2 xlO-9 0.5-1 5.5 xlO-9 xO.51 xO.72 2.0 x 10-9 

W+W- 2.7 x 10-7 1-5 1.0 x 10-11 xO.14 xO.053 7.4 x 10-14 

tt 2.7 K 10-5 1-5 1.8 x 10-9 xO.020 xO.0060 4.7 x 10-13 
.. 4.0 X 10-3 )1)2 
-. (11"011"+)(11"011"-) 2-6 1.6 x 1O-~ xO.14 xO.038 8.5 x 10':"12 

-. (11"+)(11"-) 2-8 2.9 x 10-7 (xo.14) (xO.038) 1.5 x 10-9 

Table 7.1: Comparison of the Drell-Yan cross section and various backgrounds, showing the 
efficacy of cuts on transverse momentum balance and lepton isolation. 

of the Table. The backgrounds are substantially reduced by these cuts. To estimate the 
backgrounds from (d) and (e), the cross section,for a pair of QeD jets that contain a pair of 
pions with the appropriate invariant mass satisfying the isolation and PT balance conditions 
is shown in the last column of the table. It is easy to show that 1I"J.L decay and punch-through 
are negligible if one takes into account the pion life-time and a reasonably deep muon filter, 
so the last entry in Table 7.1 is not a major concern. 
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8 Tau Pair Production at the sse 
The obvious problem with looking for tau pair production is that, unlike electrons or muons, 
taus decay inside the detector. When the taus decay leptonically there are 2 neutrinos in the 
final state, so typically two-thirds of the energy of the tau is invisible. When the tau decays 
hadronically there is one final state neutrino, so that roughly half the energy is invisible. What 
this means is that a potentially large transverse momentum event becomes a low transverse 
momentum event, with a corresponding large increase in background. 

For the purposes of this study a rather simple calorimetric detector was assumed, in order 
to get a feeling for how serious the backgrounds could be. The detector consisted of cells of 

size 6.y x 6.4> = 0.1 x 0.09. The detector had a resolution of 15%/.JE for electromagnetic 
showers and 50%/VE for hadronic showers. However, the detector could detect and measure 
electrons and muons perfectly. It was assumed that no vertex detector was available since 
searching for compositeness would require the maximum possible luminosity. Other than the 
perfection for electrons and muons, no other assumptions were made about charged particle 
tracking or resolution. The event generator used was ISAJET 5.34, with the top quark mass 
set to 60 GeV. 

Since compositeness, even for taus, should be evident only at higher mass scales, only 
production of tau pairs with an invariant mass above 500 Ge V was considered. Standard 
Drell-Van would predict a production of about 3300 tau pairs for a standard year at the sse. 
Problems begin to arise here, since a mass of 500 Ge V might lead to a 250 Ge V transverse 
momentum tau, which, because of the missing neutrinos, will give only 50 to 150 GeV visible 
transverse momentum. 

A requirement that both taus decay leptonically would mean that there were four missing 
neutrinos in the final state. Because of this, and because only an electron-muon final state 
would be characteristic of a tau pair, anyway, One tau was required to decay leptonically and 

the other one decay hadronically. 
Standard tau pairs of at least 500 Ge V mass were generated, requiring an electron or muon 

of at least 50 GeV transverse momentum in ± 3 units of rapidity around y=O. According to 
ISAJET this gives an efficiency for the tau pair of 36%. If we ask for the electron or muon to 
be isolated, that is there be less than 50 GeV additional transverse energy in a cone of t::..R 
=1.0 around the lepton, the efficiency is still 32%. The hadrons from the tau decay will form a 
very narrow jet of only one or three charged. particles. However, to avoid making assumptions 
about hadronic tracking, we now require a jet of 100 GeV transverse momentum, defined only 
in the calorimeter in a cone of t::..R = 0.11, to be in the hemisphere opposite the lepton. This 
narrow jet is also required to have less than 50 GeV additional transverse energy in a cone 
of t::..R = 1.0 around it. This leads to an overall efficiency for detecting the tau pairs of 19%. 
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Pr(TeV) Lepton Clean Lepton Ciean Jet Factor Events 

0.1-.25 0.24% 0.08% - 2.3.101 -
0.25-.50 2.5% 0.6% 0.16% 6.9.105 5.5.106 

0.50-1.0 6.3% 1.1% 0.24% 3.6.104 4.3.104 

1.0-2.0 10.6% 1.3% 0.10% 1300 6555 

2.0-4.0 14.9% 1.8% 0.34% 29.5 501 

Table 8.1: Background to tau pairs arising from QCD jets. For each transverse momentum 
bin, 5000 events were generated by Monte Carlo. The final column is an estimate of the 
number of fake Drell-Van pairs per SSC year generated by QCD jets, subject to the cuts 
discussed in the text. 

Given the standard Drell-Van rate, this leads to a prediction of 620 events per year with the 
required signature. 

The real problem in considering signals at the SSC is in trying to estimate the back
grounds. As a first step 5000 ordinary QCD jets in each of several transverse momentum bins 
were generated to see if any of them simulated the signature defined above. The results are 
summarized in Table 8.1. 

The first column gives the transverse momentum range of the jets considered. The second 
column gives the fraction of the 5000 events that have an electron or muon of more than 
50 GeV transverse momentum. The third column gives the fraction of the 5000 where the 
lepton is relatively isolated, as defined above. The fourth column gives the fraction of the 
5000 where there is a narrow, isolated jet, of at least 100 GeV transverse momentum, opposite 
t~e lepton. The column labeled "Factor" gives the relative weight that the 5000 Monte Carlo 
events must be multiplied by to correspond to one standard year at the SSC. The last column 
gives the number of background events per year at the SSC with the required signature. 
Clearly a prediction of six million or so background events, with a signal of 600 events is 
rather disturbing. The cuts used to identify the tau pairs will have to be much tighter and 
there will need to be further cuts on the charged tracks if tau pairs are to be found. 

However, this is only part of the story. Consider the generated events with PT between 
0.25 TeV and 0.50 TeV. Even if cuts were created to eliminate 7 of the 8 surviving events, the 
intrinsic rate at the SSC is so high that this one event would lead to a background prediction 
a thousand times the signal. Generating orders of magnitude more events, even if practical, 
would not really be satisfying, since even with the present statistics, we are looking at jet 

fragmentation effects below the 0.1 % level. 
The conclusions are that in order to try to see Drell-Van production of taus, a detector 
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· would have to have very good charged particle tracking in addition to the calorimetry and 

probably a vertex detector, and that to understand the potential backgrounds we would need 
extremely reliable simulation techniques, probably far beyond what is available today. 

9 Summary 

,/\ The study of hadronic jets at the SSC will be pursued vigorously since they will be the 
manifestation of perturbative QCD. Since deviations from QCD predictions could signify the 
existence of compositeness below the level of quarks, reliable QCD predictions will be crucial. 
The precision of theoretical predictions for QCD cross sections will be limitE?d primarily by 
uncertainties in the measured parton distributions to perhaps ±20%. Care will be necessary in 
adopting a definition of jets that will be appropriate simultaneously to theoretical calculations 
and experimental measurement. The detailed study of the structure of. QCD jets will be 
possible if suitable detectors are developed. Much of the dogma concerning the differences 
between quark and gluon jets might be subjected to experimental test with such a detector. • 

It is apparent that calorimetry will be of central importance in SSC detectors. For measur
ing very high e~ergy jets, the constant term in the energy resolution, rather than the 1/ VB 
term will be dominant. This size of this term is strongly dependent on e/ h, the ratio of the 
response of the calorimeter to the electromagnetic part of the shower to the hadronic part. 
Test beams of 1 TeV may be adequate for calibration, but higher energy beams would be 
valuable. Monte Carlo studies show that compositeness signals for A· could .be detected at 
the SSC, but uncertainties in structure functions or deviations from e/h=l could partially 
mask the effect. The deviation from e/ h = 1 is especially important because the non-linearity 
results in a shift' in the measurement of very high transverse momentum jets. 

Within the context of the standard phenomenological formalism for compositeness, the 
SSC should be capable of detecting structure at the level of A· = 20 - 35 Te V, depending on 
the detailed nature of the interaction, in the production of high transverse momentum hadronic 
jets. If leptons are composite as well, and share constituents with the quarks, compositeness 
could be visible in the production of lepton pairs. The reach in Ai is not quite so large for 
leptons since pair production requires the collision of a quark and an anti-quark and is thus 
concentrated at lower values of vi Howev.er, since the signs of the leptons will be measured, 
it will be possible to study asymmetries that cannot be observed for hadronic final states. In 

.! this way, if compositeness is found in lepton pair production, the structure of the currents 
responsible could be studied. 

Backgrounds for lepton pair production have been studied using Monte Carlos. The sources 
include W pairs, heavy quark pairs, and hadrons simulating electrons or muons. The back
grounds seem manageable, so lepton pair production should continue to be a clean technique 
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at the SSC. On the other hand, the study of tau pair production is fraught with difficulties. 
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