*1 e Fermi National Accelerator Laboratory

FERMILAB-Pub-84/17-T
LBL-16875
DOE/ER/Q1545~-345
February, 1984

Supercollider Physlcs

E. EICHTEN
Ferml National Accelerator Laboratory*
P.0. Box 500, Batavia, IL 60510

I. HINCHLIFFE
Lawrence Berkeley Laboratoryt
Berkeley, CA 94720

K. LANE
Ohio State University,+ Columbus, OH #3210

C. QUIGG
Fermi National Accelerator Laboratory®
P.0. Box 500, Batavia, IL 60510

TThis work was supported by the Director of Energy Research, O0ffice

*

# Operated by Universities Research Association Inc. under contract with the United States Department of Energy

of

High Energy and Nuclear Physics, Division of High Energy Physics of the
U.S. Department of Energy under Contract DE-AC03-76SF00098.

Supported in part by the U.S. Department of Energy under Contract
No. EY-T6-C-02-1545,



ABSTRACT

We summarize the motivation for exploring the 1 TeV (-10129V)
energy scale in elementary particle interactions, and explore the
capabilities of proton-{anti)proton colliders with beam energies between
1 and 50 TeV. We calculate the production rates and characteristics for
a number of conventional processes, and discuss their intrinsic physics
interest as well as their role as backgrounds to more exotic phenomena.
We review the theoretical motivation and expected signatures for several
new phenomena which may occur on the 1 TeV scale, Our results provide a

reference polnt for the cholce of machine parameters and for experiment

design,
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I. INTRODUCTION

The physics of elementary particles has undergone -a remarkable
development during the past decade. A host of new experimental results
made accessible hy a new generation of particle accelerators and the
accompanying rapld convergence of theoretical ideas have brought to the
subject a new coherence, Our current outlook has been shaped by the
identification of quarks and leptons as fundamental constituents of
matter and by the gauge theory ayntnesis of the fundamental

1

interactions. These developments represent an important simplification

’
of basic concepts and the evolution of a theoretical strategy with broad
applicability,

One of the strengths of our éurrent thecretical framework is that
it defines the frontier of our ignorance — the energy scale of about
1 TeV on which new phenomena must occﬁr, and where experimental guidance
toward a more complete understanding must be found. It is to explore

this realm that plans are belng develcoped (Wojeicki, et al,, 1983) for

the construction of a multi-TeV high~luminesity hadron-hadron collider.

1For' expositions of the current paradigm, see the textbocks by Okun
{1981), Perkins (1982}, Altchiscn and Hey (1982), Leader and Predazzi
(1982), Quigg (1983), and Halzen and Martin (1984); and the Summer

School Proceedings edited by Gaillard and Stora (1983).
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The physics capabilities of such a device and the demands placed upon
accelerator parameters by the physics are the subject of this article.
Tﬁree things are done 1In the remainder of this introductory
secticn. First, we give a brief description of the present
understanding of the strong, weak, and electromagnetlc interactions.
Second, we examine the lncompleteness and shortcomings of this picture
and explain why, in general terms, exploration of the 1 TeV scale Is
interesting and necessary. Finally, we describe the goals and contents

of this article.

A. Where We Stand
’

?he plcture of the fundamental constituents of . matter and the
interactions among them that has emerged in recent years is one of great
beauty and simplicity. All matter appears to be composed of guarks and
leptons, which are pointlike, structureless, spin-1/2 particles.
Leaving aside gravitation, which is a negligible perturbation at the
energy scales usually considered, the interactions among these partlcles
are of three types: weak, electromagnetic, and strong. All three of
these interactions are described by gauge theories, and are mediated by
spin-1 gauge boscns. The quarks experience all three interactions; the
leptons participate only in the weak and electromagnetic interactions.

The systematics of the charged-current (g-decay) weak Interactions

suggest grouping the six known leptons into three familiea
e w T )

Similarly, the five known quarks appear in the doublets
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(%) (c) (&} (1.2)
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4 S b

where the primes denote generalized Cabibbo (1963) - Kobayashi and

Maskawa (1973) mixing among the charge =1/3 flavors, Symmetry

considerations and the features of b-quark decay suggest the exiatence

of a third quark of charge +2/3, designated t. Current experiments set

a lower limit on its mass of (Yamada, 1983)
M, 2 22.5 GeV/c* (1.3)

Each quark flavor comes In three distinguishable varieties, called
colars. Color is what dist;nguishes the quarks from the leptons. Since
the leptons are inert with respect to the strong interactions, it 1s
natural to interpret color as a strong interaction charée.

The theory of strong interactions, quantum chromodynamics (QCD)
{Bardeen, Fritzsch, and Gell-Mann, 1973; Gross and Wilczek, 1973b;
Weinberg 1973) is based upon the exact 1local color gauge sSymmetry
SU(3)c. Strong interactions are mediated by an SU(3) octet of colored
gauge bosons called gluons. The gauge symmetry 1s exact, and the gluons
are massless particles. However, 1t 1is widely believed, if not yet
rigorously proved, that in QCD quarks and gluons are permanently
confined within color singlet hadrons, A crucial property of
non-Abelian gauge theories 1in general and QCD in particular is
asymptotic freedom (Gross and Wilczek, 1973a; Politzer, 1973): the
tendency of the coupling strength to diminish at‘short distances, This
behavior suggests a resolution to the parton model paradox that quarks

behave as free particles within hadrons, but can never be liberated.
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A unified description of the weak and electromagnetic Interactions
is provided by the Glashow (1961) -~ Weinberg (1967) - Salam (1968)
theory based on the gauge group SU(2)L9U(1)Y. In this theory, unlike
QCD, the 1local gauge invariance 1s spontanecusly broken, or hidden, by
the Higgs (1964) mechanism. This causes the Intermediate bosons W+, W‘,
and ZO of the weak interacticns to acquire 1érge masses, while leaving
the photon massless. A consequence of this form of spontanecus symmetry
breaking 1s the existence of a scalar Higgs boson of unspecified mass.
The SU(E)LGU(I)Y model has a number of notable successes: the prediction
and detailed déscription of the weak neutral current interactions first
observed by Hasert, et al?, (1973ab, 1974), and Benvenuti, et al.
(1974), the prediction of charm {Cazzoli, et al., 1975; Goldhaber,
et al., 1976; Peruzzl, et al., 1976), and the predictions of the masses
of the charged (Arnison et al., 1983a; Banner, et al., 1983) and neutral
(Arnison, et al., 1983c¢c; Bagnala, et al., 1983b) intermediate bosons.

The 3s0-called "standard model" of QCD plus the SU(z)LQU(1)Y
electroweak theory incorporates all the principal systematics of
elementary particle phenomenology, and achieves a wide-ranging synthesis
of elementary phenomena. It is of great importance to continue to test
the standard model, and to explore the predictions of unified theories
of the strong, weak, and electromagnetic Interactions {Georgl and
Glashow, 1974; Pati and Salam, 1973ab, 1974), which seem a natural next
step. The degree of current experimental support for the electroweak
theory, for QCD, and for the idea of grand unification s rather
different., For the electroweak theory the task is now to refine preclise
quantitative tests of very detailed predictions and to explore the Higgs

sector, In the case of QCD, most comparisons of theory and experiment
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are still at the qualitative level, either because a precise thecretical
analysis has not been carried out, or because of the difficulties of the
requiréd measurement, We find ourselves in the curious position of
having a plausible theory which we have not been able to exploit in
full. So far as unified thecries are concerned, we are c¢nly beginning
to explore their consequences experimentally. Although the simplest
model provides an elegant example of how unification might occur, no
"standard™ unified theory has yet been selected by experiment,

Over the next decade, the vigorous experimental progran at
accelerators now operating or under construction will subject QCD and
the electroweak theory %P ever more atringent testing, and
non-accelerator experiments such as searches for nucleon instability
will explore some of the dramatic consequences of unified theories,
Surprises may well be encountered, but it is likely that our efforts to
understand why the standard model works and to construct more complete
deseriptions of WNature will remain unfulfilled. 1In order to explain
what sort of experimental guidance will be required, we next consider
why the standard model cannot be the flpnal answer, and where new

phenomena are to be expected.

B. The Importance of the 1 TeV Scale

It is essential to recognize that the current paradigm leaves
unanswered some central questions. Even if we go beyond what has been
persuasively indicated by experiment, and suppose that the idea of a

unified theory of the strong, weak, and electromagnetic interactions is



correct, there are several areas in which accomplishments fall short of

complete understanding., There are also a number of specific problems to

be faced.

*

The most serious structural problem 13 associated with the
scalar, or Higgs, sector of the electroweak theory. This sector
is responsible for the most obvious Cfeature of electroweak
symmetry, namely that 1t 18 broken. xet, the dynamical nature
of this sector i3 the least undersatood aspect of the theory. In
the standard model, the interactions of the Higgs boson are not
prescribed by the gauge symmetry as are those of the
intermediate bosond, Whereas the masses of the W and Z are
specified by the theory, the mass of the Higgs boson 1is only
constrained to lie within the range 7 GeV/c? {Linde, 1976;
Weinberg, 1976a) to 1 Tev/c2 (Veltman, 1977; Lee,_ Quigg and
Thacker, 1977). While the lower bound is strictly valid only in
the simplest version of the standard mcdel with one elementary
Higgs doublet, the upper bound is fairly model-independent., If
the Higgs boson mass exceeds this bound, weak interactions must
become atrong on the TeV scale. This 1is perhaps the most
compelling argument that new physics of some sort must show up
at or before the energy scale of -1 TeV is reached. 1In a
uniflied theory, the problem of the ambiguity of the Higgs sector
is heightened by the requirement that there be a dozen orders of

0

magnitude between the masses of wt and z and those of the

leptoquark bosons that would mediate proton decay.
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No particular insight has been gained into the pattern of quark
and lepton masses nor into the mixing between different quark
flavors. This fact may be quantified by noting that the number
of apparently arbitrary parameters needed to specify the theory
1s 20 or more. This is at odds with our viewpolnt, fostered by
a history of repeated simplifications, that the world should be
comprehensible in terms of a few simple laws, Much of the
progress represented by the gauge theory synthesis is assocliated
with the reduction of ambiguity made possibie by a guiding
principle. Since 30 much of the dynamical origin of the masses
and mixing angles og quarks and leptons has to do with thelr
coupling to the electroweak scalar sector, here again we have
good reason to hope that a thorough study of 1 TeV physies will
yield important answers.

The violation of CP invariance in the weak interaction does not
arise gracefully. The currently most popular interpretation
attributes this phenomenon to the possibility of complex
couplings of quarks to the Higgs boson, but, at least In the
simplest model, this scenario has a serious problem: large CP
violations in the strong interactions,. Once again, our
experimental ignorance of the scalar sector 18 hindering our
theoretical understanding.

The requirement that the electroweak theory be anomaly-free
suggests grouping quark and lepton doublets into fermion
"generations." Although this Idea 1is supported by the

explanation of charge quantization in unified theories, we do
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not know why generations repeat or how many there are. Indeed,
faced with the large number of quarks and leptons that we now
have, it is natural to ask whether these fermionic constituents
are truly elementary. If it should turn out that they are in
fact composite structures, then the successes of the standard
model imply that their characteristic size i3 less than
~10"17 ¢em, corresponding to an energy scale > 1 TeV.

+ Finally, we may ask what is the origin of the gauge symmetries
themselves, why the weak Interactions are left-handed, and
whether there are new fundamental interactions to be discovered.

Given this 1list, 1t‘ is not surprising that there are many

directions of theoretical speculation departing from the current
paradigm., Many of these have important (mplicationsg which cannot yet be
tested. Although theoretical speculation and synthesis is valuable and
necessary, we cannot adyance without new observations. The experimental
clues needed to answer questions like those posed above can come from
several sources, including

+ experiments at high-energy accelerators;

+ experlments at low-energy accelerators and nuclear reactors;

« non-~accelerator experiments;

- deductions from astrophysical measurements.

However, according to our present knowledge of elementary particle
physica, our physical intuition, and our past experience, most clues and
information will come from experiments at the highesat energy

accelerators,
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Since many of the questions we wish to pose are beyond the reach of
existing accelerators and those under construction, further progress in
the fiéld will depend on our abllity to study phenomena at higher
energies, or equivalently, on shorter scales of time and distance. What
energy scale must we reach, and what sort of new Instrumenta do we
require?

Field theories with elementary scalars are notoriously unstable
{Wilson, 1971) against large radiative correctlons to masses., As a
consequence, although the Higgs phenomena might possibly occur at less
than 1 TeV, building a comprehensive theory in which this occurs proves
to be a very difficult prob%gm. unless some new physics intervenes.

One pos3aible solution to the Higgs mass problem involves
introducing a complete new set of elementary particles whose spins
differ by one-half unit from the known quarks, leptons, and gauge
posons. These postulated new particles are consequences of a new
"supersymmetry" which relates particles of integral and half-integral
spin. The conjectured supersymmetry would stabilize the mass of the

2

Higgs boson at a value below 1 TeV/c¢“, and the supersymmetric particles

are likely themselves to have masases less than about 1 TeV/02

. Up to the
present, there is no experimental evidence for these superpartners.

A second possible solution to the Higgs problem 13 based on the
idea that the Higgs boson is not an elementary particle at all, but is
in reality a composite object made out of elementary constituents
analogous to the quarks and leptons. Although they would resemble the

usual quarks and leptons, these new constituents would be subject to a

new type of strong interactions (often called "technicolor") that would



confine them within about 10_17 em, Such new forces could yileld new
phenomena as rich and diverse as the eonventional strong interactions,
but on an energy scale a thousand times greater -- around 1 TeV. The
new phenomena would include a rich spectrum of technicolor-singlet bound
states, akin to the spectrum of known hadrons, Again, there 1is no
evidence yet for these new particles,

We thus see that both general arguments such as unitarity
conatraints and specific conjectures for resolutions of the Higgs
problem imply 1 TeV as an energy scale on which new phenomena cruclal to
our understanding of the fundamental interactions must occur. The
dynamical origin of electroWeak symmetry breaking is of course only one
of the important issues that define the frontier of elementary particle
physics, Howevér. because of its immediacy and its fundamental
significance it must guide our planning for future facilities.

Either an electron-positron collider with beams of 1 to 3 TeV or a
proton-{anti)proton collider with beams of 5 to 20 TeV would allow an
exploration of the TeV region for hard collisions. The higher beam
energy required for protons simply reflects the fact that the proton's
energy is shared among its quark and gluon constituents. The
partitioning of energy among the constituents has been thoroughly
studied in experiments on deeply inelastic scattering, so the rate of
collisions among constituents of various energies may be calculated with
some confidence.

The physics capabilities of the electron-positron and
proton-{anti)proton options are both attractive and somewhat

complementary. The hadron machine reaches to higher energy and provides
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a wider variety of constituent collisilions, which allows for a greater
diversity of phenomena. The simple initial state of the
electr§n~positron machine represents a considerable measurement
advantage. However, the results of the CERN proton-antiproton collider
(Banner, et al., 1982; Arnison, et al., 1983b) indicate that hard
collisions at very high energlies are relatively easy to Iidentify.
Because the current state of technelogy favora the hadron c¢ollider, 1t
is the instrument of cholce for the first exploration of the TeV regime.
Some studies of the accelerator physics and technology required for a
multi-TeV collider have already been carried out (Tigner, 1983; Diebold,

1983).

C. The Purpose and Goais of This Paper

We have reviewed the principal ratioconale for a multi-TeV hadron
collider: it 1s a device to {lluminate the physics of electroweak
symmetry breaking. At the same time, it is necessary to anticipate that
the supercollider will reveal more than this. Surprises and unexpected
insights have always been encountered in each new energy regime, and we
confidently expect the same result at TeV energies. No one knows what
form these discoveries will take, but is essential that the
supercollider provide the means to make them. Fortunately, both the
conventional possibilities of the standard model and the new phenomena
implied by existing speculations can serve the important function of
calibrating the capacity for discovery of a planned facility. They also

help to fix the crucial parameters for a new machine: the energy per



beam and the lumincsity, or rate at which collisions occur. In any
case, the expected phenomena are important as backgrounds for the
unexpeéted, and for each other.

Qur principal goal in this article is to set out the most obvious
possibilities 1in enough detail that we may begin to assess the demands
of the physics upon beam energy and luminosity, and to consider the
relative merits of the pp and Bp options. 1In addition, we intend to
provide a reference peoint for the desalign of detectors and experiments,
Earlier work relevant to these 1ssues has been reported iIn the
Proceedings of the 1982 Snowmass Workshop (Donaldson, Gustafson, and
Paige, 1982) and of the. 1983 Berkeley Detector Workshop {Loken and
Nemethy, 1983). We also wish to identify areas in which further work i=s
required. -

Hard scattering phenomena make the most stringent demands wupon
machine performance, Accordingly, we shall not discuss the low
transverse momentum phenomena known as "log 8 physics". Some of these
considerations are treated in the lectures by Cahn (1982} and Jacob
t1983). For the same reason, we do not address the physics interest of
the conjectured new state of @atter known as quark-gluon plasma
(McLerran, 1983). We also omit any discussion of fixed target physics
with multi-TeV beams, for which the opportunities and concerns are
rather different. This topic has been conaidered in the Snowmass
(Pondrom, 1982) and Diablerets (Amaidi, 1980) workshops.

A detailed description of the materlial preéented in this report
appears Iin the Table of Contents. A brief summary is in order here.

Section II 1is devoted to a review of the renormalization-group-improved



parton model and the nucleon structure functions required to make
predictions of production rates. The hard-scattering hadron jet
phenoména predicted by QCD that provide a window on constituent
interactions are taken up in Section III. In Section IV we discuss the
standard electroweak theory, in particular as it pertains to searches
for heavy Higgs bosons. Sections III and IV, then, are concerned with
processes that are intrinsically interesting as definitive tests of the
standard model, and that produce the principal backgrounds to the new
physics the supercollider is intended to explore.

The four sections that follow concentrate on several of the more
frequently discussed possﬁPilities for new physics. The 3implesat
extensions of the standard SU(2),8U(1)y theory, new quark flavors and
additfonal intermediate bosons are treated in Section-v. We then turn
to more speculative possibilities: technicolor (See. V1), supersymmetry
(Seec. VII), and quark-lepton compositeness (Sec. VIII). In each of
these cases we review the motivations for the conjecture and discuss the
axpected experimental signatures. We also " examine the potential
backgrounds and assess the physics reach of the collider as a funetion
of energy and luminosity for bp and Bp collisions. The reason for
covering these proposals in some detail is not that any one of them
necessarily 1s correct. Rather, they provide a very wide range of
experimental challenges which we must expect the supercollider to meet
if it is to explore thoroughly and effectively the physics of the 1 TeV
scale, Some tentative conclusions from our' study are glven in

Section IX.
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II. PRELIMINARIES

AV high-energy proton beam may usefully be regarded as an
unseparated, broadband beam of quarks, antigquarks, and gluons. For the
hard-scattering phenomena that are the principal interest of this paper,
it is the rate of encounters among energetic constituents that determine
interaction rates. We adopt the spirit of the parton model in which the

croas section for the hadronlc reaction

a+b—>C+ anlj‘l’hing (2.1)

is given schematically by

de{a+b—>c+ X) =

”Zm £ 5’;') d§(isi—rerX),
54

where fga) Ls the probability of finding constituent i in hadron a, and

(2.2)

G(i+j+c+X') is the cross sectlion for the elementary process leading to
the desired Ffinal state. This picture of hard collisicns is not only
highly suggestive, it also in many circumstances provides a reliable
estimate of reaction ratea, as we shall document below.

Two ingredients are therefore required in order to compute <oross
sections and experimental distributions: the elementary cross sections
and the parton distributions, It 1s straightforward to calculate the
alementary cross sections, at least at ldw orders in perturbation
theory, from the underlying theory. At a given scale, the parton
distributions can be measured in deeply Iinelastic lepton-hadron

scattering. The evolution of these distributions to larger momentum
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scales is then prescribed by standard methods of perturbative quantum
chromodynamics.

Tﬁree things are done in this Section. First, we give a brief
summary of the basic ideas of the QCD-improved parton model. We then
turn to the task of constructing parton distributions which are
appropriate to the very large momentum scales of interest for a
multi-TeV hadron collider. In the final part of this Section, we
present the luminosities for parton-parton collisions and discuss their
implications in general terms., These will be used in the rest of this
report to estimate the rates for particular physics processes,

L]

A. Parton Model Ideas

The essence of the parton model is to regard a high-energy proton
(or other hadron) as a collectlion of quasifree partons which share its
momentum. Thus we envisage a proton of momentum P as being made of

partons carrying longitudinal momenta le, where the momentum fractions

X, satisfy

0Sx;$1 (2.3)

and

Z X; =1 (24)

partons
[
The idealizatlon that the partons carry negligible transverse momentum

will be adequate for our purposes.
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The prototype hadron-hadron reaction is depicted in Fig. 2-1. The
general ideas of the parton model are thoroughly explained in the bock
by Feyhman (1972). Many interesting applications of the parton model
philosophy to hadronic interactlons were introduced by Berman, Bjorken,

and Kogut (1971). The cross section for reaction (2.1) 1s glven by
delarbres) =) K (8 (n) dligrex).  (25)
atb->C+X =L % § o e ). .
'3

where fia)(x) is the number distribution of partons of species 1. The
summation runs over all contributing parton configurations. If we

denote the invariant mass of the i-j system as
NS = st (2.6)

and its longitudinal momentum in the hadron-hadron c.m. by

p= x4s'/2, (2.%)

then the kinematic variables LIS of the elementary process are related
’

to those of the hadronic process by

Koo = 5 [0erde) 2 4], (2.8)

These parton momentum fractions satisfy the obvious requirements

x&" xb= xX. (2.-10)

We shall present detalled cross-section formulae in the text, in
connection with the discussions of specific phenomena. However, one

situation — two-body parton scattering — occurs so frequently that it
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is approprilate to develop the kinematics here. We consider the generic

process

o+b— 0+d + a.mffhinﬁ ; (2.11)

where the masses of the final-state particles are Mc and Md. Then |if

particle ¢ is produced at c.m. angle § with tranaverse momentum
p= X5 /2, (2.12)

the invariant cross section for reaction {(2.11) is

h
dp ™ T 3 an.(xo," :T%%%)

A (2.13)
(d.) m A A A
t xa.xbfg (%) §; (x.)_d_g_(s,t,u) '
3 dt
The kinematic invariants of the elementary reaction
L+y —> c+d (2. ¥)

are given by

A
S= Xa¥Xp S,

%‘5 M:" X,,X_LS %—-—xis?:ee) > (2'|5)

bz Mr—x, xS (_E:L__“SQ)L
25in®

X~cos©
¥, = 20 + %X, E——)s.mg (2.16)

2&3 - %8 (x-i'CASG) b
Sun®

Here
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- 25*"*5( s.:n%s )
N\“\- - 00 9 b4
2s- 45 (5328°)

4. 2 . 1_9 llz
e (248)

X

X2+

and

;B

A= M -M,, (249)

The elementary parton model as sketched here 13, at best, an
approximation to reality. For our purposes, the most important
modification to the elementary plcture is due to the strong interaction
{QCD) corrections to the parton distributions. In leading logarithmic

’

approximation (Gribov and Lipatov, 1972ab) these corrections are

process—-independent, and can be incorporated by the replacement
) )
5. (%) —» §. (xa, 7). (2.20)

There is some ambigulity surrounding the <choice of scale Q2 in a
particular process., It should be of the crder of the subenergy,

Q" = 's\? (2.21)

but the choice affects event rates and the particular value of Q2 used
for each process will be stated in the relevant Section below.

We shall consistently adopt the Born approximation to the
elementary cross section and neglect higher-order strong interaction
corrections. Experlience 1in specific cases (Altarelli, Ellis, and
Martinelli, 1978; R.K. Ellis, et al., 1980) shows that the resulting

eatimates of cross sections should be reliable within a factor of about
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2. We alsoc ignore "higher-twist" or hadronic wave function effects.
These will produce corrections to the calculated rates which are
proportional to (MZ/QZ)d, 4>1, where M is a scale characteristic of
hadronic binding. The effects should therefore be negligible for the

processes we dlscuss.
B. Q2-Dependent Parton Distributions

In order to predict production cross sections in a hadron collider,
we require parton distributions as functions of the Bjorken scaling
variable x and Q2. For the'study of a process with characteristic mass

M, the parton distributions must be known for

gF = M (2.22)

and

x> M*/s. (2.23)

The typical momentum fraction contributing to such a process will be

x % MNs (2.24)
Since we shall be concerned with characteristic massea in the range

A0 GeVie* £ M4 A0 TeV/el (2.25)

and c.m. energles between 10 and 100 TeV, the rénge of interesat for the

kinematic variables is
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100 Gev® < %< 10° Gev' (2.26)
and

X210 (2.2%)

Although the distributions have not been measured at such encormous
values of Q2, it is in principle quite straightforward to obtain them.
Existing data from deeply inelastic scattering can be used to Ffix the
parton distributions at some reference value of QZ-Qg over most of the x
range. Evolution to 02>Q§ is then predicted (Georgl and Politzer, 1974;
Gross and Wilczek, 1974)* by QCD in the form of the Altarelli-Parisi
(1977) equations. The resulting distributions can be checked against
cross sections -measured at the CERN SppS Collider and later at the
Fermilab Tevatron.

Rather than utilizing any of the parametrizationa of parton
distributions that appear in the literature, we have developed our own
set in order to ensure reasonable behavicr over the full range of
variables given by (2.26) and (2.27). It is convenient to parametrize
the distributions in a valence plus sea plus gluon form. The proton

contains
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up quarks: u, (%,8) +us(x,84,
down quarks:  dylx,8")+dg(x,8%),
. . 2
wp antiquarKs: Ug lx, &7 (2.28)
down amhiquarks: ds(x,§%)

strange, charwm, botfom,and o
s )q_wk.s ’ and ax:‘\"\q_uo.er: Qs (x,8%)
3\wons-. &) (?‘, Q") /

The flavor quantum numbers of the proton are carried by the valence

gquarks, Those distributions must therefore satisfy the number sum rules

S: dx u b8 =2,
. (2.24)
[ dx &/ @) =4,

The parton distributions are also constrained by the momentum sum rule
4
Sodr. x[uv+dv-\-G+2(u5+ds+ss+ cs+\ps+’c,i=1 ~ (2.30)

To improve numerical convergence in the neighborhood of x=0, it is
convenient to recast the familiar Altarelli-Parisi equations as
integro-differential equations for x times the parton distributions.

The valence, or ™"nonsinglet," distributicns satisfy

dg(x,g")z 2045 (&) S‘ dz . (4479 ply, 6" - 2p(xg)
31t

z —
—h * ® ‘-t (231)

+ _‘_‘5&_“"},[& 4%&5:.%_)]?(3,51") ;

where
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P81 = xuy (4,8 or xdy(x,8")  (232)

and

y= x/2.

The evolution of the gluon momentum distribution
2
40687 = x G(x,8%) (233)

is given by
P ATy ' de [3(%g(y,a")-q(x,a"))
dh%g“-' srt: x 2 T

) 2
LB d) 2 el 5 1lg, tnd+ 2y, 1)
' Hlavers

(2.%4)

+ S8 B 0t §08Y,

where Nf is the number of flavors participating 'In the evoluticon at Q2.

The evolution of the momentum distributions of the light sea quarks
(s
Ly, 8% = xug(x 89 or xdglx,8") or xsi(x, &) (2.35)

is described by
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AxQ7) 2450600 51 de [(1+a‘)f.(y,q=)-u(x,a’-)
dReq a* Ic J, 2 S -2 j

» 3l (-2g,0 )| (23)

5’%—’ [1+ %hﬁ(«-ﬂ]w,a’*).

For the evolution of the momentum distributions of heavy sea quarks
h(ﬁ,Q‘)'—"- xcs(x,Q") or xbs(X)Q") ov xt,(x,Q") 3 (2.3%)

we adopt the prescription of Glick, Hoffmann, and Reya (1982},

dh(x, Q%) _ Zo_(;(Q") S‘ de [(\H‘)hhﬁ")-?.h(x,ﬂ")
e )3 et

di«hq - \-2

4
3L _A _‘1:(‘5-4%)2 1bMg 2%\ g(v.8%)
+4F‘(7'-%(1 D & iz - )‘a‘h

2 2 X
- %(2(‘\-‘52) 4 %‘)M(%%)%%ﬁ] 9(? )
+ 5‘%1[1 * hg(«-x)]k(y,q") ; (2.38)
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where Mq is the heavy quark mass,

0, X‘O)
A

X7 0O y

o(x) = (2.39)

?

and

3= (A-4nE /g0 ™. (240)

The running coupling constant of the strong interactions as(Qz) may

be expressed in terms of the QCD scale parameter A as

st = S22 g0 (@), (240)

A prescription is requirsd for the variation of Nf and “s(Qz) as a
threshold is crossed. Since the value of A we shall adopt has been

determined for Nfau, it will be consistent to write

Al 8F) = mhata‘ﬂ\")- Z o(a-1LM: )fna(a/ismt
iz bt (242)
This form ensures a smooth crossing of thresholds and is equivalent to
other prescriptions in common use, modulo higher-order QCD corrections
which we ignore. As Q2 approaches infinity the contributions of all
quarks become equal.

The procedure we follow is to begin with input distributions
inferred from experiment at QS-B GeV2 and to integrate the evolution
equations (2.31), (2.34), (2.36), and (2.38) numerically. The advantage
of this over the moment method which is often employed is that for each
value of x we require input information only for larger values of x, and

not over the full range from 0 to 1. This i{s important in practice
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because structure functions are poorly known at small values of x. In
evolving the distributions to larger  values of Q2 we lignore all
higher-twist effects and higher-order QCD corrections. OQur neglect of
higher-twist effects i3 Justified by the fact that the starting
distributions were derived from data with <Q2>-5-50 Geve. We omit
higher-order QCD corrections {(for which see Buras, 1980). These higher

order corrections, which are suppressed by one power of a contain

s’
terms proportional to log(i-x) and log(x). These terms destroy the
validity of QCD perturbation theory at large and small x. In the large
x region techniques are available to resum the terms of the form ug
logN-1(1-x) for all N; effegtively as(Qa) 1s replaced by as(QZ(1-x))
[Amati, et al., 1980; Peterman, 1980]. Since the structure functions
are very small in this region, this change does not affect our results
significantly, No such resummation techniques are available 1In the
small x region and consequently we cannot be absclutely certain that our
results are not in error by more than a factor of two. This uncertainty
of course does not affect our estimates of the discovery 1limits for
varicus processes, which depend only on x>0.1.

We must next discuss the input distributions. At the present time,
the data of the CERN-Dortmund-Heidelberg-Saclay (CDHS) neutrino
experiment at CERN (Abramowicz, et al.,, 1982, 1983) have the greatest
statistical power. We shall therefore take the CDHS structure functions
as a reasonable starting point. Some of the experimental uncertainties
will be addressed below.

Neutrino data are particularly useful because measurement of the
structure function xag from an isoscalar target determines the valence

distributions as
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w1 de{uN->pX)_ dg(FN >ptX)
x%(x)a)-@gmg 1-(1-!1)7'[de7 ) dedy ]

. (2.43)
= x [uy(x, 8 +d, (x,87] :

where GF is the Fermi constant, M is the nucleon mass, B is the neutrino

beam energy, and the Bjorken scaling variables are defined by

X = §/:Mv (2.44)
\1 = V/E 5 (’2..4'5)

’
where “ﬁE‘Eu is the inelasticity parameter, The CDHS measurements give

3% .
xF(x,8.) = 1.66 < (1-'-x7331('\+5.85x)> (2.46)

2. The normalizaticn has been fixed by continuing

for x>0.03 and Qg=5 GeV
to x=0 and enforeing the baryon number sum rule. A lowest-order QCD fit
used to evolve the parametrization (downward) to Q2=Qg yielded the

leading-order sacale parameter
N= (23S £ 7o) MeV. (2.47)

The up— and down-quark valence distributions can be, separated using
charged~current cross sections for hydrogen and deuterium targets. Data
from the CDHS and BEBC {(Bosetti, et al., 1982) experiments are shown in

Fig. 2-2, which suggests the parametrization (Eisele, 1982)
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8,0/ u,(x) = 0.5¢ (1-x). (2.48)

The déta are insufficient to exhibit any Qz-dependence, and are
consistent with the SLAC-MIT electron scattering measurements (Bodek,
et al., 1979). The simplest gueas that dv(x)/uv(x) = 1/2 is not in
agreement with the data.

Once the valence distributions are known, the sea distributions may
be determined from measurements of the structure function GF; on
isoscalar targets. Data on the flavor dependence of the sea are rather
sparse, In principle the ratio us(x)/ds(x) can be extracted from
neutrino data; it 1s consisyent with unity (Elsele, 1982). The strange
sea c¢an be measured directly in antineutrino-induced dimuon producticn.
The shape of ss(x) is shown in Fig. 2-3 .tc be consistent with the shape
of us(x)+ds(x) determined from 3%. The CDHS parametrizations we use are

derived using

25sx)/Luglx) +ds(x)] = 0.43 (249)

at Q2=5 Gevz.

Bounds on the rate of same-sign dimuon producticn in
neutrino-nucleon collisions {Abramowicz, et al., 1982, 1983; Eisele,

1982) limit the charmed sea:

1 1
[de xey0 € L{ o w5500 (2.50)
0 o

We shall assume that at Q2-5 Gev2 the sea distributions of charmed and

heavier quarks can be neglected,
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Once the quark distributions have been determined, the Iintegral
fédx xG(x) of the gluon momentum distribution can be determined from the
momentum sum rule. The shape of G(x) cannot be measured directly 1in
electroweak interactions, but a constraint on the shape can be inferred
as follows. With Increasing Q2, QCD evolution causes gluons with
momentum fraction X, to generate antiquarks wilth momentum fraction
x0<x1. A failure to find antiquarké at values of x larger than some
value X, thus constrains G(x,Qg). There 1is of course a strong
correlation between G(x,Qz) and the QCD scale parameter A, The larger is
A, the more rapidly will G(x,QZ) steepen, and the broader the input
distribution G(x,Qg) can be?! Ideally one would determine A from the
evolution of the nonsinglet structure function and then extract G(x,Qz)
from singlet structure functions. The existing data do not permit this
to be done unambiguously.

It is therefore necessary to use the singlet structure functions
Jg(x,qg) together with the antiquark distributions qs(xqu) to make a
aimultaneocus fit to A and G(x,QZ). The difficult-to-measure ratio
H=0L/0T enters the analysis. The available data, summarized in
Fig. 2-U4, do not determine R precisely. Two fits have been presented to
the CDHS data.

Under the assumption that R=0.1, Abramowlcz, et al, (1983)

determine the combination
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9y(%,86) = x Tus 0,86 1+ 400,65 ) 255(%,827)

.54 (2.54)
= 0,52 (A-x) ,

% (x,Qi Y= % iuv(x,é\z ) +a, 0,80 ) + 2 Tug (e @3) +as (x 80 ) + sstx,eij}

= (14x 4000007 (2.52)

and
XG(X,8) = (2.62 +94F){-x)" T , (2.53)

wlth
A= (130% 20) MeV (2.54)

[
and ans GeV2, In Fig. 2-5 we show the quantities qv(x,Qg), xG(x,Qg),
and K[uv(x.Q§)+dv(x,Q§)] determined from (2.49) and (2.51)-(2.53). We

shall wuse the following parameterization which reproduces these

distributions:

0.5 51,398
Xu, (%, 65) = 1,38 % (1-x*""? ) \

x4y (x,83) = 0.bF O* (4= (154S ]
XU (%,80) = xd4(x,85) = 0,182 u‘_x)s.s‘t)
%5 (%,65) = 0.084 (1-x)""
xGlx, Q)= (262+ ‘1.1?,()(1_”5.%,
A = 200 MeV, J

} (2.55)
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The dv/uv ratio implied by this set is conslistent with the measurements
collected Iin Fig, 2-2. We shall refer to this parametrization as Set 1.
Under the assumption that RnoL/oT has the behavior prescribed by

QCD, Abramowicz, et al, (1983) find

9, (6,82) = 0,53 (1-x) " (2.56)
% (6,60 = (148 +3859) (1) (2.59)
and o3
0
xGlx ) = (1.#5+15.5¥5x)(1-x)""  (2.58)
with ’
A= 29020 MeV (2.59)

and Qg=5 GeVZ. The resulting valence quark and gluon distributions and
the combination qv(x,Qg) are shown in Fig. 2-6. Notice that the larger
value of A 1s correlated with a harder gluon distribution at Qg, i.e.,
one with more gluons at large values of x. These are reproduced by the

following parametrization (Set 2):

3.2
Xug(%,85) = xd4(%,§0) = DABS(1-X)" 7
%55 (x,8%) = 0,045 (1-x)""* I P
%G (x, Q) = (1.#5+ 15,525x)(1-x)""

A= 290 MeV)
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with the valence distributions xuv(x,QS) and xdv(x,Qg) given in (2.55).

It is approprlate to compare our two input distributions with other
determinations of parton distribution funetions. In Fig, 2-7 and
Fig. 2-8 we compare our parametrizations with the determinations of the
valence, sea, and gluon distributions presented by the CHARM neutrino
experiment at CERN (Bergsma, et al., 1983) at Q2=10 and 50 Geve. The
agreement 1s satisfactory, but the disagreement seen in the sea
distribution is striking. We remérk that whereas our distributions
satisfy the wmomentum sum rule to better than 1%, momentum conservation
was not explicitly enforced in the CHARM Collaboration fits.

There are two other indications that the CDHS analysis might
somewhat underestimate the gea quark distributions. The ratio of deeply
inelastic lepton scattering on neutron and proton targets has been
measured by the SLAC-MIT Collaboration (Bodek, et al., 1979) and by the
European Muon Collaboration {Aubert, et al., 1983b). Their data are
compared in Fig., 2-9 with the prediction of our Set 2 at Q2 = 10 Gevz.
The prediction does not depend appreciably upon Q2 and is similar for
Set 1. The fact that the curve approaches unity at small x less rapidly
than the data do suggests the need for an enhanced sea contribution. A
second, independent, suggestion that a stronger sea may be required
comes from the data of the Caltech-Columbia~-Fermilab-
Rochester-Rockefeller neutrino experiment (MacFarlane, et al., 1983), in

whichgz(x,qz) is more strongly peaked at small x than in the CDHS

measurements.
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The calculated Qz-dependence of xG(x,Qz) and xus(x,Qz) are shown
for Set 1 in Figs. 2-10 and 2-11. The expected growth of the
distributions at small x 13 apparent. The corresponding results for
Set 2 are shown in Figs. 2-12 and 2-13. The flavor composition of the
sea can be deduced from Figs. 2-14 through 2-17 which show the evolution
of xss(x,qz), xcs(x,Qz), xbs(x,Q2). and xts(x.Qz) for Set 2.

We include only the perturbative evolution of the heavy quark sea
from the process g-~QQ, and neglect the nonperturbative, or intrinsie,
component proposed by Brodsky et al, (1980, 1981). Experiments
(Aubert, et al., 1983de; Ritchie, et al., 1983) have not given any
positive indication for an .important intrinsic charm component, In

deriving the heavy quark distributions we have used

. Mb:: 5.5 GCV,C,?' 3
Pﬂt,== %0 GECN//C?' .

It can be seen that flavor SU(3) symmetry of the sea is rapidly

(2.61)

established at small x, but that mass effects suppress the heavier
flavors even at Q2-108 GeV2-1OO Tevz, where
us:ss:cs:bs:ts::1:0.89:0.36:0.33:0;21 at x=0.01. Parameterizations of
the Qz-dependent structure functions are given in Appendix A.

Let us now examine further some of the uncertalnties and
ambiguities of the structure functions. The distribution functions are
not well measured at small values of x. As a consequence, wWe may be
concerned that there are important uncertainties in that region. To be
more specific, present data do not extend below x=0.01 and are rather

3parse in the interval 0,01<x<0.1. Fits to structure functions

therefore have to be based on plausible but poorly controlled
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extrapolations to x=0. Sum rules provide broad constraints. For
example, the requirement that the momentum integral of the gluon
distribution be finite means that xG(x,Qz) must be less singular than
1/x at x=0,

To explore the uncertainties in the small x reglon we consider two

modifications to the gluon distribution of Set 1, as follows:

4
X G(%, Q%) =(262+4BOU-)  xY0.01,  (2.62)

and

o {oamx o135 @
xG(x,Q0) = Lor x<0.04. (2.63)
25.56 x'* (b)

These modifications match continucusly at x=0.01 and are constrained to

change the gluon momentum integral by no more than 10%: we demand that
i
{ax xG0x,Q2) = 0.50%0.05, (2.64)
0

The results of these changes are presented in Figs. 2-18 - 2-20, which

2 1073, and 107¥ for set 1,

show the Q2 variation of xG(x,Q%) at x=10~
modification (a), and modification (b), respectively. The drastic
differences built in to the distributions at low Q2 diminish rapidly as

2

Q® rises. At Q2=QS-5 Gevz, the values of xG(x,Qa) given by

u. After

modifications (a) and (b) differ by a factor of 160 at x=10
evolution to Q2=103 GeVZ, quite a modest value on the Supercollider
scale, this difference is diminished to a factor of 2. We regard this
example as extremely reassuring for 1t implies that the gluon

distribution at small x and large 02 may be much better determined than

is commonly believed,



II-21

Another source of uncertainty 1is variation of the QCD =scale
parameter A. To study this effect we have evolved the starting
distributions of Set 1 with A=100 MeV. The results are shown in
Fig. 2-21 for xG(x,Qz) and in Fig. 2-22 for xus(x,Qz). Comparing these
with the plots of Figs. 2-10 and 2-11, we find that over the range

4 to 108 Geva. the effect of this c¢hange 13 to alter the

@?=10
distributions by no more than 20%.

The input structure functions we use have been derived principally
from neutrino scattering from heavy nuclel under the assumption that
these are related additively to proton and neutron structure functions.
Recent data (Aubert, et :l., 1983¢c; Bodek, et al., 1983ab; Cooper,
et al., 1983; Asratyan, et al., 1983; Arnold, et al., 1984) 1indicate
that this is not the case, Representative measurements are shown in

Fig. 2~23. It 1s generally agreed that the ratio Fge

/F2 of the
2
structure function per nucleon (extracted neglecting nuclear effects) is
10-15% below unity at x=0.6. This behavior cannot be explained by Fermi
motion (Bodek and Ritchie, 1981) within the nucleus. At small values of
X the experimental situation is confused. The European  Muon
Collaboration data (Aubert, et al., 1983¢) show a significant
enhancement of the iron structure function at x£0.1, but this 1is not
confirmed by the SLAC data of Arnold, et al. (1983) at somewhat smaller
values of Qa. These chservations suggeat that the valence distributions
we have used may be about 10% too small in the neighborhood of x=0.6 and
that the sea distributions could be as much as 15% too large at x=0.T1.

Given the earlier hints that the sea distributions may be slightly too

small, we do not regard this as a serilous problem, Better data at
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larger values of Q2

would again be helpful, as would a theoretical
understanding of the nuclear phenomenon.2 The effect of the nuclear
environment on G(x,Qg) and A is not known.

We conclude this discussion with a brief comment on  other
parametrizations of parton distributions (Glfick, Hofmann, and Reya,
1982; Baler, Engels, and Peterason, 1979; Owens and Reya, 1978; Duke and
Owens, 1983). The standard practicé has been to evolve {input
distributions at Qg over a vrange in Q2 and to fit the resulting
distributions to analytiec forms in x and Q2. Most of these flts have
been available for several years and entall values of the scale
parameter A of order U00 MeV, somewhat larger than the current best
fits., For comparison with :he input distributions we have used, which
are shown in F;gs. 2-5 and 2-6, we plot in Figsa. 2-24 through 2-27 the

parton diatributions at Q2=5 Ge_V2

of Baier, Engels, and Petersson
(1979), and of Gllek, Hoffmann, and Reya (1982), both with A=400 MeV,
and both the "hard gluon" (A=U400 MeV) and "soft gluon" (A=200 MeV)
distributions of Duke and Owens (1983). The distributions which involve
the large value of A=400 MeV have harder gluon distributions than 4o our
parametrizations, as expected., We do not display the Owens-Reya (1978)
distributions because the low value of Qg=1.8 GeV® used there Iinvites

distortions due to higher-twist effects and because they are superseded

by the work of Duke and Owens (1983)., The distributions of Baler,

2For' a review and a list of theoretical references, see Llewellyn Smith

(1983).
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et al. {1979) and of Duke and Owens (1983) have SU(3)-symmetric sea
distributions and do not include heavy flavors. In addition, Baier and
collabbrators (1979) have Cfixed uv(x,Qa}-edv(x,Qz) at all values of x
and Q2.

The Qz'evolution of these fits is shown in Figs. 2-28 through 2-31,
where we display the gluon momentum distribution xG(x,Qz). Fig. 2-28
shows that the Baler, et al. (1979) parametrization is wunreliable for
Q221o3 Gevz, where xG(x-O.I,Qe) begins to increase with Qz. The
parametrization of Gllick, et al. (1982) 18 correctly claimed (see
Fig., 2-29) to be sensible for x>0.01 and Q2<Hx10u Geve. Notice, however,
the odd behavior at sma;l values of x that results from blind
extrapolation of their fit, Moreover, thlis parametrization deviates by
as much as 20% from the exact result obtained by evolution even within
the claimed domain of validity. Fig. 2-30 shows that the "hard gluon"
parametrization of Duke and Owens (1583) cannot Dde trusted for
Q22105 Gevz. Their "soft gluon"™ parameterization behaves reascnably all

8 Gevz. as shown in Fig. 2-31, Comparison with

the way to Q2=10
Figs. 2-10 and 2-12 show that our distributions contain fewer gluons at

small x and large Q2 than did these earlier parameterizations.
C. Parton-Parton Luminosities

In the succeeding sections of this report, we shall use the parton
distributions derived in Sec, II.B to compute differential and total
cross sections for many reactions of potential intereat at the
Supercollider. Such detailled calculations are of unquestioned value for

detector studies and for Iin-depth consideration of the physies
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possibilities., However, much can be learned about the general 1ssues of
beam type, energy, and luminosity Dby comparing the luminosities of
parton-parton collisions as a function of w=/3, the c¢c.m. energy of the

colliding partons. One convenient quantity is the differential

luminosity

w S0t (2.65)
td&ﬁ g dx Uf; wf i) + EAQE (/) /x,

where fga)(x) is the number distribution of partons of species 1
carrying momentum fraction x of hadron a. For hadrons colliding with

c.m, energy vs, the scaling variable 1 1s given by

T=w2/s = S/s. (2.66)

The differential luminosity represents the number of parton-parton
collisicons with scaled c.m. energies in the interval {(t,t+dt) per
hadron-hadron collision. Thus the differential cross section for the

hadronic reaction

a+ b —> <+ o_ny'l‘hing (2.6%)

is given by

sgab->aX) = 3 Ty Flij»a), (26%)
aT 0 dt
where 3(ij+a) is the cross sectlon for the operative elementary process.
Explicit forms of § will be cited elsewhere in this paper.
The intereating hard-scattering processes that define much of the

physics motivation of a multi-TeV collider have a common asymptotic form

prescribed by dimensalional analysis,
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g{s) = e./§ (2. 69)

For al strong-interaction process, such as jet pair production, ¢ is
typically of order (us/n)z. For a typical electroweak process such as
lepton palr production, ¢ 1s approximately (a/n)e. Consequently, the
quantity (1/3)d17d1, which has dimensions of a cross section, provides a
useful measure of the reach of a collider of given energy and
hadron~hadron luminosity. In Figs. 2-32 through 2-50 we plot (1/8)qf/dr
as a function of 8, the square of the parton-parton c.m. energy, for a
number of parton combinations in proton-proton collisions at total c.m.
energles of 2, 10, 20, ’MO, 70, and 100 TeV. These luminosities are
based upon Set 2 of parten distributions characterized by A=290 MeV, as
specified in eqn. (2.60); we have taken Q%=3. Some additional
luminosities are displayed in Figs. 2-51 through 2-56 for
proton-antiproton collisions, where those differ appreciably from their
counterparts in proton-proton collisions.

The difference between pp and Ep collisions 1is particularly
pronounced for the uu luminosity, because the antiproton carries valence
antiquarks whereas the proton does not. The ratio of rdt?dr for uu
interactions 1in pp and pp collisions is plotted as a function of the
parton-parton c¢.m. energy w in Fig. 2-57 for several collider energies.
Roughly speaking, the advantage of Ep over pp collisions in this channel
becomes appreciable for YT=w/¥3 2 0.1. Whether this advantage at large
values of sft can be exploited depends upon the event rate determined by

cross section and luminosity.
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Especially useful for judging the effects of changes in luminosity
or beam energy are contour plots showing at each energy /3 the
parton;parton energy energy /§-corresponding to a particular value of
(r/é)diydt. Some important cases are displayed in Figs. 2-58 through
2-63 for the parton distributions of Set 2, and in Figs. 2-64 through
2-69 for the parton distributions of Set 1.

The contour plots contain a great deal of information, and will
reward a detailed study. Here we call attention to only one
particularly general and important feature. Contour 1lines rise less
rapidly than /5 = constantx/§: principally because of the 1/3 behavior
of the hard-scattering crosg sections. This means in general that to
take full advantage of the potential increase in discovery reach
afforded by higher collider energles, it 1is necesséry to lncrease
luminosity as well as beam energy. This effect is unlversal, but is
more pronounced for valence-valence interactlons than for gluon-gluon

interactions.
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FIGURE CAPTIONS

Parton-model representation of a hadron-hadron reaction,
Ratio (dot-dashed line) of valence distributions of up and
down quarks (after Eisele, 1982). The dashed line 1is the
result of the parton distributions given by (2.55).
Comparison of the shape of the strange quark distribution
determined in opposite-sign dimuon events (data points)
with the antiquark distribution (solid line) deduced from
35 (after Eisele, 1982).

The ratlio R-oﬂ?oT as a function of x for the CDHS neutrino
data (Abramowicz, et al., 1983), compared with measurements
in-ep and ed scattering (Bodek, et al., 1979) and uN
scattering (Gordon, et al., 1979; Aubert, et al., 1983a).
The curve is the QCD prediction for the kinematic range of
the CDHS experiment.

Parton distributions of Set 1 at @°=5 GevZ: valence quark
distribution x[uv(x)+dv(x)] (dot-dashed 1line), xG(x)
(dashed line), and av(X) {dotted line).

Parton distributions of Set 2 at Q2=5 GeV:

valence quark
distribution x[uv(x)+dv(x)] (dot-dashed line), xG(x)
(dashed line), and av(x) (dotted line).

Comparison of the gluon distribution xG(x,Q2) (dashed
line), the valence quark distribution x(u (x,@%) +
dv(x,Qz)] (dot-dashed line), and the sea quark distribution
2x[us(x.Q2) + ds(x.Qz) + ss(x,Qz) + cs(x,Qz)] {dotted line)

of Set 1 with the determination (shaded bands) of Bergsma,



Fig. 2-8:

Fig. 2-9:

Fig. 2-10:

Fig. 2-11:

Fig., 2-12:
Fig. 2-13:
Fis. 2-14:
Fig. 2-15:
Fig. 2-16:
Fig. 2-17:

Fig. 2-18:

I1-28
et al. (1983) at @2=10 GevZ.
Same comparison as Fig. 2-7, for Set 2 at Q2-50 Gevz.
x—dependence of the ratio o(2n)/o(2¥p) of the cross
sections for deeply inelastic scattering on nucleons. The
dashed curve is given by the parton distributions of Set 2
at Q2-10 Geve. The data are from Bodek, et al. (1979) and
Aubert, et al. (1983b).

2_evolution of the gluon distribution xG(x,Q%) of Set 1:

y

Q
x=10"" (solid 1ine), 1073 (dotted line), 1072 (dot-dashed
line), 0.1 {(dashed line).

Qz-evolution gf the up antiquark distribution xus(x,Qz) of
Set 1. The down antiquark distribution xds(x,Q2) is equal.
Same values of x as Fig. 2-10.

Q-evolution of the gluon distribution xG(x,Q°) of Set 2.
Same x-values aa Fig, 2-10.

Qz-evolution of the up antiquark distribution xus(x,Qz) of
Set 2. Same x-values as Fig. 2-10.

Qz-evolution of the strange quark distribution xss{x,qz) of
Set 2. 8ame x-values as Fig. 2-10.

Q2~evolution of the charmed quark distribution xcs(x,QZ) of
Set 2. Same x-values as Fig. 2-10.

Qa-evolution of the bottom quark distribution xbs(x,Qz} of
Set 2., Same x-values as Fig. 2-10.

Qz—evolution of the top quark distribution xts(x,Qz) of
Set 2. Same x-values as Fig, 2-10.

Qa—evolution of the gluon distribution function xG(x.QE) of
Set 1 for x=10"2 (solid line), 10~3 (dashed 1ine), 107

{dot-dashed line).



Fig, 2-19:

Fig., 2-20:

Fig. 2-21:

Fig. 2-22:

Fig. 2-23:

Fig. 2-24:

Fig, 2-25:

Fig. 2-26:

Fig. 2-27:

II1-29

Q2-evolution of the gluon distribution function xG(x,Qa) of
Set 1(a) for x=10"2 (solid iine), 1073 (dashed line), 10"
(dot-dashed line),

Q%-evolution of the gluon distridution function xG(x,Q%) of
Set 1(b) for x=10"2 (solid line), 1073 (dashed line), 107"
(dot-dashed line).

Qz-evolution of the gluon distribution function xG(x,Qz) of
Set 1 with A=100 MeV. Same x-values as Fig. 2-10.
Qz-evolutlon of the up antiquark distribution xus(x,Qz) of
Set 1 with A=100 MeV. Same x-values as Fig. 2-10.

The ratio of tge nucleon structure functions Fg measured cn
iron and deuterium as a function of x. Data are from the
European Muon Collaboration (Aubert, é&_g&., 1983¢) and
SLAC Experiment E-139 (Arnold, et al., 1983).

The parton distributions of Baler, Engels, and Petersson
(1979), at Q2=5 Gev%: valence quark distribution
xlu (x)+d_(x)] (dot-dashed line), 'xG(x)} {dashed line), and
au(X) (dotted line).

The parton distributions of Gltck, Hoffmann, and Reya

(1982), at 02-5 gev?:

valence quark distribution
XEuv(x)+dv(x)] {dot-dashed line), xG(x) (dashed line), and
av(x) (dotted line).

The "hard gluon" (A=400 MeV) parton distributions of Duke

2: valence quark distribution

and Owens (1983) at QE-S GeV
X[uv(x)+dv(x)] (dot-dashed line), xG(x) (dashed line), and

a,(x) (dotted line).

The "soft gluon™ (A=200 MeV) parton distributions of Duke
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2=31:
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2-34:

2=35:

2-36:

2-37:
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and Owens (1983) at Q2-5 Geve:

valence quark distribution
XEuv{x)+dv(x)J {dot-dashed line), xG{(x) (dashed line), and
q,(x) (dotted line).

Qa-evolution of the gluon distribution xG(x,Qz) of Baier,
Engels, and Petersson (1979). Same x-values as Fig. 2-10.
Q®-evolution of the gluon distribution xG(x,Q%) of Gluck,
Hoffmann, and Reya (1982). Same x-values as Fig. 2-10.

Q2

-evolution of the "hard gluon" (A=40Q0 MeV) distribution
xG(x,Qz) of Duke and Owens (1983). Same x-values as
Fig. 2-10.

Q%-evolution of the "soft gluon™ (A=200 MeV) distribution
xG(x,QZ) of Duke and Owens (1983). Same x-values as
Fig. 2-10.

The quantity (r/s)di/dr for gluon-gluon interacticns 1in
proton- proton collisions., Collider energles ¥a are given
in TeV.

The quantity (t/8)af/dr for ug interactions in proton-
proton collisions. Collider energies ys are given in TeV.
The quantity (1/8)dd/dr for dg Interactions in proton-
proton collisions, Collider energies vs are given in TeV.
The quantity (t/8)dd/dr for ug interactions in proton-
proton collisions. Collider energies VY3 are given in TeV,
The quantity (r/S)di/dr for sg Interactions in proton~
proton collisions, Collider energles ¥s are given in TeV.
The quantity (1/8)@l/dr for wuu interactions in proton-
proton collisions. Collider energies vs are given in TeV.
The quantity (r/S)d‘jdr for ud interactions in proton-

proton collisiona, Collider energies ¥a are given in TeV,



Fig. 2-39:

Fig. 2-40:
Fig. 2-41:
Fig. 2-Uz2:
Fig. 2-43:
Fig. 2-4u;
Fig. 2-45:
Fig. 2-46:
Fig. 2-47:
Fig., 2-48:
Fig.
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Fig. 2-50:

Fig. 2-51:

The quantity (/8)ak/dt for
proton collisions., Collider
The quantity (t/3)dd/dt  for
proton collisions, Cellider
The quantity (t/8)df/dr for
proton collisions. Collider
The quantity (1/8)adsdt for
proton collisions. Collider
The quantity (1/8)a&/dt for
proton collisiona, Collider

The quantity (;/B)qx(dr for

proton collisions. Collider
The. quantity (t/8)df/dt for
proton collisions. Collider

The quantity (r/8)ak/dt  for
proton collisions, Collider
The quantity (r/é)di/dt for
proton collisions., Collider
The quantity (v/8)d&l/dr  for
proton ¢ollisions, Collider
The quantity (t/é)d{/dt for
proton collisions. Collider
The quantity (t/8)df/dt for
proton c¢ollisions.
30 Gev/c®

The quantity

proton-antiproton collisions.

given in TeV,

The ¢t~

dd interactions in
energies v¥s are given
uu interactions in
energles y's are given
ds interactions in
energies vs are given
ue¢ interactions in
energies vs are given
dd interactions in
energies vs are glven
uu interactions in
energies v's are given
us interactions in
energies vs are given
cs interactions 1in
enargies vs are given
ss interactions 1in
energies ¢¥s are given
ce interactions in
energies Vs are given
bb interactions 1in
energies Vs are given
tt interactions in

quark mass s

. Collider energies ys are given in TeV.

Collider energles

I1-31

proton-
in TeV.
proton-
in TeV.
proton-
in TeV,
proton=-
in TeV.
proton-
in Tev,
proton-
in TeV.
proton-
in TeV,
proten-
in Tev,
proton-
in TeV.
proton-
in TeV.
proton-
in TeV,.

proton-

taken to be

(/8)¢f/dr for uu or uu interactions in

Vs

are
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The quantity (1t/8)dl/dt for ud or ud interactions in
proton-antiproton collisions. Collider energies Vs are
given in TeV,

The quantity (t/8)d/dt for dd or dd interactions in
proton-antiproton colliaslons. Collider energies vs are
given in TeV,

The quantity (1/8)dl/dtr  for uu interactions in
proton-antiproton c¢ollisions. Collider energles ya are
glven in TeV.

The quantity (t/8)d#/dtr for ud or ud interactions in
proton-antiproion collisions. Collider energies s are
given in TeV,

The -quantity (t/8)df/dt for dd interactions in proton-
antiproton c¢ollisions. Collider energies ¥/s are given in
TeV.

Ratio of (1/8)df/dr for uu interactions in pp and pp
collisions, according to the parton distributions of Set 2.
Collider energies v's are given in Tev;

Contours of (1/8)df/dr for uu interactions in pp collisions
according to the parton distributions of Set 2. Lines
gorrespond to 10", 103. 102. 10, 1, 0.1 pb.

Contours of (T/Q)d‘{dT for ud interactions in pp collisions
according to the parton distributions of Set 2, Lines
correspond to 10%, 103, 102, 10, 1, 0.1 pb.

Contours of (1/8)df/dr for ug interactions in pp collisions
according to the parton distributions of Set 2, Lines

correspond to 10, 103, 10, 10, 1, 0.1 pb.



Fig. 2-61:

Fig. 2-62:

Fig., 2-63:

Fig., 2-64:

Fig. 2-65:

Fig. 2~66:

Fig. 2-67:

Fig. 2-68:

Fig. 2-69:
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Contours of (t/3)al/dt for gg interactions in pip

collisions according to the parton distributions of Set 2.

Lines correspond to 10%, 103, 102, 10, 1, 0.1 pb.

Contours of (t/8)dd/dr for uu interactions in pp collisions

according to the parton distributions of Set 2. Lines

correspond to 10%, 103, 102, 10, 1, 0.1 pb.

Contours of (1/8)dd/dt for ud or ud interactions in pp

collisions according to the parton distributions of Set 2.

y

Lines correspond to 107, 103. 102. 10, 1, 9.1 pb.

Contours of (1/8)df/dr for uu interactions in pp collisions

according to .the parton distributiona of Set 1. Lines

correspond to 104, 103, 102, 10, 1, 0.1 pb.

Contours of (1/8)dJl/dt for ud interactions in pp collisions

acecording to the parton distributions of Set 1, Lines

correspond to 10%, 103, 102, 10, 1, 0.1 pb.

Contours of (t/8)dJ/dt for ug interactions in pp collisions

according to the parton distributions of Set 1. Lines

h 2

correspond to 107, 103, 102, 10, 1, 0.1 pb.

Contours of (u/8)dqf/dt for gg interactions in pip
collisions according to the parton distributions of Set 1.
Lines correspond to 10", 103, 102, 10, 1, 0.1 pb.

Contours of (1/8)df/dt for uu interactions in Bp collisions
according to the parton distributions of Set 1, Lines
correspond to 10”, 103, 102. 10, 1, 0.1 pbdb.

Contours of (1/8)¢f/dt for ud interactions in pp collisions
according to the parton distributions of Set 1, Lines

correspond to 10", 103, 102. 10, 1, 0.1 pb.
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III. PHYSICS OF HADRONIC JETS

A.Generalities

This section deals with the production of jets of hadrons that emerge with high
momentum transverse to the direction of the incident beams. Experiments at the
CERN SppS Collider (Arnison, et al., 1983(_1e; Bagnaia, et al., 1983a) and at the
CERN Intersecting Storage Rings (Albrow, 1983) have shown that for an important
class of events the jets are well collimated, isolated, and straightforward to analyze.

The simple parton-model picture of jet production in QCD is represented in Fig.
2-1. Constituents (quarks, antiquarks, or gluons) of the incident hadrons appear
with momenta distributed according ::o the parton distribution functions £ (x,, Q%
introduced in 8II. These constituents then scatter at wide angles into outgoing
partons which then materialize into the hadrons which are observed experimentaily.

The details of this hadronization are beyond the scope of perturbative QCD.
However, perturbative methods do suffice (Sterman and Weinberg, 1977; Shizuya
and Tye, 1978; Einhorn and Weeks, 1978) to show that distinct jets should exist, and
should become increasingly collimated with increasing jet energies. The angle §(E)
which defines the outermost angular distance from the jet axis at which any
appreciable hadronic energy is to be found is expected to decrease roughly as E-*.
There is also a suggestion that at very high energies, gluon jets should be somewhat
broader than quark jets, with

4/
S(S\u.on) ~ [5(@.0.&)] G
In principle, the hadronization could be calculatec in complete detail by

nonperturbative methods. This is akin to a complete solution of the confinement
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problem, for which practical techniques are not yet available. As a consequence, a
variety of models (Ali, et al., 1979ab, 1980; Hoyer, et al., 1979; Paige and
Protopopescu, 1980; Andersson, et al., 1983; Odorico, 1980ab, 1983; Mazzanti and
Odorico, 1980; Field and Wolfram, 1983; Gottschalk, 1983; Field, 1983) have been
constructed to simulate the evolution of partons into hadrons. Although they differ
in detail, all have the common feature that jets become easier to isolate at high
energies. This is in agreement with the observation that the jets observed in pp
collisions at /s = 63 GeV (Albrow, 1983) or in ete~ collisions at /s = 7.4 GeV
(Hanson, et al., 1975) are less distinct than those measured in pp collisions at /s =
540 GeV (Arnison, et al., 1983d; Bagnaia, et al., 1983a) or in e*e~ collisions at vs =
30 GeV (Mess and Wiik, 1983). The perturbative QCD prediction quoted above
encourages the hope that the situatiod will become still simpler at higher energies.

Jet studies in hadron-hadron collisions have traditionally been viewed as less
incisive than those carriéd out in electron-positron annihilations or in lepton-
nucleon scattering because of the added complexity of events. The SppS experience
indicates that, as hoped, the hard scattering events take on a much simpler aspect at
high energies, and there is no impediment to detailed analyses. We may therefore
expect to take advantage of the higher energies attainable in hadron-hadron
collisions and of the greater diversity of elementary interactions made possible by
our unseparated broad-band parton beams.

What will be the goals of jet studies at supercollider energies? Jets
unquestionably will constitute one of the major sources of conventional background
to new discoveries, so it is crucial that they be well understood, if only for
engineering purposes. For example, a thorough study of conventional sources of jets

- will be an important prelude to multijet spectroscopy, which may be an extremely
valuable search technique. It may even be possibl-e, in time, to use jets as a parton

luminosity monitor, as Bhabha scattering is used in e*e~ collisions. The study of
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hadronization and the investigation of differences between quark jets and gluon jets
benefits in an obvious way from high jet energies and from the possibility of tagging
(01; enriching a sample of) quark or gluon jets. Finally, tests of short-distance
behavior such as searches for evidence of compositeness, rely on an understanding of

the behavior anticipated in QCD.

B. Two-Jet Final States

_The reactions that may occur at lowest order (a?) in QCD all are two-body to
two-body processes leading to final states consisting of two jets with equal and
opposite transverse momenta. The cross section is conveniently written in terms of
the rapidities y, and y, of the two jet# and their common transverse momentum p,.
[Here and throughout this paper, we neglect the intrinsic transverse momentum

carried by the partons.] Itis

(a.) fe) T
5, ‘)f ot 4823, B /(v

(3.2)

where S = st is the square of the parton-parton subenergy. Defining

‘1‘ =—Lh‘1ﬂz) 3.3)

and

L
Yimest =2 L\W' Ya) @3.4)

we may write

~N

N



1.4

#*
'1 {(3.5)

4pf 2
T~ i/ Cosh
S
and
."boos't
X,= VT e

- oot
X,= VT € Fooest (3.6)

Finally the invariants may be expressed in terms of

cos 8 = af1-4p7/§

?
(3.7)
the cosine of the scattering angle in tHe parton-parton c.m., as

N s
t= r (A- cesB) ,

s
F.3
w = =5 (1+cosB).

7 ( (3.8)

The sum in (3.2) runs over all parton speciesiandj.

The elementary cross sections have been calculated by many authors, and have
been summarized by Owens, Reya, and Gliack (1978). There are seven processes of
interest; we treat them in turn,

The scattering of quarks or antiquarks of different flavors proceeds by

t-channel gluon exchange, as shown in Fig. 3-1. The cross section is

~ oy A (324 E0)
TR s

(3.9)
Quark-antiquark annihilation occurs through gluon exchange in the direct-

channel, as shown in Fig. 3-2. The cross section is
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N ol i
TWToyGlmy e Y

~

(3.10)
The scatiering of quarks and antiquarks of the same flavor has both an
annihilation component and an exchange component, shown in Fig. 3-3. The

elementary cross section is

o R (3w 200

G"(‘[L c""?j.{a): 93 { 5 + 32 - 33%}‘
(3.11)

Two-gluon annihilation of a quark-antiquark pair occurs through the s-, t-, and

u-channel diagrams pictured in Fig. 3-4. The elementary cross section for this

process 1s '

A —— hdbor™ 1
givgy) =" 35
(3.12)
The cross section for the inverse process, for which the diagrams are shown in
Fig. 3-5, differs only in the color average (1/8% rather than 1/3%). Itis
2,72 Al .
. _ 3o (40 ( 4 { } :
Tl93—=9%)= T g8 3R 8

(3.13)
The scattering of a gluon from a quark or antiquark is driven by the s-, t-, and
u-channel exchanges shown in Fig. 3-6. The cross section may be expressed as

. 43(§*+a*>{1 _ 4 }
lgg—~99)=" 3 |3~ GEa|

(3.14)
Gluon-gluon scattering proceeds by a contact term in addition to gluon

exchanges in s-, t-, and u-channels (see Fig. 3-7). The elementary cross section is
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. iy, o 3L s%&.
33799 = 3 1°7 & g

i
.

(3.15)

Before Eq. (3.2) can be evaluated, we must fix the scale M? appearing in the
structure functions and the scale Q2 at which ¢ (Q?), the running coupling constant
of the strong interactions, is determined. If QCD perturbation theory is to apply,
these scales should be characteristic of the hard scattering process. Several
alternatives (among them %, t, 4, p 2 oor 28t/(82 + B+ (%) suggest themselves.
Different choices, including different values for M? and Q?, lead to cross sections
which may differ by 20% in the kinematical regime of interest to us.

At lowest order in perturbation theory the choice is ambiguous because, as is
well known (Hinchliffe, 1982; Lepage., 1983), any shift in M? or Q? induces terms in
a;; of order o’ and these are being neglected. The O(as”) corrections to o; are known
only for the reaction q,q; — q; (R. K. Ellis, et al., 1980; Stominski, 1981), where
they are large and positive. These corrections are reduced by the choice of small
values of M2 and Q2 Having chosen a scheme in which the o corrections are
relatively small, one is left to hope that successive terms in the perturbation
expansion will be small, so that the Born term at O(e,?) will give a good

approximation to the exact all orders result. We make the choice
2 iy 2
M'=Q= ¢, /4

(3.16)
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for all high-p, processes; as a consequence of this reasonable but arbitrary choice,
t.he‘(_:ross sections we quote will be uncertain by 20%, even if the parton distributions
a.ré known exagtly. With these caveats, we now present our results,

We first show the one-jet differential cross section da/dp dyl _, for pp
collisions, at c.m. energies of 10, 40, and 100 TeV in Figs. 3-8-3-10. The figures show
separately the contributions of gluon-gluon final sfates (gg — gg and qq — gg, dot-
dashed lines), gluon-quark final states (gq — gt'cf,dotted lines), and quark-quark final
states (‘Eﬁi’—»‘c’iﬁ)and gg eﬁﬁ:dashed lines). In our calculations we have included six
quark flavors, without any threshold suppression. Over the kinematic range of
interest, this approximation leads to negligible errors in the rate estimates. At
small transverse momentum the two-gluon final state dominates. This is a
consequence of the large cross sectior? (3.15) for the reaction gg — gg and the large
gluon distribution at small values of x (cf. Fig. 2-5). Asp increases, the gluon-quark
final state grows in importance, and at the very largest values of p, the two-quark
final state dominates. At 900, the two-quark regime is essentially unreachable. For
an integrated luminosity of fidtv = 10%%cm~? at 40 TeV, we expect fewer than 1
event per year per GeV/cof p, per unit of rapidity in this region.

Figure 3-11 shows the effect of a change in the distribution functions (to Set 1,
with A = 200 MeV) at /s = 40 TeV. The resultant change is quite small: a 10%
decrease atp, = 1 TeV/c. While we cannot be certain that this represents the widest
variation to be expected from changes in the parton distributions, it does give us
confidence that reasonable changes in the distributions will not lead to wild
variationsin the conclusiens.

Proton-proton and proton-antiproton jet cross sections at 90° are essentially
equal at /s = 10 TeV, and of course at higher energies. The proton-antiproton cross
section is plotted in Fig. 3-12, to be compared with Fig. 3-8. For completeness we

show in Figs. 3-13 and 3-14 the jet cross sections in Ppp collisions at 540 GeV and 2
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TeV. At these lowvalues of p, the results are slightly more sensitive to the different
setl,s.-bfdistribution functions. The differences can be seen by comparing Flg 3-13(a)
(Set 2) and Fig. 3-13(c) (Set 1). There we have plotted recent data from the UA-1
experiment (Arnison, et al.,, 1983d) and the UA-2 experiment (Bagnaia, et al., 1983a,
1984). The errors plotted there are statistical only. For the UA-1
data, there is in addition a £7.5% uncertainty in the p  scale which has the effect of
an overall normalizatidn uncertainty of a factor of (1.5)*!. The overall additional
systematic uncertainty in the UA-2 data is 140%. The precise agreement between
the data and our calculation is thus better than one has a right to expect. If the scale
Q?is increased say to p, ? then the cross-section falls slightly. This can be seen in
Fig. 3-13(b). This effect is less important at higher energies.

The presence of t-channel and u-'channel poles in the elementary cross sections
Gij means that at fixed values of §, the cross sections are peaked in the forward and
backward directions in the parton-parton c.m., which is to say at large values of y*,
For a fixed value of p, the mean values of x, and x, increase at large values of y*.
The consequent fall in the parton distributions tends to reduce the peaking in the
elementary cross sections. Figures 3-15-3-20 show the quantity do/dp dy, dy* for
fixed values of Yioost a0d P,. As y, ., increases for fixed values of y* and p, x,
increases and x, decreases (cf. Egs. (3.5) and (3.6)). Because of the rapid decrease of
the parton distributions at large x (faster for gluons than for valence quarks), this
causes the cross sections to fall, and moreover changes the relative contributions of
different final states.

This effect is exhibited in Figs. 3-15-3-17 for p, = 1 TeV/e. Aty, . = 0, the
gluon-gluon final state dominates in the neighborhood of y* = 0, butaty, _ = 2the
gluon-quark final state dominates over the entire rapidity range. As bothy, . and
p, increase further, the two quark final state becomes dominant at large values of

y*, asillustrated in Fig. 3-18 fory, .. = 0.5 and p, = 8.5 TeVic.
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Figures 3-19 and 3-20 enable a comparison of jet production in pp and pp

coll_jsions. As for the integrated cross sections, the differences are not gross.

| The ability to select different final states by varying rapidity and transverse
momentum coﬁld be of great importance. As we remarked in the introduction to this
Section, a complete description of hadronization in QCD has not yet been achieved.
For the moment we have perturbative suggestions, but do not know the
consequences of nonperturbative effects. In addition to the results on jet size
mentioned in §ILA, perturbative QCD indicates that gluon jets should yield a
higher hadron multiplicity than quark jets (Mueller, 1983ab; Furmanski, et al.,
1979).

The experimental sample at present consists of predominantly quark jets from
e*te~ annihilations and a mixed sample from the CERN collider. The exact nature of
the mix is in principle dependent on the structure functions. As can be seen from
Figs. 3-13(a) and 3-13(c), at any given value of p;, the mix is quite similar at 540
GeV for the two sets of structure functions we consider. A preliminary comparison
between e*e~ jets and CERN collider jets (Arnison, et al., 1983e) reveais no overt
differences. In order to make anbincisive comparison, it is essential to remove from
the putative large -p, jets particles associated with beam fragments in pp collisions.
Any procedure for assigning particles to beam jets and to high-p, jets necessarily
introduces ambiguities into the resulting fragmentation function at small values of

z=z B /E. , and will particularly affect the determination of multiplicity.

hadron” " jet?

Complementary data from a common source (e.g. gluon jets from e*e~ — toponium —
geg or a clean sample of quark jets in p*p scattering) would greatly advance the
study of hadronization.

Another interesting observable is the distribution of two-jet invariant masses

WL .If we constrain the rapidities of both jets to lie in the interval
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~Y < <
Y SV YT X y -
o (3.17)
Then the invariant mass spectrum is given by

an _ TTMT i
dm \[;fd‘i" "mn Z (-""6{6)3 003\\ '1

l.

50,1018 T, 10 8,31,0)

) ) Y
+5% (X%H")S'L (X;)ﬂ") Q"‘_-bts,u’t)\ ? (3.18)

where

Yuin = o ('\f; eg T~ '11) )

Yowy = W0 (N;80qT - 4s ). (3.19)
The restriction to central rapidities is necessary to avoid the “collinear” singularities
arising from t-channel and u-channel poles in 6.‘]., as well as to circumvent the
experimental difficulty of particles associated with jets escaping down the beam
pipe.

Figures 3-21-3-23 show the mass spectra do/dM with Y = 1.5 for pp collisions
at 10, 40, and 100 TeV using the parton distributions of Set 2. Again we have plotted
the contributions of the gluon -gluon, gluon-quark, and quark-quark final states.
The results are changed by less than 10% over the range shown if the parton
distributions of Set 1 are used, and there is little difference at these energies between
pp and Pp collisions. In Figs. 3-24 and 3-25 we show the two-jet mass spectra for pp
collisions at 540 GeV and 2 TeV, with a tighter rapidity cut given by Y = 0.85 Also
shown in Fig. 3-24 are the data of the UA-2 experiment (Bagnaia, et al., 1983a). As
in the case of the transverse momentum cross sections of Figs 3-13(a) and 3-13(c), the

dependence on structure functions is rather mild. Considering the +40%
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normalization uncertainty carried by the data, the agreement is quite satisfactory.
Theée jet-jet mass spectra represent a background for any new particles, such as new
gauge bosons or Higgs bosons, that decay into jet pairs. We shall refer to them in

assessing the observability of new phenomena.

C. Multijet Phenomena

At order a® in QCD occur two-body to three-body subprocesses such as gg -
ggg which can give rise to three jets with large transverse momentum. Because of
the kinematical richness of this topology (5 independent variables for the 2 — 3
reaction plus one for motion relative to the lab frame), a full simulation is for many
purposes indispensable. However, mdre restricted calculations have great value for
orientation, and we will restrict our attention to questions that may be addressed
without Monte Carlo programs.

In order to describe the elementary reaction, it is convenient to label the
momenta of the participating partons as indicated in Fig. 3-26 and to use the
coordinates introduced by Sivers and Gottschalk (1980). We work in the c.m. frame

of the 3-jet system, defined by the condition

P,+p.2+P3=O.

In this frame the energies of the individual jets may be written as

(3.20)

E,= x,M/2, #=123
(3.21)

where M= /Sand 0s X, s 1,so0that
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(3.22)
.+ The normal to the plane defined by p,, p,, p;, makes an angle 6 with the beam
d.il-'ection. The azimuthal orientation of the normal is specified by the angle ¢. The

four-momenta of the incoming and outgoing partons may be expressed as

o= mf(\; sin B eos P, sinBsn?) cesB),

b= (1=J ~3nmBcas?, ~5inBsn? -sO),

2 (3.23)

.= X, M1; 0058, 5tn8,,, 0),
2

A

b= 20 (1; casBi3, ~sin b5 ,0),

where 8, ,, the angle between p, and p,, is given by

QDSBU_ =i~ 2(%4&‘" ;ﬁ_"‘)/ Rk. _§(L .
(3.24)

An additional variable is needed to completely describe the system. An apt choice is

the rapidity

Yot = o+, +4s)/3

(3.25)
of the 3-jet system in fhe c.m. frame of the colliding hadrons.

After these preliminaries, we may write the 3-jet cross section as
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d- ) «Ste%z L
d§1d§2dqboostdmdﬂ- BTC-”[ ia (1+a;’b)

800 M0 £ T ) A+ 9700 0 5, MR 5

(3.26)
where 1 = MZ/s and as usual
Xy = T e Yboost ,
Xp = ﬁ e""fboort .
3.27)

The quantity A, is the absolute squdre of the invariant amplitude for the process
depicted in Fig. 3-26. The matrix elements for the processes of interest have been
given in compact form by Berends, et al., (1981).F!
There are four basic processes to be considered.

For the elementary reaction

T (PIalP) = Qulpdrgalp ) +5(ps),  m2n

(3.28)

the result is

A'-'-'- F(P'” Ya’ ?1’11)?—5))

(3.29)

where

F1 The more complicated formulae given by Sivers and Gottschalk (1980) contain

errors. Some of their amplitudes do not exhibit the required crossing symmetries.
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F(kb7‘ké ) ‘hh k1) ‘hg) -

- (849 (85-E-0) 2 (G )+ 20t

(3.30)
with
C,= 1b/27, C.=2/2%,
'knrm = ‘k’m. k"
S= (f;+%; )z’ ' s =(k,+%, f')
t=(Ri-2a Y, t'= (-t
~ 2 ) 2
w= ('k‘,""k}_)n 3 W= ("1— 'hn‘) . 3.31)
For the scattering of identical quarks,
on () + Zon (9 )= G (p) + G (p2) + 3(P3),
(3.32)

the exchange terms make for additional complexity. In this case the resultis

A= F"( P EJ?“? ?L,Ys);

(3.33)

where



i11.15
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{6 IR+ X35 - 2 -0uw) + 21 (Ged) #2000 (R4t")]

+

QTR (3-EE-0) - 2h¢ (v u) ~ 28 (Bat)
Cq

-3GO - 25 B+t

(3.34)
with
Cs'=10/84,
(3.35)
For the three-qgantum annihilation reaction
Gnlpd Gm(p;2 = (g *9(p2)+3(ps),
(3.36)
the square of the amplitude is
(3.37)

{
where
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‘kbg ‘k-tt ({'A-f.. + *—al-
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31 [[;6,33)&3,12) (i) 4Lig523) ha,zU(thS)]}
iz oz LIV TP RER TR T
(3.38)

(L] n) = &g kg + Rinky

(3.39)
Finally, for gluon-gluon scattering
[
q(ga) + 9(p) = glg0) + 9(.2+ §(¢ps)
' (3.40)
the result can be written as
A= th‘)"%z f1, {2 ?"-’*)l

Q.41)

where
Gk, o o) = u.o TT ~ 2 (1j123),
pram3

(3.42)

with

(.t‘ai?.?») = klak{xku,‘aﬂtﬁ .

(3.43)
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The squared matrix elements for all the other 2 — 3 reactions may be obtained
| frqm’ these results by crossing symmetry. They are listed in Table 3.1. Notice that
symmetry facters have not been included when there are identical particles in the
final state.

For the numerical results presented below we assume that the detector does not -
distinguish between quark or antiquark jets and gluon jets. Asaresult, we sum over
the contributions for all permutations of the final-state momentum asignments to
distinguishable particles. We have chosen the scales appearing in (3.26) as

" = M*= Mm¥/ 4;
(3.44)
as noted in §111. B, they are undetermined to this orderin a_

The three-jet cross section becon:es singular as ﬁk, the fractional energy of any
jet in the c.m. frame of the 3-jet system, approaches zero or one. In the former case
the zero-energy jet cannot be distinguished. In the latter case the remaining two jets
become parallel and coélesce. Either configuration will be identified as a two-jet
event.

The most characteristic three-jet events are those in which three jets of equal
energies are emitted at 90° in the colliding beam c.m. frame. In terms of the
kinematic variables introduced above, this corresponds to the parameter values il =
X, = %, = 2/3, ¥, = 0,and 8 = 0. We show in Figs. 3-27—3-30 the differential
cross section do/dg dX, dy, . dM d(cos 8) for this symmetric configuration at four
cgllider energies. [In this situation the cross section does not depend upon the
azimuthal angle ¢, so the ¢-integration has been performed.] In events of this kind,

the total transverse energy is

(3.45)
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One measure of the relative importance of two-jet and three-jet events may therefore
be gbtained by comparing the symmetric three-jet cross section with do/dp, dy! =0
for £he two-jet case, evaluated atp, = W/2. This amounts to comparing two-jet and
three-jet events wth the same transverse energy. To make the comparison, it is
necessary to integrate the three-jet cross section over appropriate intervals in &, §2,
and cos 8. Typically one finds that at the same value of E, the two-jet cross section
is larger by one to two orders of magnitude than the three jet cross section. Of
course, this particular 3-jet configuration is in some sense the smallest, since the 'fci
are well away from the singular regions.

The contributions from the distinct final states (ggg, g2, ¢85, and F§8) are
shown separately in the figures. At values of M small in comparison with /s,
corresponding to parton momentum factions

Xq = xp = MNs <=1, (3.46)
the process gg - ggg dominates. Just as in the two-jet events, the final state consists
almost exclusively of gluon jets. As PLincreases, the process gq — ggq becomes
important and eventually dom“inant. The three-quark final state is always
negligible. Because of the preeminence of gg and gq collisions, differences between
pp and pp collisions at the same energy occur only at the 10% level.

Some insight into the variation of the cross section with :'El and :'L_, may be
gained from Fig. 3-31, which shows the differential cross section du/d?:ldﬁzdybmt
dMd(cose) at ;‘1 = 0.3 and §2 = (.8 (so that :?3 = 0.9), still with y,_ = 0 and cosé =
1, for pp collisions at 40 TeV. Thisis close to the limiting situation in which the third
jet ceases to be identifiable. The cross section is larger by about a factor of three than
for the symmetric configuration, and the three-jet to two jet ratio is correspondingly
larger, but the relative importance of the different final states is essentially

unchanged.
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As the plane of the three jets approaches the beam direction with other
| kingmatic variables held constant, the cross section increases, as shown in Fig. 3-32.
This results from the approach to the collinear singularitiesin A att = 0, ete.

To determine more meaningfully the dependence of the cross section upon the
orientation of the event plane we must impose some experimental cuts to ensure that -
all the jets are distinct. As an example we show in Fig. 3-33 the three-jet cross
sectionaty, . = 0and B = 1 TeV/c?, subject to the requirements that each jet has
an energy of no less than 50 GeV, and that the angle 8 __ between any pair of jets or
any jet and the beam direction exceeds 18° so that cosé__ < 0.95. These cuts ensure
that no jet will be confused with the normal, low-p, beam jets, and also cut off the
rise of the cross section as cos8 — 0. The resulting cross section is concentrated
around cos® = 0.35. '

We can compare two-jet and three-jet contributions to do/dE. dy as follows.
First, consider the intervzil 0.9 = cos® < 1 in Fig. 3-33. The inte'grated cross section
in this bin is approximately 7 x 103 nb/GeV, at E; ~ 1 TeV. From Fig. 3-9 we find
the corresponding two-jet cross section (at p, = 0.5 TeV/c) to be about 7 x 10-2
nblGeV, which is larger by an order of magnitude. Let us next consider the cross
section in the neighborhood of the peak in Fig. 3-33. The integrated cross section in
the bin 0.3 < cosé = 0.4 is approximately 0.1 nb/GeV, with transverse energy given
roughly by <E.> ~ 1 TeV <cos8> = 350 GeV. The corresponding two-jet cross
section, again from Fig. 3-9, is approximately 10 nb/GeV, which is larger by two
orders of magnitude. In fact, we have certainls.r underestimated <E,> and thus
s;)mewhat overestimated the 2-jet/3-jet ratio in this second case.

We draw two conclusions from this very casual analysis:

® At least at small to moderate values of E, two-jet events should account for

most of the cross section.
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® The three-jet cross section is large enough that a detailed study of this
Vi topology should be possible.
It 1s apparent that these questions are amenable to detailed investigation with the
aid of realistic Monte Carlo simulations. Given the elementary 2 — 3 cross sections
and reasonable parametrizations of the fragmentation functions, this exercise can be
carried out with some degree of confidence.

For multijet events containing more than three jets, the theoretical situation is
considerably more primitive. A specific question of interest concerns the QCD 4-jet
background to the detection of W*W- pairs in their nonleptonic decays. The cross
sections for the elementary 2 — 4 processes have not been calculated, and their
complexity is such that they may not be evaluated in the foreseeable future. It is
worthwhile to seek estimates of the®four-jet cross sections, even if these are only
reliable in restricted regions of phase space.

Another background source of 4-jet events is double parton scattering, as
shown in Fig. 3-34. If all the parton momentum fractions are small, the two
interactions may be treated as uncorrelated. The resulting four-jet cross section

with transverse energy E, may then be approximated by

e+t Er-& 7 _
GEn = Se dEry Sa ok, G (Ex) %u(-i:) O(EytEr2~Er)
t

(3.47)
where o,(Ep;) is the two-jet cross section and ¢ denotes the minimum E_ required for a
discernable two-jet event. For a recent study of double parton scattering at SppS and
Tevatron energies, see Paver and Treleani (1983).
In view of the promise that multijet spectroscopy holds, improving our

understanding of the QCD background is an urgent priority for further study.
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D. Summary

We conclude this Section with a brief summary of the ranges of jet energy
which are accessible for various beam energies and luminosities. We find essentially
no differences between pp and Pp collisions, so only pp results will be given except at
Vs = 2 TeV where Fp rates are quoted. Figure 3-35 shows the E range which can be
explored at the level of at least 1 event per GeV of E; per unit rapidity at 90° in the
c.m. (compare Figs. 3-8 —3-10, 3-14). The fesults are presented in terms of the
transverse energy per event E,, which corresponds to twice the transverse
momentum p, of a jet. In Fig. 3-36 we plot the values of E; that distinguish the
regimes in which the two-gluon, quark-gluon, and quark-quark final states are
dominant. Comparing with Fig. 3-35,’We find that while the accessible ranges of E;
are impressive, it seems extremely difficult to obtain a clean sample of quark jets.
Useful for estimating trigger rates is the total cross section for two jets integrated
over E;, (=2p ) > Et,for both jets in a rapidity interval of —2.5 to + 2.5. This s

shown for pp collisionsin Fig. 3-37.
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Table 3.1: Squared matrix elements Aij of Eq. (3.26) for 2 —» 3 processes in QCD.
The labels m and n refer to quark flavors; repeated indices are not summed. The
results are averaged over initial-state spins and colors, and summed over final-
state spins and colors. The functions F, I G, and H are defined in Eqgs. (3.30),
(3.34), (3.42), and (3.38), respectively.

Process
A,
ij— 123
¢

9,9, 9,98 F(p, pp Py Por Py)
99 = InmE F(p, Py P1» Py Py)
9.4, 4,.3.8 , F(p, p» —P;, —P; By
Ul —* Dol F(p, —p; P =P, Py
U~ 94308 F(p,—p;, —P; P Py)
98 ~ 9 9.4q (~3/8)F(p, —Py Py» Pp» — P}
908 = 9 Qe (~3/8)F(p, —py Py Pp —P)
g8 — 888 G(p, p; Py Py Py
A = EE8 . H(p, p; P> P Py
98 ~ 9,88 (—3/8)H(p;, —py —P) P» Py

g8~ q,0,.8 (9/64)H(—p,, ~p,, =P, —P; P3)
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Lowest-order Feynman graph for the reaction qq; — qq; (or Q3 94,
i #)inQCD. |
Lowest-order Feynman graph for the reaction qg, - qg, i # j, in
QCD.

Lowest-order Feynman diagrams for the reaction qg, —»q,q, in QCD.
Feynman diagrams for the reaction q.g, - gg, in lowest-order QCD.
Feynman diagrams for the reaction gg — q,q, in lowest-order QCD.
Lowest-order Feynman diagrams for the reaction gq — gq {or gq - g3)
in QCD.

Lowest-order Feynman diagrams for gluon-gluon elastic scattering in
QCD.

Differential cross sectiod (solid line) for jet production aty = 0
(90°.m.) in pp collisions at 10 TeV, according to the parton
distributions of Set 2. The gg (dot-dashed line), gq (dotted line), and
qq (dashed line) components are shown separately.

Differential cross section for jet production at y = 0 (90°%c.m.) in pp
collisons at 40 TeV, according to the parton distributions of Set 2.
Differential cross section for jet production at y = 0 (90°c.m.) in pp
collisions at 100 TeV, according to the parton distributions of Set 2.
Differential cross section for jet production at y = 0 (90° c.m.) in pp
collisions at 40 TeV, according to the parton distributions of Set 1.
Differential cross section for jet production at y = 0 (90° c.m.) in pp
collisions at 10 TeV, according to the parton distributions of Set 2.
Differential cross section for jet production at y = 0 (90° c.m.) in Pp
collisions at 540 GeV, (a) according to the parton distributions of Set 2;

(b) with the scale Q* = M? = Pﬁ; {(c) according to the parton
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Fig 3-20:

Fig. 3-21:

H1.24

distributions of Set 1. The data are from Arnison, et al., (1983d) and
from Bagnaia, etal., (1983a , 1984).
Differential cross section for jet producﬁion aty = 0(80° c.m.) in Pp
collisions at 2 TeV, according to the parton distributions of Set 2. '
Differential cross section for jet production in 40 TeV pp collisions,
fory, . = 0andp, = 1TeV/c, according to the parton distributions
of Set 2.
Differential cross section for jet production in 40 TeV pp collisions,
fory, . = landp, = 1TeV/c, according to the parton distributions
of Set 2.
Differential cross section for jet production in 40 TeV' pp collisions,
fory, .=2andp, =1 ‘I‘eV/c, according to the parton distributions
of Set 2.
Differential ;:ross section for jet production in 40 TeV pp collisicns,
for y, ..., = 0.5 and p, = 8.5 TeV/e, according to the parton
distributions of Set 2.
Differential cross section for jet production in 40 TeV pp collisons, for
Yoo = 0 @nd p; = 3 TeV/e, according to the parton distributions of
Set 2.
Differential cross section for jet production in 40 TeV pp collisions, for
Ypooee = 0 and p, = 3 TeV/c, accordipg to the parton distributions of
Set 2.
Invariant mass spectrum for two-jet events produced in proton-proton
collisions at v's = 10 TeV, according to the parton distributions of Set
2. Both jets must satisfy |y] < 1.5.
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Fig. 3-26:
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Fig. 3-28;

Fig. 3-29:

Fig. 3-30:
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Invariant mass spectrum for two-jet events produced in proton-proton
collisions at Vs = 40 TeV, according to the parton distributions of Set
2. Both jets must satisfy |yf < 1.5.

Invariant mass spectrum for two-jet events produced in proton-proton
collisions at v/s = 100 TeV, according to the parton distributions of Set
2. Both jets must satisfy |y| < 1.5.

Invariant mass spectrum for two-jet events produced in proton-
antiproton collisions at /s = 540 GeV, according to the parton
distributions of Set 1. Both jets must satisfy |y| < 0.85. The data are
from Bagnaia, et al. (1983a, 1984); errors are statistical only.
Invariant mass spectrum for two-jet events produced in proton-
antiproton collisions al /s = 2 TeV, according to the parton
distributions of Set 2. Both jets must satisfy |y| < 0.85..

A generic 2 — 3 process in QCD.

Differential cross section (thick line) for symmetric 3-jet production in
Pp collisions at 540 GeV, according to the parton distributions of Set 2.
The ggg (dot-dashed line), ggq (dotted line), qgg (thin line), and
qqq {dashed line) components are shown separately.
Differential cross section for symmetric 3-jet production in Pp
collisions at 2 TeV, according to the parton distributions of Set 2.
Differential cross section for symmetric 3-jet production in pp
collisions at 10 TeV, according to the parton distributions of Set 2.
Differential cross section for symmetric 3-jet production in pp
collisions at 40 TeV, according to the parton distributions of Set 2.
Differential cross section for production of 3 jets at 90° in the c.m. in pp

collisions at 40 TeV, according to the-parton distributions of Set 2.

The energy fractions of the three jets are & = 0.3,%, = 0.8, %, = 0.9.
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Dependence upon the orientation of the 3-jet plane of the differential
cross section for symmetric 3-jet production in pp collisions at 40 TeV,
according to the parton distributions of Set 2. The invariant mass of
the 3-jet system is L = 1 TeV/cZ.

Three-jet cross section in 40 TeV pp collisions integrated over azimuth
and the energy fractions X, and %,, subject to the restrictions described
in the text. The 3-jet invariant massisM = 1 TeV/cZ

Four-jet topology arising from two independent parton interactions.
Discovery reach of hadron colliders for the observation of two-jet
events, according to the parton distributions of Set 2, for integrated
luminosities of 108, 103 and 10* ¢m~2.

Parton composition of the*two-jet final states produced in pp collisions
at 90° in the c.m. The curves separate the regions in which gg, gq, and
qq final states are dominant.

The total cross section for two jets integrated overy, ;and ¥, and

E. (=2 p,) subject to the constraints |y|, ly,] < 2.5, E;> E1,as a
function of Et, for various Vs, according to the parton distributions of

Set 2.
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IV. Electroweak Phenomena

In this Section we discuss the supercollider processes associated with the

standard model of the weak and electromagnetic interactions (Glashow, 1961;

Weinberg, 1967; Salam, 1968). By “standard model” we understand the SU(2)L®.

U(1)y theory applied to three quark and lepton doublets, and with the gauge

symmetry broken by a single complex Higgs doublet. The particles associated with

the electroweak interactions are therefore the (left-handed) charged intermediate

bosons W*, the neutral intermediate boson Z°, and an elementary Higgs scalar HP.

The principal standard model issues to be addressed with a multi-TeV hadron

collider are these:

’
® The rate of W* and Z° production. This is chiefly of interest for

investigations of the production mechanism itself and for the study of rare
decays of the intermediate bosons. We expect that by the time a
supercollider comes into operation more basic measurements, such as
- precision determinations of the masses and widths of the intermediate
bosons, will have been accomplished.

The cross sections for pair production of gauge bosons. These are sensitive
to the structure of the trilinear couplings among gauge bosons, and must be
understooci as potential backgrounds to the observation of heavy Higgs
bosons, composite scalars, and other novel phenomena. They would also be
influenced significantly by unconventional strong interactions among the
gauge bosons (Veltman, 1983).

The Higgs boson itself. In the standard electroweak model, this is the lone -

boson remaining to be found. As we have emphasized in the Introduction,
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elucidating the structure of the Higgs sector is one of the fundamental goals

.« ofexperimentation in the TeV regime. |
We now shall treat in turn the cohventional phenomena associated with the
standard model. For each of them we shall briefly review the physics interest and
discuss the anticipated rates. In the case of the Higgs boson, we shall pay particular
attention to the prospects for observing and making sense of the expected

experimental signatures.
A. Dilepton Production

In the context of the 1 TeV scale, the reaction
F* p AYLS it anything
(4.1)
is chiefly of interest as a source of background to searches for heavy quarks and other
objects and as a window on perturbative QCD calculations. The elementary process
we consider is the lowest-order ijell—Yan (1970,1971) mechanism,
97 = Yo 1L
_ (4.2)
illustrated in Fig. 4-1. The differential cross section for the production of a lepton
pair with invariant mass M in the reaction a+b — £ ¢~ + anything is given by

do _ BTCO(Z z
dMdx (3»43 Flz,x, M%),

(4.3)

where the function
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Xa Xp
Flt,x,M*) = 7= 2 G(Xa,%,, M?)
) 3. (x*+4t) 3 27k (4.4)
~ depends upon the scaled variables
T= M%/s s
and
- {e.m.)
X = ZF“ /s
(4.6)
in the combinations
. - -I_ 2 03 °
x‘,b =7 [(K +4T.') + XJ R 2.8)

Information about the quark-antiquark luminosity is contained in the function
.

) ») 2
§lta e, 1= o 7 €2 L8 Tx MO Gt + 6 e b5 b )
. s.[a.vof‘ . (4-7)

4

where e, is the charge of quark ﬂa#or i in units of the proton charge and f* (x, Q?) is
the number distribution of i-quarks in hadron a. The factor 1/3 is a consequence of
color: the quark and antiquark that annihilate iﬁbo a virtual photon must have the
same color as well as flavor. 7

In high-energy collisions it is frequently convenient to work in terms of the

c.m. rapidity variable

(4.8)

which is related to x, x,,and x, through

x= 2T sinh 45 4.9)
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' +
_.,." Xq,v, = ’/‘E‘ e L .
(4.10)
The differential cross section is given by
Ar  _ (Pehe)* do
d\-’\d\1 dMdx
= ‘l 2
) g W, e, v
(4.11)

The integrated cross section for dilepton production is

do- Brea® '(1 dx gq{x, t/x, M?)
-3-5—' L4 x 4

ddiz
81“ ) 'Z € (r dt / (4.12)

Apart from the gentle M dependence of the differential luminosity which arises from
scaling violations in the parton distributions, the quantity M3do/dM is a function of
the dimensionless variable calone. Although there are important strong-interaction
corrections to the parton model for this process, the scaling behavior has been
established experimentally to good approximation.F!

At the masses which have been accesible in experiments to date, the virtual
photon mechanism of Fig. 4-1 is an adequate appfoximation. At higher masses it is
necessary to include the contributions of a real or virtual neutral intermediate boson

in the elementary process

F! See, for example, the data compiled in Fig. 7-15 of Quigg (1983).
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) 95— Z'— AV
| (4.13)
This may readily be done by making the replacement '
et — ot MI(M-MI)(Let+Re)l+Ry)
' T Bxw(l-xw (M-ME)+ M2 1]
M4(|-e +Re )(Lq ﬁ?.)
"G, U Y IS M )
(4.14)

in the definition of g(x, x,, Q) in Eq. (4.7), and in Eq. (4.12). Here the chiral

couplings of the neutral weak current are
’

Le= 2x,, -1 }
Kg = 2x.

 (4.15)
for the electron (or sequential charged lepton) and
Li = 1:3 - Zei X
Ry = —2¢x. (4.16)

for the quarks, where i, is the weak isospin projection of the quark and x, = sin’,,

is the weak mixing angle. In the standard model, the width of the Z°is

3 2
[y = G";é 5(1-22‘“' +§';: *D,

(4.17)

where D is the number of kinematically accessible quark and lepton doublets and
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= M /l1-x.)= F\/” (1-%r)

= (3.3 Ge\//c")z/xw (1-Xw ).

(4.18)
With x,, =#82% and D = 3, we expect
~ 2
M= 490 Gevie (4.19)
and
The partial width into charged lepton pairs is
(=0 ) = GFM‘ (1- 4x + 8x4)
12 '\/—
= (1-4x,,+ Ex3 ) (2> vD).
(4.21)

With x'w = 0.22 and D =3, the branching ratio .into a pair of electrons, muons, or
tausin approximately 3%.

We display in Fig. 4-2 the quantity du/dey|y=0 for pp collisions at c.m.
energies of 2, 10, 20, 40, 70, and 100 TeV. The cross sections shown are based on the
parton distributions of Set 2. In general we shall present results only for Set 2,
unless the two sets yield significantly dif‘ferent‘cross sections. For an integrated
luminosity of 10* em~2, we anticipate a yield of 1 event per GeV/c? per unit rapidity

for
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( 300 GeV/e? at J5'=2 TeV
500 GeV/c? at 5= 10TeV
M < €00 Gev/er at Vs = 20 TeV
700 GeV/c?, at V5 = 40 TeV
800 GeVk®, atVs=70TeV (4.22)
L850 GeV/:, at ¥5'= 100 TeV

The energy dependence of the cross section, and thus of the maximum attainable
pair mass, can readily be inferred from the contour plot Fig. 2-63 of the rate of Tu
interactions in pp collisions, using th& connection of Eq. (4.12). The Drell-Yan cross
section for Pp collisions is reported in Fig. 4-3. The yields are slightly, but not
significantly, higher than those expected in proton-proton collisions.

The Drell-Yan mechanism operates for the pair producti'on of any pointlike
charged lepton. If the lepton mass m, is not negligible compared to the pair mass M,
there is a kinematical suppression of the cross section in the form of an additional

factor (1-4m, *M?%)"? (1 +2m, */M?). Thisis discussed in detail in Section 5.

Within the framework of QCD there are additional contributions to dilepton

production, such as the elementary process
g+q— (YorZ)+q
Lostrm |
, (4.23)
as well as strong-interaction corrections to the basic Drell-Yan mechanism.

Although these do not alter our conclusions qualitatively, they do have interesting

consequences for the rate, the transverse momentum distribution, event topology,
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and other features. The state of the art is summarized in the workshop proceedings
| ed_ipéd by Berger, et al. (1983).

B. Intermediate Boson Production

The intermediate bosons of the standard model, which set the scale for the-
current generation of colliders, will still be of interest at a supercollider for
calibration and backgrounds, and for the study of rare decays. The conventional
expectations for the discovery of the intermediate bosons were set out in detail in
papers by Quigg (1977) and by Okun and Voloshin (1977). An up-to-date review has
been given by Ellis, et al., (1982). The first observations of the W* and Z° have been
reported by Arnison, et al., (1983ac), Banner, et al. (1983), and Bagnaia, et al. (1983b).

We recall that in the standard’model the mass of the charged intermediate

boson is given in lowest order by

2 LA

MW = pr Xw
(323 GeVAe?)”

"

Aw
(4.24)
where x; = sin?,, is the weak mixing angle. The leptonic decay rate is
3
MwW—dv) = G.M, /67"
(4.25)

The partial widths for nonleptonic W* decays may be related at once to the leptonic

width as, for example
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[(WHsud )= 3e0s*6, I (w—Av)

2
4 — .
MW= y3) = 3sin*Q. I'(W—Lv) (4.26)
- where the factor of three accounts for quark colors. More generally, if D_ is the
number of color-triplet SU(2) doublets of quarks into which the intermediate boson

can decay, and D, is the number of energetically accessible lepton doublets, then the

total width is given by

P(W—sall) = (D,+3D,) P(W—>4v).

(4.27).
Here we have ignored quark masses and mixing angles.
For the weak mixing parameter
Xw =, 0.27 (4.28)
a plausible value, we find
= 2z :
Mw 24 GQV/C. (4.29)
and
C{w— Lv) = 250 MeV.
(4.30)

Consequently, for three doublets of quarks and leptons we anticipate a total width of

FwW—»all) = 2.2 GeV.
(4.31)

There are radiative corrections to these rhasses and widths in the standard
model which depend upon the masses of quarks and leptons (Marciano, 1979;
Antonelli, Consoli, and Corbo,' 1980; Veltman, 1980; Sirlin.and Marciano, 1981;
Wheater and Llewellyn Smith, 1982; Marciano and Senjanovic, 1982; Marciano
and Sirlin, 1983). In particular the ratio p = MWZ/MZZH - xw) deviates slightly
from one {Veltman, 1977; Marciano, 1979); this is used to constrain extra

generations of quarks and leptons in
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Section 5. The resulting values for the radiatively corrected masses are (Marciano
and Parsa,1982) M, = 83.9_,,*%%GeV/e? and M, = 93.8_, ,*?5 GeV/c".

The normalized angular distribution of the decay fermion is

r
%(1—@59)3 An= 1
I ﬁ L s,  Aw=o
A
-E—-T-t-:“"'wse)) 7\w=_’1
!

(4.32)
where 1, is the helicity of the W* and 0 is the angle between the lepton direction and
the W spin quantization axis in the W rest frame.

The cross section for the reaction

’
a+b — W + anTHq}ng
(4.33)
can be computed directly in the Drell-Yan picture. In this case the elementary

reactions are
1 -+
Ut+ do - W )
w—+deg —> W -)
‘ (4.34)

where dy= d cos 9, + ssin 8. The differential cross section is given by

0= G T W e T M)

(4.35)

where 1 = M%/s and
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+ | - N w X .
W )(x.,,x.., &)= GO )i (o, @)+ &:)(x.,a ) (3, 68)) 00526,

£l ) i- 6
w%i,_j”-,,,’(x..,cf’)5s (%, 817+ 5, )(x.,a‘)fu’(x.,al)'_\swec} .

(4.36)
Quarks and antiquarks are interchanged for W- production. The integrated W*

cross section isF?

q *) 2
— ' dx W (x,t/x, Mas)
0= G.mh'T L >

- eigﬁ [c%a_téus cos?, .. -cg_%u; sw@c_]

’
= 63nb T diuz .
4T (4.37)

Integrated cross sections for W* production in pp and Pp collisions are shown in
Figs. 4-4 and 4-5 as functions of the c.m. energy VsT The figures also show the cross
sections for production of W* in the rapidity interval between —1.5 and +1.5. In pp
collisions thez production of W- is suppressed relative to W+ by a factor of two or so
because of the smaller momentum fraction carried by down quarks compared with
up quarks. The cross sections for Wrand W~ production are necessarily equal in Bp
collisions. As in the case of dilepton production, the competitive advantage of

antiproton beams is important only for vt > 1/2.

F2 The subsequent formulae are given for only two generations of quarks and leptons.
The complete formulae are a trivial extension and were used in generating the

figures.
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The angular'distribution of the produced W's is of great importance for the
design of experiments, At supercollider energies, many intermediate bosons will be
produced within a narrow angular cone about the beam direction. Special-purpose
detectors deployed near the forward direction may have significant advantages for
the study of rare decays.F To illustrate this point we show in Fig. 4-6(a) the rapidity
distribution do/dy for W* production in proton-proton collisions at 40 TeV. The
mapping from rapidity to c.m. angles is given in Fig. 4-7. In a machine with an
average luminosity of 1033cm~2sec™!, there will be a flux of approximately 10
W+/second emitted within 2° of the beam direction, in each hemisphere. Similar
results for Pp collisions are shown in Fig. 4-8(a). The nearly complete alignment of
W spins, which provided a dramatic charge asymmetry in the CERN SppS
experiments at Vs = 540 GeV, is considerably diluted at these high energies where
much of the cross section is provided by annihilations of sea quarks and sea
antiquarks. (Compare, forrexample, Fig. 16 of Quigg (1977).] Figures 4-6 () and
4-8(b)show the net helicity of the produced W* at v’s = 40 TeV.

The analysis of single Z° production proceeds along similar lines, and is implicit
in our discussion of dilepton production where the expectations of the standard

model for mass and widths were given. The reaction

at+b— Z°+ anwfhinj
(4.38)

F3

We thank F. Sciulli for raising this possibility.
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proceeds via the elementary processes ul — VAN dd — Z9, etc. The differential cross

section may be written as

dr_ Ger T Z2(Fe JT!
du\ - NEY ’
‘ (4.39)

where ¢ = Mz2fs and

e 40,600 = ) {[&"’(xq, DF Lo @+ §; (0,875 1o, 8]

ey [+ gi]} (4.40)
The neutral current couplings L, and R have been given in (4.16). The integrated Z°

cross section is

T, = jdx Z(X T:/X Mg_)

Z° x

_iGTL' Z‘L‘di- Lt-:-ﬁ *]

= 3 L

~ 3.30nb (o SITELT 4 03STYLS ). )

Integrated tross sections for Z° production in pp and Pp collisions are shown in
Fig. . 4-9 for the distributions of set 2 and 4-10 for those of set 1. Again also shown is
the cross section if the Z is restricted to rapidity between +1.5 and —1.5. The Pp
cross section is larger by a factor of 5 at Vs = 0.54 TeV, but the advantage of Pp over
pp diminishes rapidly with increasing energy. It is only a 15% effect at Vs = 10
TeV. The rapidity distributions are similar to those anticipated for W* production.

The transverse momentum of the W's and Z's produced in the Processes
discussed so far is small, There are higher-order QCD processes which can
produce a W (or Z) with large transverse momentum (p, ), the p, being
balanced by a hadronic jet. The processes g +.q—W + q and q + §—W + g

are shown in Fig. 4-11., The cross
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sections are giveri‘by Halzen and Scott (1978). The cross section for producing a W*

with rapidity y is given by

7 ! 1 2y A A N
—Tjr = ZP.I- Z de; gf:&ha )fi'n(xha )T}_i(S,‘t,u) -

A z
{ b Ko %5 +u- My

(4.42)
where

- 2
t= _Jg"ml e +Mw 3
' 2
W= "“'\/:;'m_l_ 6'1 -+ MW’ 3
= an,_S)
, ST
= ﬂﬁx,n!\_l_e + Mw,

2 (4.43)
Ll“"\];xszel,'*‘Mw) . -

> W

>

with L s
m = p+ Mw >

A
3( = ""X.t"“—XI)Mw
= z
Xmin= —W /(S+t’—M:', ) ; (4.44)

and the partonic cross-sections are forq+§—->W+g

e (i Zr(E) [(E-M3) + G-m3)]
THHR = T, TIn

(4.45)
andforq+g->W+gqorg+g—-W+q
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A A 1-'\ A~
satay. mesle) [Fatad] | e
72 12 Xw -84 ‘
(4.46)
we have used Q2 = p,? in generating Fig. 4-12 which shows do/dp,dy|,_, asa

function of PL for various energies. For a recent thorough treatment, with specific
applications to SppS experiments, see Altarelli, et al. (1984).

The number of intermediate bosons produced at a high luminosity
supercollider is impressively large. At a c.m. energy of 40 TeV, for example, a run
with an integrated luminosity of 10*%m~2 would yield approximately 6 X 108 Z%s
and 2 X 10° W*’s. For comparison, in a high luminosity Z, factory such as LEP
A#2 X 10% cm~? sec!) the number of Z”s expected in a year of running is
approximately 107, While LEP is expécted to operate at least 5 years before a multi-
TeV hadron collider, there are conceivably some advantages in the high-energy
kinematics for some Speciél purposes. This is an issue that deserves further study in
the context of specific detectors and physics goals. In the case of charged
intermediate bosons, there is no comparable source in prospect, but again there the
question of how and why to study W decays in various regions of phase space must be
examined in detail. The physics interest of rare decays of W* and Z° has been
considered by Axelrod (1982), Further discussion of the decaysof W and
Z into exotic modes will be given in Section VI,

The signature for W and Z will now be discussed briefly. The decay Z — e*e- or
w*u~ each with a 3% branching ratio should produce a clear signal with essentially
no background apart from instrumental problems such as e/n separation. The
leptonic decay W —ve, vu will enable the W momentum to be reconstructed if the
missing transverse momentum in the event (carried off by the neutrino) can be
measured. This method cannot be used :learly i-n events with other sources of

missing p, such os a W pair event. where both W’s dacay leptonically.
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An important question is whether or not one can identify W — qg by looking at
hadronic jets. For low momentum W’s where the opening angle betwee'n the jets is
lafée this method may be applicable. One would hope to see a peak in the jet pair
mass. The background is, of course, from multi-jet QCD events, which are difficult to
estimate reliably (see section II). For a high momentum W the two jets will be close
together and may not be clearly distinguished and one may have to measure the
invariant mass of a single jet. The relevant background is now a single QCD jet with
large invariant mass (M). For a jet of energy E, the distribution m$= M/E is given
roughly by dN/d% 20.259‘4§(Paige,1984) as predicted by the ISAJET Monte-Carlo
(Paige and Protopopescu, 1981) using our set 1 of distributions. The formula is
applicable for E = 5 TeV but the dependence on E is rather weak. The distribution is
rather broad and the average value? of M is of order(.15E. This background is
potentially serious and a more detailed study is needed.™ In any case it seems that
it will be difficult to distinguish W and Z from their hadronic decays, but such a

separation would be extremely useful.

** We are grateful to Frank Paige , M.Shochet and Pierre Darriulat for a discussion

of these issues.
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C. Pair Production of Gauge Bosons

Incisive tests of the structure of the electroweak interactions may be achieved
in detailed measurements of the cross sections for production of W*W- W*Z0, Z°Z°
W*yand Zy pairs. The rate for Wy production is sensitive
to the magnetic moment of the intermediate boson. In the standard model there are
important cancellations in the amplitudes for W"W~ and W=Z0 production which
rely on the gauge structure of the WWZ trilinear coupling. The Z°Z° and YA
reactions do not probe trilinear couplings in the standard model, but are sensitive to
nonstandard interactions such as might arise if the gauge bosons were composite. In
addition, the W+W~ and ZZ° final states may be significant backgrounds to the

¢
detection of heavy Higgs bosons and possible new degrees of freedom (see section VI).

1. Production of WrW~ Pairs

The Feynman diagrams for the process

Bl W
are shown in Fig. 4-13. The intrinsic interest in this process, which accounts in part
for plans to study e*e~ annihilations at c.m. energies around 180 GeV at LEP, is
owed to the sensitivity of the cross section to the interplay among the y—, Z°-, and
quark-exchange contributions. As is well known, in the absence of the Z%- exchange
term, the cross section for production of a pair of longitudinally-polarized
intermediate bosons is proportional to s, in gross violation of unitarity. It is
important to verify that the amplitude is damped as expected. Whether this direct

measurement or the study of quantities sensitive to electroweak radiative
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corrections ultimately provides the best probe of the gauge structure of the

’

interactions cannot be foretold with certainty.

The differential cross section for the elementary process (4.47) (Brown and

Mikaelian, 1978), averaged over quark colors, is conveniently written as

.-‘. LW s S . z V
%%—(it ZL-)N W )= §_&u§_‘f: M—PH[C°‘-+C,£E+C&-EZ+ Cﬁf;]

2 3% T paxis (4.48)

where again’f@) measures the momentum transfer between q, and W-(W*).Here
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Pw"-’-'\/‘l"f .

In order to impose experimental cuts on the produced W's, it is convenient to
decompose the rapidity of a product in the hadron-hadron c.m. frame in terms of the
rapidity y* of the product in the parton-parton c.m. frame and the motion of the

parton-parton system with respect to the overall c.m., as characterized by y, .
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*
'1 = ulboost +y
- (4.50)

where y,___ isrelated to the parton momentum fractions x, and %, by

libout = "tz'bg (Xﬁ/x,).

(4.51)
The rapidity of the product in the parton-parton ¢.m. frame is simply
*= tanh (Pe)
Y )
(4.52)
where z = cos6* measures the c.m. scattering angle and
¢
7 i
F = (1"' 4 Mw /S ) .
(4.53)

The cross section to produce a W+ W~ pair of invariant mass M =4f5T such that
both intermediate bosons lie in the rapidity interval (=Y, Y) is then

- SN Y
.adﬁ(a.b——vw*w +am1+hm5) = 23'3 Z _[_Y W pest

i

. { :F:.l )(xq M) 5:0(1; M)+ 5': )(x,,,M‘) f :m(xb,M‘)}

2 B _ (4.54)
.S dz %Z_(i;ﬁ—éw*w ))

-]
where as usual
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and-
N A
dr_ 83 de
dz~ 2 d
‘ (4.55)
The limit of the angular integration is given by
~A
zo= min [§ fanh (X-y, 03 1]
(4.586)

The result of the angular integration is

2 3 _ _3&
daais; L 5{2'320(1 =2/3)[2 Q(i )+ 0ilt-e+%)]
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where

T3¢ L.
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L+ 'E
[4{1 Yo ) E]

(4.58)
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The rate of W* W~ pair production in pp and Fp collisions is presented in Figs.
4-14"and 4-15, where we show the total yields as well as the cross secti.ons for W's
satisfying rapidity cuts of [y| < 1.5 or 2.5. Ideally, of éourse, one would like to impose
instrumental cuts on the final decay products. However, at the energies we are
discussing, the intermediate bosons are relatively light particles and their decay -
products have limited mobility of about +1 unit of rapidity. This means that a
detector with angular coverage down to a few degrees from the beam direction
should capture essentially all the decay products of an intermediate boson with Iyl <
2.5. :

The yield of W* W~ pairs is quite substantial at high energies.Forexample, a
run with integrated luminosity /dt = 10%em? would result in approximately 10°
pairs. The key to exploiting this ;)otential sample lies in reconstucting the
intermediate bosons from their nonleptonic decays, which account for 75% of the
total decay rate.

Of greater interest both for the verification of gauge cancellations and for the
assessment of backgrounds to heavy Higgs boson decays i.s the mass spectrum of
W+*W-pairs. This i{s shown for intermediate bosons satisfying |y| < 2.5 in Fig.s 4-16
and 4-18 for pp and Fp collisions, The mass spectrum for pp-» W'w™ with y| <
1.5 is shown in Figure 4-17. Again the number of pairs produced at high energies
seems adequate for a test of the gauge cancellations, provided that the intermediate
bosons can be detected. We shall discuss the signal-to-noise for heavy Higgs decays
in §IV.D below. In modelsin which the interactions among W-bosons become strong,
the scale of interest is an invariant mass of around 1 TeV/c’. In the standard model
we anticipate a few hundred events in a 10 GeV/c? bin around 1 TeV/c? at a c.m.
energy of 40 TeV. The yield could be enhanced by an order of magnitude if
nonstandard interactions are present (Robinett, 1983b). An example of a factor of

two enhancement will be given in our discussion of technicolor modelsin §VI.B .
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9. Production of W*Z? Pairs

The Feynman diagrams for the process
9:9; — W= Z
'} (4.59)
are shown in Fig. 4-19. This process is also of interest as a probe of the gauge
structure of the electroweak interactions. The differential cross section for reaction

(4.59) (Brown, Sahdev, and Mikaelian, 1979), averaged over quark colors, is given by
, TS PR LA 20, a VK
dr mgﬁl})til {(T 1 2) [(3;48_@)(&@ MEMZ) + (wa—-é]s(Mj-m’{)]
db 6§%E |\S-M,, |

L[k MM -amiand)] (s L
L S-M_, € w

(4.b07

The cross section to produce a W*Z? pair of invariant mass M = V5t such that

both intermediate bosons lie in the rapidity interval (-Y, Y) can be written as
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do= (b — W* 2%+ grntioins ) =
CkMMGL i 'Z—g\— Z jd‘abmsb

dt
& (4.62)
where in this case
Vo
r 'z T,
M., +M 4HwM

pel(1- Begte) - B

| (4.63)

The result of the angular integration is

.
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where‘
g'= (M5 +My)/s, |
(4.65)
and
' el
L= ﬁ.o% 1 i;"i‘%%o )
{-¢'-b2o (4.66)
with
Fe = Min [F;“ *&hh(\{‘%b"ﬂB)J\] b)
2 %
Bu= B/ (\““M“"‘;M ) - (4.67)

The rate of W*Z° and W-Z° pair production in pp and Pp collisions is presented
in Figs. 4-20 and 4-21, where we show the total yields as well as the cross sections for
intermediate bosons satisfying rapidity cutsof[y| < 1.50r2.5. The yield of WZ pairs
is approximately a factor of 5 smaller, for each charge, than the W*W- yield shown
in Fig.s4-14 and 4-15. |

The mass spectrum of WZ° pairs in pp collisions is shown in Figs. 4-22 and
4-23 for gauge bosons satisfying the cuts [y| < 2.5 and ly| < 1.5. Here we expect,ina
run with integrated luminosity | dtd = 10% cm-2, only a few tens of events per 10

GeV/c?bin in the interesting region around 1 TeV..
3. Production of Z*Z® Pairs

The Feynman diagrams for the process

| e
9.9 > 2°2 (4.68)
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are shown in Fig. 4-24. This process is of interest as a background to the production

‘ and decay of heavy Higgs bosons, and as a channel in which to search for unorthodox
int;zractions. The differential cross section for reaction (4.68) (Brown and Mikaelian,
1979) may be written in the form

8C(9. 7. —22) . (L7 ) [_'_é_ b +i¥¥— “;('g-‘z +':l~'§.)])
& “* T AxE(1xw)sELEE 0 ER “

(4.69)
where we have averaged over the initial quark colors and included a statistical
factor of 1/2 for the identical particles in the final state.

The cross section for production of a Z°Z0 pair of invariant mass M = Vst such

that both intermediate bosons lie in the rapidity interval (=Y, Y) is

v

do (b 2°2% amgting) = 2] Sd
o inginng) = 20 D | St 430)

A

. () a8 (¥ | . () {5} | =
{{Si (J("“'?m ) 5.1'.' ()(b,m ) + f[ ('x"‘?mr) f.{ (xb?ml)}jd%@(@ﬁ—)'ff)
R , ‘s, de _ J
where
dg 3‘ do-
dg = % T
(4.71)
with .
a9V
p= [1-4my /31"
(4.72)

The integrated cross section is
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Zo ’
dz, do _ _Td”
4o dz BxZU-xY

v [

4+¢ 1-&/2 +F2o
(L i ){zp,(z- 3[1~£/z— pzo

£2 + 2B (4-2%)

-—2%. 2 ry
£+ 4p (4-23)
(4.73)
where as usual
. -]
2,= hnm[P 'fm-.k(Y-?mw)) f])
E= 4!‘4: g
’ (4.74)

The rate of Z%Z° pair production in pp and Pp collisions is presented in Figs.

4-25 and 4-26, where we show the total yields as well as the cross sections for
intermediate bosons satisfying the rapidity cuts of ly| < 1.50r 2..5. The yield of Z%Z°
pairs is smaller by a factor of five to ten than that of W*W- pairs. At Vs = 40 TeV
and for f{dt = 10%* cm~2there are approximately 2x105Z pair events with |y| < 2.5.
If the Z’s are only detected in their leptonic modes, there will be approximately 700
reconstructed events. Again, high detection efficiency is a prerequisite to detailed
study.

The mass spectrum of Z°Z° pairs in pp collisions is shown in Figs. 4-27 and 4-28
for gauge bosons satisfying the cut |y| < 2.5, and |y| < 1.5. We shall return to these
spectra in our discussion of the observability of heavy Higgs bosons in §IV.D. For
now, let us remark that in the standard model we expect about ten eventsina
1 GeV/c? bin around 1 TeV/c? at a c.m. energy of 40 TeV, for a run with integrated

luminosity of 10%%em=2,
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4. Wiy Production

L
.

The elementary process which operates in the reaction

P*P — WiY+ a,nq‘i‘hing
(4.75)

is

35— W,

(4.76)
for which the Feynman diagrams are given in Fig. 4-28. The differential cross
section has been calculated by Brown,€ahdev, and Mikaelian (1979) and Mikaelian,
Samuel, and Sahdev (1979). The result, averaged over initial quark colors, is

3%-(‘366"“’7):‘ Tt “’“'2{(1 | 1)"53&%2%}_;})

65* x, \+t/6™3 t

ta

(4.77)
where U, isan elemeht of the (Kobayashi and Maskawa, 1973) quark mixing matrix
and ‘E measures the momentum transfer between q, and W-. The same expression
holds for W*y production, with? reinterpreted as the momentum transfer between q i
and W*. The invariant mass of the Wy pair is given by Vst The vanishing of the
differential cross section at ¥l = 2 (which corresfnonds to cos®, = .- 1/3) has been
uhderstood (Brodsky and Brown, 1982; Samuel, 1983; Brown, Kowalski, and
Brodsky, 1983) in terms of classical radiation zeroes.

The total rate observable in experiments depends sensitively upon the Wy
invariant mass and conéequently on the minimum detectable energy of a photon.

Figure 4-30 shows the total cross-section for pp - W* y when the invariant mass of
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the W and the photon is restricted to be more than 200 GeVA*This cut removes the

.infjr.,a'red divergence when the photon energy vanishes, The cross-sections are
constrained so that both the W and the photon have rapidity between +2.5 and -2.5.
A tighter rapidity cut of y < |1.5| is also shown. The total cross-section is, of course,
formally infinite since the expression (4.77) has a t channel pole. Figure 4-31 shows -
the distribution in cose*, at Vs = 40 TeV, where 6* is the angle between the photon
and the beam in the Wy center of mass frame. We have applied a cut on the
transverse momentum of the photon of 20, 50 and 100 GeV/c. The distribution is
sensitive to the details of the Wwy coupling and in particular to the magnetic
moment of the W. Departures can be expected in non-standard models such
composite gauge boson theories (Robinett 1983a).

*

5. Production of Z% Pairs.

The Feynman diagrams for the process

9:§: > TY
(4.78)
are shown in Fig, 4-32, This process is chiefly of interest as a channel in which to
search for unorthodox interactions. For example, Leurer, Harari and Barbieri (1984)
have shown that in a composite Z° scheme the process q + §— Z° + ymay yield large
p, photons at a substantially greater rate than predicted by the standard model. In

thestandard model, the differential cross section for reactioﬁ (4.76)is(Renard, 1982)

T a2 AZ 4
dq—( ;":--;2"3)_ ta2(Li+R) [s My ]
P Rty = - L
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where we have averaged over the initial quark colors. Figure 4-33 shows the total
'cros'_s_’ section in pp collisons where we have required that the Z and photon have
invariant mass of more than 200 GeV£and that they satisfy rapidity cuts of [y} < 2.5
and ly|< 1.5. Figure 4-34 shows the distribution in cosé* at Vs = 40 TeV (see
previous section);again the transverse momentum of the photon is restricted to be -
greater than 20, 50, and 100 GeV/e .

D. Production of Higgs Bosons

In the standard electroweak theory, a single neutral scalar particle remains as
a vestige of the spontaneous breakdown of the SU(2), ® U(l), gauge symmetry. As
we have already noted in $1.B, the mass of this Higgs boson is not specified by the
theory, but consistency arguments sugkest (Linde, 1976; Weinberg, 1976a; Veltman,
1977; Lee, Quigg, and Thacker, 1977)

? GeVe* < My < 1 TeV/e™.
(4.80)
Tﬁe interactions of the Higgs boson are of course prescribed by the gauge
symmetry. It is therefore straightforward to write down the partial widths for
kinematically-allowed decays. The partial width for decay into a fermion-

antifermion pair is

Ge ’“{z Mu Ne

- 2 2 (Wi
P(H—$F) = = gz U=dmp /M)

)

(4.81)
where N is the number of fermion colors. For M, = M, the preferred decay of the

Higgs boson is into the heaviest accessible pair of quarks or leptons.
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In contrast, a Higgs boson with M,, = 2M has the striking property that it will
‘decay into pairs of gauge bosons. For the intermediate boson decay modes, the

partial widths are given in perturbation theory by (Lee, Quigg, and Thacker, 1977)

F(H->wtw?) = E‘;%’LG 4aw+303)(1—ag

(4.82)

GeMut /

ri o - Fiid _4 2 1_ Ya
(27} 641:«/?(4 syt 300, (4.83)

where a,, = 4M,;*M,? ana a, = 4M,;*/M,®. The resulting partial decay widths are
shown in Fig. 4-35. There we alsd show the partial widths for the decay H - QQ for
heavy-quark masses of 30 and 70 GeV/c%. The decay into pairs of intermediate
bosons is dominant. If the perturbatively estimatéd width can be trusted, it will be
difficult to establish a Higgs boson heavier than about 600 GeV/¢2,

The expected properties of light Higgs bosons have been reviewed by Ellis,
Gaillard, and Nanopoulos (1976), and by Vainshtein, Zakharov, and Shifman (1980).
The heavy Higgs alternative has been explored by Lee, Quigg, and Thacker (1977),
and by Gordon, et al. (1982). |

A number of production mechanisms for Higgs bosons have been considered.
Here we discuss the production of Higgs bosons in isolation; associated production of
Higgs bosons and intermediate bosons will be treated in §IV.E.

The direct production of a Higgs boson in the reaction
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(z,;_i;—-—)H

K (4.84)

isdepicted in Fig. 4-36. The differential cross section for the reaction

a+b-—> H+ anyfhinj (4.85)

is given by

de _G_EEZ(

y ~ 32 ) {fm(*a,""u Qc- (xy, M%)

[ ]

( 1
+ET M MY

(4.86)
where ¢ = M */s and 2“ are given by (4.10). The integrated cross section is then

is given by™!

F1 All our production cross-sections are given in zero width approximation for the
Higgs boson. This approximation will underestimate the production rate when the

Higgs width becomes very large.
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(o.b—';H+an\I‘me5) Sf Z( ) i%”

A
4 dx‘-
ﬁ 31' b (m.:’_>'U LY ’
Sbn Zﬁ My / 9T (4.87)

For light quarks this is negligibly small even for rather light Higgs bosons, because

of the (m M%) factor. For heavy quarks this contribution is small because of the
small parton luminosity. Figure 4-37 shows the Higgs production cross-section via
this mechanism for m, =30 GeV/c? as a function of M,,. The pp and Fp rates are
equal. In particular, the cross section due to the reaction tt —» H for M, = 100 GeV/c?
andm, = 30 GeV/c?isonly 9pb at V5= 40 TeV.

A more promising source of Higgs bosons in hadron collisions is the gluon
fusion mechanism indicated in Fig. 4-88 (Georgi, et al., 1978). This process makesa

contribution to the differential cross section for Higgs production of

2y C 2
%E(ab—b Hmm{ﬁ\mj) - ‘52.)’-1 (Dls ) T h‘l\ xu,MH ) %n(.xb,Mu) 5
! (4.88)

where (Resnick, Sundaresan, and Watson, 1973)

n= Zjicug (obny)

[’l-‘ (xy M /on )] (4.89)

and the strong coupling constant is evaluated at M,;>. Consequently the integrated

cross section is

rlabs Htanything) = S (“5) i 78Eas.

(4.90)

A quark with m, = M,, gives n~ 1/3. For 4m? < M % qnis complex. Defining
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€= 4mi /My,
(4.91)
we may write
. ] E.
N = -7-_-[1+(5-4)‘f’(5)] ,
(4.92)
with
: 2
- [sin“ (‘\./ﬁ)] , &7
fle) = ‘ .
7;:[1»3 ('§+/‘S'_)+£TU] , £
(4.93)
where
Ty = (& \/‘T-T |
(4.94)

We plot [n(e)]? as a function of e in Fig. 4-39. For quark masses m, = 70 GeV/c? and
Higgs boson masses my; > 200 GeV/c? the parameter ¢ is less than 0.5. In this region

In,(e)|* may be approximated by

h](a)l"m 0.3 ¢, &<0.5.

(4.95)
Consequently the production rate from this mechanism is proportional to m? and

light quarks are ineffective.
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The total cross sections for Higgs boson production by this gluon fusion process
‘are §hown in Fig. 4-40 for m, = 30 GeV/c® and in Fig. 4-41 form, = 70 GeV/c2. The
ser;sitivity to the top quark mass is apparent, Differential cross sections for Vs = 40
TeV are plotted in Fig. 4-41. They show the expected behavior, with light Higgs
bosons produced uniformly in rapidity and heavy Higgs bosons produced more .
centrally. The number of events is not large. In the case of the ZZ final state, the
requirement that both Z’s decay leptonically will result in only 9 events for m,, = 500
GeV/c? and m, = 30 GeV/c? at Vs = 40 TeV and for f £ dt = 10 ¢cm-2. This small
number of events may be sufficient in the absence of background (see below).

Another mechanism for the production of heavy Higgs bosons hasrecently been
studied by Cahn and Dawson (1984). This is the intermediate boson fusion
mechanism depicted in Fig. 443, whsch becomes important at large Higgs boson
masses because the coupling of the Higgs boson to longitudinal ' W’s and Z’s is
proportional to M,,. Useful approximate forms for the cross sectilons are (Chanowitz

and Gaillard 1984, Cahn and Dawson 1983).

‘ E)
. 1 Y
R . T T .
(1415 78) 2oq (371 -2 200 3] Z,L £t W, G M) B Lecen),
(4.96)

and 1 { y )3.

G‘zzﬂ (ab— H+am1'\'\'\'m3) = VN Uxuli-%) |
[+ /3) Loo(S/MR) -2+ M) Z ((Lf‘*r RING4%%)

o :
. &:,("“’M:; )f,_’(xi, Ma )) (4.97)
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These approximations assume that the gauge bosons are emitted at zero angle. The
total cross sections for Higgs boson production by intermediate boson fusion are
sho.v;rn in Fig. 4-44. This contribution exceeds that from gluon fusion for Higgs boson
masses in excess of about 300 GeV/c?if m, = 30 GeV/c?, as may be seen by
comparison with Fig. 4-40. For a top quark mass‘of 70 GeV/c?, the gluon fusion

mechanism dominates for Higgs boson masses up to 550 GeV/c2

To assess the observability of Higgs bosons we must discuss the
signal and the background., We will first consider the case in which the
Higgs boson is heavier than 2Mw 30 that 1t decays almost exclusively
into states of W'W or ZZ (see Fig. 4-35). We display in Fig. 4-145 the

cross section for the production and decay
L

PF-—-r H + a.nq‘l‘hinj
L whw- (4.98)

at ¥5 = U0 TeV. We have restricted the rapldity of the W s0 that
IYWI < 2.5 and have assumed m = 30 GeV/cz. As discussed in Sec. IV.B,
this cut will ensure that the decay products of the W's are not confused
with the forward goiné beam fragments. The contributions from gluon
fusion (eqn. {(4.90}) and gauge boson fusion (egns. (4.96) and (4.97))
are shown separately.

Assuming that the W's can be identified, the background comes from
W pair production (eqn. (4.47)). We have estimated this background by
taking do/dM for W pair production with lvy] < 2.5 (Fig. 4-16),
evaluating it at W pair mass M equal to MH and multiplying by the Higgs
width (See Fig. 4-35). It can be seen' that the signal exceeds the
background for MH < 630 Geqﬂ?.Fig. 4-46 shows the same result for

Mt « 70 GeV/cz. For large Higgs masses this change 13 unimportant since
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the gluon fusion mechanism 1s not dominant. A tighter rapidity cut of
|Yw| < 1.5 1s shown In Figure U-47. The effect on signal and background
of a change in the beam energy can be seen by comparing Fig. 4-48
(/S = 10 TeV) with Fig. 4-45. At this lower energy, the signal and
background become equal at MH =320 GeV/cz.

The Higgs production rate is almost the same in pﬁ collisions, but
the background i{s larger (compare Figs. U4-16 and 4-18). At /s = 40 TeV
and HH = 400 GeV/02 the bhackground is larger by approximately a factor
of 4 in pp than in pp collisions,

We can also attempt to observe the Higgs in its Z pair decay mode.
The signal is less by a fackor of two (see eqns. (4.82) and (4,83)), but
the background is less significant as can be seen by comparing
Figs, 4-16 and 4-27. Figure 4-49 shows the signal and background in the
Z pair final state at /s = 40 TeV in pp collisions Qith ly;| < 2.5 and
mt = 30 GeV/cz. The signal exceeds the background for MH <1 TeV/cz.

In order to estimate the reach of.various machines we have adopted
the following criterion to establish the existence of a Higgs boson.
There must be at least 5000 events and the signal must stand above the
background by 5 satandard deviations. The 5000 events should be adequate
even ir we are restricted to the leptonic modes of the W's or 2Z's. In
particular, 18 detected events wouid remain from a sample of 5000 Z
pairs of both 2's decay into e e’ or u+u—. Figure 4-50 shows the maximum
detectable Higgs mass in the W pair final state with Iywl < 2.5, and

2 as a function of s for various integrated luminosities,

m, = 30 GeV/c
The criteria applied to the ZZ final state do not yleld significantly

different results, It may be possible to distinguish a W or Z from
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QCD  jets if the W or Z decay hadronically. If this is the case and one
cannot distinguish beéween a W and Z in their hadronic modes, then one
must édd the ZZ and WW final states. In this case, the background is
inereased, since it receives a contribution from WZ final states
(Fig. 4-22).

If we apply the criterion to pp collisions we will obtain very
similar resulta to those in pp. At /s = 40 TeV the limiting factor is
the width of the Higgs as well as the production rate, An extremely
wide resonance 1is difficult to establish., However as we have already
remarked there should be sufficient W pair events to see some structure
in the W'W  channel indjcative of a heavy Higgs. At /s = 10 TeV the
production rates are lower and a heavy Higgs i3 consequently more
difficult to observe,

If the Higgs mass i3 less than EMH’ then we must attempt to observe

its decay into a t quark,

FP —> I-I!_-i-’ a:%'fhinj | (499)

for which only the gluon fusion production mechanism is important. (See
Figs. 4-40 and 4-44.,} The cross section for production of a Higgs
boson, with subsequent emission of both t and t with |y| < 1.5 is
plotted as a function of Higgs boson mass in Fig. 4-51. Although the
cross sections are substantial and lead to the expectation of many
events, the anticipated backgrounds make prospects for observation seem

discouraging.
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In the absence ¢f any highly selective topological cut, the
background to this signal arises from two-jet events due to hard
scattefing of partons. Such events were discussed 1in some detail in
Sec. III. We showed in Figs. 3-21 -~ 3-33 the spectrum of two-jet

invariant masses arising from the reaction

Pp— jeti+ Jeta + anything (4.100)

where the rapidity of each jet satisfies |y| < 1.5. The rate exceeds
the Higgs boson production cross section by many orders of magnitude.
At the other extreme, ge may imagine lidentifying t-quarks 1In an

experimental trigger. The t quark lifetime is estimated to be

- 5
Ttt)= 10 ﬁse.c —%@) ) @100

and 1is consequently too short to be observed. However the chain t-+b
results in a b quark with a relatively long lifetime (Fernandez, et al.,

1983; Lockyer, et al., 1983),

tlb) =(1.6% 0.4+ 0.3)x 16" sec.  (4.002)

A vertex detector could be used to tag this. We show in Fig. 4-52

the cross section for tt production via the process
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99> Qg (4.103)

which 1s discussed at length in Sec., V. Even this background dwarfs the
Higgs signal of reaction (4,99).

We conclude this section with a few general comments. Our
estimates of Higgs cross sectiﬁns are conservative; in particular we
have concentrated on the case m = 30 GeV/02 and have assumed no
additicnal generations of quarks. If mt is largeq,or there are heavier
flavors, then the Higgs production rates will increase considerably. He

1 and /3= 40 TeV should be

’ - -
have seen that a machine withﬁ:- 1032cm 2sec
able to establish the existence of a Higgs |if MH > 2Mw or will have
sufficient event rate to be able to see structure in the W W channel in

the event that MH is very large. If MH < 2MW’ the discovery of a Higgs

boson in p*p collisions seems more problematical.
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E. Associated Production of Higgs Bosons and Gauge Bosons

In electron-positron collisons, a favored reaction for Higgs boson production is
ete > HZ, (4.104)

which proceeds by the direct channel formation and decay of a virtual intermediate
boson. Its advantage, in terms of a favorable cross section, arises from the fact that
the HZZ coupling is of unsuppressed semiweak strength. The corresponding

elementary processes that operate in hadron collisions are
'

9:3; — Hw* (4.105)

and

Z‘f:—_)H-Z (4.106)
The cross sections, averaged over initial quark colors, are

-d-“:(i'vﬁ"’Hw)“-iz—u‘ﬂL( )(s—M AL [M o sm"@]

46&..
(4.10%)

and

do-( -7 —» HZ)- (L +RD)  [2K _ K220
Z‘Z 96 23 (1-xa)* ( )(5 Mz) M :4,03])

where K is the c.m. momentum of the emerging particles. Equation@.holds for W=

production when e; + e; = * 1. The corresponding total cross sections are



V.41

oty )= L0t ]
v{9:7; 36 x5 \vs/E-ME) 741“9)
. .o

and

Tt H(LE +8%) (2:<) 1

Tl G- HE)= F2xG(1-xu)* | V5 J(8-17

)z. [Kz+3 M:]
(4.110)

The cross sections for the reactions
F*F —> WiH+am11‘hinj (4.111)

and ¢

P — HZ +angthing (4.112)

446-41,
are shown in FiMhough they are significantly smaller than the cross sections
for production of a single Higgs Boson by gluon fusion, the annual production rates
for My, = 400 GeV/¢? still run to approximately 10° HV pairs at VS = 40 TeV,
assuming fdtz{ = 10% cmZ Whether this number is sufficient for discovery is a
question of detection efficiency. The final state has 3 gauge bosons. Ifall those decay
hadronically this will produce 6 jets. A detailed Monte-Carlo study is needed in
order to know whether this state can be reconstructed. The event rate is so low that

only one boson can probably be detected in its leptonic mode.
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F. Summary

Iﬁ this sectlon we have shown how a high energy, high luminosity
hadron hadron c¢ollider may be exploited to extensively test the
structure of *“wo minimal model of electroweak interactions. The rate
for production of W and Z bosons i{s extremely large (see Figs. 4-4, 4-5,
4-9 and 4-10)., In particular a 40 TeV collider capable of experiments
with an 1integrated luminosity of 1039 cm"2 will generate approximately
6:107 W's in a range of rapidity (|yw]<1.5) where the decay products
should be well separated from the beam fragments. Such a large sample
cannot be obtained from anygother forseeable source and provides an
opportunity to study rare W decays.

Of great importance is the detection and study of a Higgs boson.
We have shown that If M, > 24, the study of final states with W'W or
ZZ at /3 = 40 TeV should be able to reveal the presence of a Higgs
boson, provided that iis mass is less than 0.8 TeV/02 and provided that

2 1 can be achleved and expleolited. For a

a luminosity of 1032 cm %sec”
Higgs boson having a mass larger than this, the large width makes a
resonance difficult to  establish. In this case perturbative
calculations become ﬁnreliable and the precise signals unclear. A
search for structure in the W'W~ invariant mass distribution should
reveal deviations from those predicted 1in Figs, 4-16 and 4-17. An
example of such a structure will be given in Section VI. In this case

luminosity and the ability to reconstruct W final states efficiently

are critical,
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FIGURE CAPTICNS

The Drell-Yan Mechanism for massive lepton pair production
in pp collisions,

Cross section dc/dey]y_o for the production of lepton pairs
in proton-proton collisions. The contributions of Y* and Z
intermediate states are included. The energles shown are 2,
10, 20, 40, 70 and 100 TeV. Set 2 of parton distributions
was gsed.

Cross section do/denygo for the production of lepton pairs
in proton anti-proton collisions. The contributions of ¥#*
and 2 intermediate states are Included. The energles shown
are 2, 10, 20, 40, 70 and 100 TeV. .Set 2 of parton
distributions was used.

Cross sections for wi production in pp collisions 1in the
Drell-Yan picture. Also shown are the cross sections for Wt
produced Iin the rapidity interval -f.S Cy < +1.5. 8Set 2 of
parton distributions was used.

Cross-section for W' production in pE collisions evaluated
using the parton distributions of Set 2. The W cross
sections are équal. Also shown are the cross sections for
w produced in the rapidity interval -1.5 < y < 1.5.

(a) Rapidity distribution for W produced in pp collisions
at ¥3 = 40 TeV; (b) The net helicity'o; the W' as a functlion
of rapldity. Parton distributions of Set 2 were used.

Correspondence of angles to the ¢.m. rapldity scale used in
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other figures, Also shown in the maximum rapidity,

y = log{vs/M ) accessible for light secondaries.

max proton

{(a) Rapidity distribution for wh produced in pp collisions
YS = 40 TeV. (b) The net heliecity of the produced W oas a
function of rapidity. For W production replace y =+ -y.
Parton distributions of set 2 were used.

0 production in pp (dotted line) and pp

Cross sections for Z
(dashed line) collisions evaluated usfing Set 2 of
distributions. Also shown are the cross sections for 2°0
produced in the rapidity interval -1.5 < y < 1.5: pp (solid
line); pp (dot-8ashed line),

Cross sections for z° production in pp (dotted line) anad pp
(dashed line) collisions evaluated uaing Set 1 of the parton
distributions, Also shown are the cross sections for ZO
produced in the fapidity interval -1.5 < y < 1.5: Bp {solid
line); pp (dot-dashed line).

Lowest order Feynman graphs for the reactions qa + W + g and
and g + q +* W + q.

The differential cross sectlion do/dekgyly_o for the
production of a Wt as a function of the W transverse
momentum (QL); at vE?-:;o,zn}o,aqpnd 100 TeV. Set 2 of
distributions were used,

Lowest-order Feynman diagrams for the reaction qiai + H+W',
A direct-channel Higgs boson diagram vanishes because the

quarks are ldealized as massless.

Yield of W'W pairs in pp collisions, according to the
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parton distributions of Set 2. Both W's must satisfy the
rapidity cuts indicated.

Fig. 4?15: Yield of W'W™ pairs in pp collisions, according to the
parton distributions of Set 2. Both W's must satisfy the
rapldity cuts indicated.

Fig. 4-16: Mass spectrum of whw pairs produced 1in pp collisions,
according to the parton distributions of Set 2, Both W' and
W must satisfy |y| < 2.5.

Fig. 4-17: Mass spectrum of WWo palrs produced in pp collisions,
according to the parton distributions of Set 2., Both W' and
W must satisfy.|y| < 1.5.

Fig. 4-18: Mass spectrum of W'W  pairs produced 1in pp collisions,
according to the parton distributions of Set 2. Both W' and
W must satisfy |y| < 2.5.

Fig, 4-19: Lowest-order Feynman dlagrams for the reaction qiaj + wizo.

0

Fig. 4-20: Yield of wiz pairs in pp collisions, according to the

parton distributions of Set 2, Both intermediate bosons

must satisfy the rapldity cuts indicated.

0

Fig. 4-21: Yield of W'z pairs in pp collisions, according to the

parton distributions of Set 2. Both intermediate bosons
must satisfy the rapidity cuts indicated. The wz0 yield 1is

identical.

0

Fig. 4-22: Mass spectrum of wiz pairs produced in pp collisions,

according to the parton distributions of Set 2. Both wt and

2% must satisfy |y| < 2.5.

0

Fig. 4-23: Mass spectrum of W'z pairs produced in p5 collisions,
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according to the parten distributions of Set 2. Both W' and
0

z° must satisfy |y| < 2.5. The W 20 yield is identical.
Lowest-order Feynman diagrams for the reaction qiai + z°z°.
Yield of Zozo pairs in pp collisions, according to the

parton distributions of Set 2. Both intermediate bosons
must satisfy the rapidity cuts indicated.

Yield of 2929 pairs in pp collisions, according to the
parton distributions of Set 2. Both intermediate bosons
must satisfy the rapidity cuts indicated.

Mass spectrum of ZozO palirs produced in pp collisions,
according to th# parton distributions of Set 2. Both 20's
must satisfy |y| < 2.5.

020 palrs produced 1Iin pp collisions,

according to the parton distributions of Set 2. Both 20's

Mass spectrum of Z

must satisfy [y| < 1.5.

Lowest~order Feynman diagrams for the reaction q15; > Wiy,
The total cross section for the reaction pp + wiy + anything
as a function of ¥S. The invariant mass of the W*Y pair is
more than 200 GeWc: Both WY and ¥ must satisfy |y| < 1.5 or
]y| < 2.5, as indicated. Set 2 of distributions was used.
The distribution in cos 8%, where 8* is the angle between
the photon and the beam in the WY ¢.m, frame for the process
PD Wiy + anything at /3 = 40 TeV. The transverse momentum
of the photon 18 restricted to be greater than 20 {dashed
1ine), 50 (dot-dashed line}, or 100 (dotted 1line) GeV/c.
Set 2 of distributions was used. |

Lowest-order Feynman diagrams for the reaction qiai + Yzo.
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The total cross section for the reaction pp + 2Y + anything
as a function of ¥s. The invariant mass of the ZY pair |is
more than 200 GeV. Both the Z and ¥ must satisfy |y] < 1.5
or |y| < 2.5, as indicated. Set 2 of distributions was
used,

The distribution in cos 6%, where 8* is the angle between
the photon and the beam in the ZY c.m. frame for the process
pp *ZY + anything at /3 = 40 TeV, The transverse momentum of
the photon 1is restricted to be greater than 20 (dashed
line), 50 (dot-dashed line), or 100 (dotted 1line) GeV/ec.
Set 2 of distriputions was used,.

Partial decay widths of the Higgs boson iInto intermediate
boson pairs versus the Higgs-boson mass. For this

2

illustration we have taken Mw = 82 GeV/c and

Mz = 93 GeV/c2.

Feynman diagram for the production of a Higgs boson in aq
collisions.,

Total cross section for Higgs boscn production by qa fusion
in pp collisions as a function of the Higgs boson mass at
/3 = 2, 10, 20, 40, 70, and 100 TeV, according to the parton
distributions bf Set 2.

Feynman diagram for the production of a ﬁiggs boson in
gluen-gluon fusion,

The function |n (¢)|? defined in eqns. (4.93), (4.94).
Integrated cross sections  for Higgs boson production by

gluon rusldn in pip collisiona, for m, = 30 GeV/c2 at /s =



Fig. 4-41:

 Fig,.

Fig.

Fig.

'Fig.

Fig. 4-46:

k-y2:

4-43:

-4y

4-45:

Iv-48

2, 10, 20, 40, 70, and 100 TeV, according to Set 2 of
distributions.
Integrated cross sections for Higgs boson production by

2 at /s.=

gluon fusion in pip collisions, for m, = T0 GeV/c
2, 10, 20, 40, 70, and 100 TeV, according to Set 2 of
distributions,

Differential cross sections for Higgs boson producticn by
gluon fusion in pip collisions at /s = 40 TeV. The top quark

2

mass is taken to be 30 GeV/¢c“, and the gluon distributions

of Set 2 are used. M, = 100, 300, 500, 700, 900 GeV/cZ.
Intermediate bdson fusion mechanism for  Higgs boson
formation.

Integrated cross sections for Higgs boson production by
intermediate boson fusion in pp collisiéns, according to the
parton distributions of Set 2.

Cross section for the reaction pp + (H*W'W™) + anything with
m, = 30 GeV/cz. according to the parton distributions of
Set 2, for YS = 40 TeV. The intermediate bosons must satisfy
[ywl < 2.5. The contributions of gluon fusion (dashed line,
eqn. (4.90)) and WW/ZZ fusion (dot-dashed line, egn. (4.96)
and (4.97)) are shown sepafately. Also shown (dotted line)

13 T, do(pp W W +X)/dM with |y | < 2.5 and M =M. (See

H
Fig. 4-16).

Cross section for the reacticn pp + (H+W+H-) + anything with

2

o, - 70 GeV/c™, according to the parton distributions of

Set 2, for Ys = 40 TeV. The intermediate bosons must satisfy
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IyH[ < 2.5. The contributions of gluon fusion (dashed line,
eqn. (4.90)) and WW/ZZ fusion (dot-dashed line, eqn. (4.96)
and (4.97)) are shown separately. Also shown (dotted line)
ts 1y do(pp+W W +X)/dM with |y, | < 2.5 and M =M. (See
Fig. 4-16).

Cross section for the reaction pp -+ (H+W+w-) + anything with

2, according to the parton distriputions of

mt = 30 GeV/c
Set 2, for YS = 40 TeV. The intermediate bosons must satisfy
lyH] < 1.5. The contributions of gluon fusion {dashed 1line,
eqﬁ. (4.90)) and WW/ZZ fuslion (dot-dashed line, eqn. (4.96)
and (4.97)) aresshown separately. Also shown (dotted line)
s 1y do{pp>W W +X)/dM with |ygl < 1.5 and M =My, (See
Fig. 4-16).

Cross section for the reaction pp -+ (H*W+W‘) + anything with
m - 30 GeV/cz, aﬁcording to the parton distributions of
Set 2, for vs = 10 TeV. The intermediate bosons must satisfy
|yl < 2.5. The contributions of gluon fusion (dashed line,
eqn. (4.90)) and WW/ZZ fusion (dot-dashed line, eqn. (4.96)
and (4.97)) are shown separately. Also shown (dotted 1line)
is T

H
Fig. 4~16).

do{ppW W +X)/dM with |yyl < 2.5 and M =M,, (See

Crcss section for the reaction pp + (H+ZZ) + anything with
@, = .30 GeV/ca, acecording te the parton distributions of
Set 2, for /3 = 40 TeV. The intermediate bosons must satisfy
lyz] < 2.5. The contribution of gluon fusion (dashed 1line)

and ZZ/WW fusion (dot-dashed 1line) are shown separately.
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Also shown (dotted line) is Ty do(pp~ZZ+X)/dM  with
[vz| < 2.5 and M=M.

"Discovery limit" of M. as a function of ¥s in pp + (HoW' W)
+ anything for integrated luminosities of 1032, 1039,
1040 em 2, according to the criteria explained in the text.
Cross section for the reaction pp + (H+tt) + anything as a
function of MH with m, = 30 GeV/cz, according to the parton
distributions of Set 2 at s = 2, 10, 20, 40, 70, and
100 TeV. The t and t must satisfy Iyt[ < 1.5.

Mass spectrum of tt palrs produced in proton-proton
collisions, accérding to the parton distributions of Set 2,
The rapidity of each produced quark 1is constrained to
satisfy |y | < 1.5.

Integrated ‘eroas sections for associaﬁed HwE production in
pp collisiona, according to the parton distributions of
Set 2.

Integrated cross sections for associated HWt production 1in
pp collisions, according to the parton distributions of
Set 2.

Integrated cross sections for associated HZ production in pp
collisions, aécording to the parton distributions of Set 2.

Integrated cross sections for associated HZ production in Bp

collisions, according to the parton distributions of Set 2.
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V. Minimal Extensions of the Standard Model

In this Section we discuss the production rates and experimental
signatures of new quarks, leptons, and intermediate bosons that may
arise in straightforward generalizations of the minimal SU(2)LQU(1)Y
electroweak theory for three fermion generations. The new quarks and
leptons we shall consider are '"sequential™ replicas of the known
fermions, The generalization (o exotiec color charges or electroweak
quantum numbers 13 elementary, and need not be treated explicitly.
Additional gauge bosons beyond wE and ZO arise in many theories based on
expanded gauge groups. We ;hall deal with representative examples,

One minimal extension of the standard model that we shall not
consider here Iin detail 1s the enlargement of the Higgs sector to
include more than a single complex doublet. This would imply the
exlstence of charged physidal Higgs scalars HY as well as additional
neutrals Ho'. If the masses of these particles were less than about
L0 GeV/cz, the problem of producing and detecting them would be very
similar to that of the light techniplions discussed in See, VI.C,D. For
neutral Higgs bosons with M(HO') 2 ZMW, the search for structure in the
W'W and ZOZO channels, described for the conventional Higgs boscen In
Sec, IV.D, 1s appropriate. The production and deéection of heavy
charged Higgs bosons 1s more problematical. These cannot be produced in

0, because the H1H+Z° coupling is forbidden for

association with W¥ or Z
physical Higgs scalars that belong to weak-isospin doublets. Unless the
u* coupling to light quarks is unexpectedly large, the rate for aq' o

will be negligible. The reaction gg+H+H- via a quark loop will also
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ocecur at a tiny rate unless there are very heavy quarks in the loop. A
production mechanism which does not entail small (Yukawa) couplings is

the Drell-Yan process,

ii—a’f—) HYH™, (s.1)

The cross section, including the contribution of the direct-channel
20-pole, is given by (4.3)-(4.12), with the factor ef in (4.7) replaced
by (Lane, 1982)
et £ - 2L o)
4 2x,,(1-xw)ﬂm- M3 )+ M, r'] (5.2)
M(‘l-bw)"(lq_
T 1oxE (- P[0 -n,)m, n’

with the chiral couplings Lq and Rq given by (4.16), and

p=N1-4M I/ (5.3)

Thus the cross section approaches 1/U4 the lepton¥pair cross sectlion for

high pair masses, modulo the differences in the neutral-current
contribution to (5.2) and (4.14). Yields may be Jjudged from Fig, 4-2
and Eq. (4.22). The most prominent .decay of Ht will be into a pair of
hadron Jets,” The signature is similar to that for the pair production

of techniplons, which is addressed in Sec. VI.E.
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A. Pair Production of Heavy Quarks

Because we do not understand the pattern of fermion generations or
masses, we must be alert to the possible existence of new flavors. We
shall analyze the case in which new quarks occur In sequential SU(2)L
doublets of color triplets, and specifically the case of quarks heavier
than the intermediate boson.

Little can be said on general theoretical grounds about the masses
of new flavors, but interesting constraints arise from consistency
requirements and from phegomenological relationships. Imposing the
requirement that partial-wave unitarity be respected at tree-level in
the reactions

&J* -

— 7° (5.4)
FF — }:,

TNME

where F denotes a heavy fermion, leads to restrictions on the heavy
fermion masses MF' which set the scale (GFM§/2)1/2 of the HFF couplings
(Veltman 1977b; Chanowitz, Furman, and Hinchliffe, 1979). For a new

doublet [g) of heavy quarks, this amcunts to
IM,-M | € 550 Gev/e? (5.5)

o
while for a new lepton doublet (N ), it is
L

\ML_MN“s 1 TCV/C" (5‘5)

The difference between quark and lepton inequalities is due to color

factors.
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Heavy fermion loops contribute to the rencrmalization of low-energy

observables sauch as

My GeMe Ne (5.7)
$= MeQom) B TN

where Nc ia the number of cclors of the heavy fermion F, The

i

approximate form {5.7) holds when the mass of fermion F 1is large
compared to the mass the mass of Its SU(Z)L partner. A recent
compilation (Marciano and Sirlin, 1983) of neutral-current cross section

measurements ylelds the value

g’= 1.02% 0.02 (5.8)

This suggests the bounds
M, £ 620 GeVic? - (59)
for a charged sequential lepton accompanied by a massless neutrino, and
IHJ'-H;'\%' £ 350 Qevle* (5.10)

for the mass splitting within a new quark doublet. Interesting bounds
in the context of unified theories have been derived by Cabibbo, et al.
(1979).

The principal decays of heavy fermions will involve the emission of
a real W-boson. If M M, (as suggested by the (:] and (;] generations),

we anticipate
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7__1/34- W+ (s.11a)
v— or
D + W~ (s.11b)
and '
+2/3 -

D — g +W | (5.12)
for the quarks, and
L= N°+WwW™ (5.13)

for the heavy lepton. In a theory with an expanded Higgs sector, decays
such as U+D+H" may compete favorably with W-emission. We shall not
consider these potentially interesting charged Higgs modes any further.
We now turn to estimates of the production cross sections In pip
collisiona. In contrast to the ¢- and b—-quarks, which were signalled by
the dilepton decays of the w/J(cE) and T(bb) states, the existence of a

heavy quark Q will not be signalled by the chain

F’P — 35‘., (QQ) + amff'hinj (5.14)
Lo 414~
because the weak decay rate Cfor the jLnstituents Q,Q (« Mg) greatly
exceeds the leptonié decay rate of heavy quarkonium (« MQ). Therefore we
must rely on inclusive Q§ production,
In lowest contributing order in the strong Interactions, the

elementary reactions leading to the Q@ final state are

95 — Q8 (5.15)

and



93 — 849, (5.16)

for which the Feynman graphs appear in Figs. 3-5 and 3-2. The gluon -

fusion cross section is (Combridge, 1979)

do'(gg—’QQ)_ 3§7-{ 6 (t-ﬂq)(u-Mq)

'S
£ (B-M3)(5-M3)-2Ma(B+Ma) , 3(E-Mg)(a- _Ma)+Ma (5-£),
3 (t-Ma)* 3(t-M3) y
C o a[teru] - Ma(8-4Mq) CAL
' Z(E-Mg (X-Mi)

In numerical calculations, we evaluate the strong coupling constant ey

at Qz-uﬂg The cross section for QQ production in qq annihilations is
iﬁﬂ—»ea) 4%[&-”1)#&-”«) sanis], (549)
at

3‘1

If the proton acquires its QQ content perturbatively, in the manner

described in Sec. IIL.B, the reaction
3Q—b%Q (5.19)

will occur with a negligible cross section. We shall therefore not
include diffractive production of heavy flavors. We are open to the
possibility that diffraction is an important mechanism, although it may
lie outside the realm of perturbative QCD. For a recent discussion of
the production of a fourth quark generation in the context of a specifle
model for the diffractive component, see Barger, et al. (1984).

The integrated cross sections for the reactions ptp+Qa+anyth1ng,

evaluated using the parton distributions ‘of Set 2, are shown as

functions of the heavy quark mass HQ in Fig. 5-1. The  parton
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distributions of Set 1 lead to cross sections which are smaller by 10 to
20% over the range of interest, Proton-antiproton collisions enjoy a

competitive advantage only for
C2Mg /s 2 04y (s.20)

Exploitation of‘this advantage requires high luminosities,

To better determine the detectability of the heavy quark pairs, we
plot in Fig 5-2 the cross section for production of heavy quarks in the
rapidity interval |y|<1.5. Since QQ production is dominated by gluon
fusion, the pp and Ep crois sections are approximately equal except at
very large values of 3, wherq&there are very few events,

The signature for heavy quark pairs will be events containing two
W-bosons and two quark Jets. This should be relatively free of
con#entional backgrounds. Typically the mobility of products in the
decays (5.11) ‘and (5.12) will be approximately one unit of rapidity.
The same is true for the products of intermediate boson decay,

wt — 2 (5.21)
v

Consequently, all the ultimate products of heavy quarks produced with
|y|<1.5 should be contained in a detector with angular coverage down to
20,

To assess the capablilities of various colliders, we define an
obser*able cross section to be one that yields.at least fifty detected
QQ pairs in a run of 10T sec. [This could well be an unnecessarily

stringent criterion; it may suffice in practice to impose a topology cut

and to reconstruct one heavy quark per event.] The maximum quark mass
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that can be reached in a collider of glven energy and luminosity depends
sensitively upon the efficiency € for Iidentifying and measuring the
products, Note, for example, that if the intermediate boson can be
identifled only in its electronic and muonic decays, the efficiency
cannot exceed -~15% per heavy gquark, or -2% per QQ pair. Bearing these
numbers in mind, we plot in Fig. 5f3 the maximum quark masses accessible

for apecified values of the effective integrated luminosity
Lys = £[dt & (5.22)

in either pp or Ep eollisions. Again there is little difference between
’
pp and pp collisions in the regime of potential experimental interest.
If the mass difference between members of a heavy quark doublet s

large,
Pﬂ\,-' r1t> b ¥1Vq ) (E;fZESJ

then the decay chain
+
U—> D+ W
1,3 Lt
L"Z. + W

will lead to a signature of W'W W'W + 2 jets for the production of UD

(5.24)

pairs. This sort of possibility emphasizes the benefits to be derived
from the ability to identify intermedlate boscna with high efficiency.
If the U-D mass difference is indeed large, a favorable production

mechanism for the heavier partner may be
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F* p—* W:-,M, + a.nj*hinj

— (5.25
uD %

P
which leads to a final state containing three Intermediate bosons and
two Jets. Monte Carlo studles of specific examples should be quite

revealing.

B. Pair Production of Heavy Leptons

We next consider the pair production of charged sequential leptons

(L*L™). We assume that
”L—MN > Mw 9 cS.%)

0

and that the neutral lepton N~ is effectively stable and noninteracting.

0 is essentlially

This includes the most conventional case in which N
massless.

The bair production of charged heavy leptons proceeds by the
Drell-Yan (1970, 1971) mechanism reviewed in Sec. IV.A. As noted there,
the differential and total cross sections are given by Eqs. (4.3),
(4.11) and (4.12) times the kinematic  suppression factor
(1-#M§/02)1/2(1+2M§/02), where ¥Q° is the invariant mass of the palr.

We show in Fig. 5-4 the cross section

de dr
—— — clﬁwq
% ly=o J aM dyly=o

for the production of heavy lepton pairs in the reaction

(5.2%)




Pp — LY+ anything (5.28)

as a function of the lepton mass ML. The same quantity is shown for Ep
collisions in Fig. 5-%5. At large lepton masaes, Ep enjoys a
conslderable advantage over pp 1n the production rate. Whether this can
be exploited depends upon backgrounds in the twe cases and the number of
events required to establish a signal.

One may search for a heavy lepton (L+L-) signal in two ways: by
observing an exceas in the W production rate, or by selecting events
in which W'w™ appear on opposite sides of the beam, with transverse
momenta that do not balanc;; For the first case, the conventional whw™
pair production treated in Sec. IV.C.2 presents a severe background.
Comparison of the rates for the conventional electroweak process shown
in Figs. 4-15 through 4-18 with the rates implied by Figs. 5-4 and 5-5
shows that if this signal can be used, a large number of events will be
required to establish an effect, This means that only modest lepton
ma3ses (0(100 GeV/cz)) are likely ¢to be accessible. A realistic
simulation will be required to make any precilse statement,

The unbalanced transverse momentum signature relies on the fact

that in the sequence
P*P — LY+ a,m"H'\inﬂ

I—,l_’ WENS (5:29)
wt+ N°

the heavy leptons may emit the decay products out of the production
plane. If both W and W are emitted up, for example, the event will

have a large Iimbalance in visible p , because the neutral leptons NO

L



will go undetected, This topology should be both characteristic and
free of conventional background. Evidently the wE must be detected in
nonleptonic channels. To assess the utility of this signature requires
a Monte Carlo calculation. The following rough exercise will serve to
show why a detailed simulation might be interesting and worthwhile.

We assume, as in the discussion of heavy quarks in Sec. V.B, that
the ultimate decay products of heavy leptons produced in the rapidity
interval ~1.5 < y < 1.5 will be captured in a standard "4x™ collider
detector, Some fraction of these will survive the topological cut
imposed by the requirement ?r significant tranaverse momentum imbalance.
A reasonable guess for this fraction is 1/6. The maximum lepton mass
for ﬁhich 25 such events will be detected is shown for various values of
effective 1luminosity in Fig. 5-6. For effective lumincsities in the
range of 1038-1039 cmz, which correspond to thinkable combinations of
| detection efficiency and collider luminosity, a 40 TeV collider would be
senaltive to heavy leptons with masses up to 250 GeV/cz. This
possibility deserves more serious study. 7

Another mechanism for the production of heavy leptons 1i1s the

reaction
P*P — L*N® + an'-[ﬂ'\inj) : (5.30)

which proceeds by the elementary process
985 = Wi = LUN°. (531)

virtua

The differential cross section is



d&}" _ ta?|U;; ] (a-Mg )(u'"u) (5.32)
dt 12x2 8% (5-M2Y+ME Iy

where UiJ is an element of the Kobayashi and Maskawa (1973) quark mixing

matrix, and the total cross section is

2 2
n o Tl pS [1+Ef_(_,‘_¢”u‘"z) >

) . (§-M M5 3 s
48 x5 $-MZY+ My Iy 5.33)
with
3 (N 2._ T\ '/‘l—
b (1o oS (T s

We show in Fig. 5-T7 the cross section

du-\ SJ" A (5.35)
_&q'\.\u-o ‘1 '1"'0

for the production of (L*NO) pairs in pp collisions as a functlon of the
heavy lepton mass M . The same quantity is shown for pp collisions in

Fig. 5-8. In these examples, we have assumed the mass of the neutral
partner N0 to be negligible. The ylelds are considerably larger, for a
glven value of BL’ than those for L+L* pairs, Dbecause of the

acceasibility of lower L*No

pair masses. For large values of ML' Bp
collisions display the familiar advantage of valence quark - valence
antiquark collisions.

To estiméte the discovery reach of high-energy colliders, we

determine the effective luminosity required to establish a 50 excess of
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1¥N° (5.36)

final states, in which the neutral leptons escape undetected. For this
purpcse, we compare the yleld of LiNO events in the rapidity interval

-1.5 <y < 1.5 with the background from the process

— wFz®
PP Ly o5 (5.37)

where the gauge bosons both lie in the rapidity interval -2.5 < y < 2.5.
The 1larger bin for the background is chosen to match the moblility of wE
from L¥ decay. '

We show in Fig. 5-9 the maximum lepton mass for which a 50 excess
can be established for various values of effective luminosity. As
usual, these effective lumincsities must be divided by the efficiency o
for ﬁ detection to obtain the collider 1luminosity, For effective
luminosities in the range 1038 - 1039 cm-z, the reach in ML is typically

0

two times as large in the LN channel as in the L'L” channel,

C. New Electroweak Gauge Bosons

A number of proposals have been advanced for enlarging tha
electroweak gauge group beyond the SU(2)LQU(1)Y of the standard model.
One class contains the "left-right symmetric" models (Pati and Salam,
1974; Mohapatra and Patl, 1975; Mohapatra and Senjanovic, 1981;

Mohapatra, 1983) based on the gauge group
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Sulz) ® SV(2), @ U(ﬂ\{ , (S.38)

which restore parity invariance at high energies. Other models, notably
the electroweak sector derived from the S0(10Q) unified theory, exhibit
additional U(1) invariances., These will contain extra neutral géuge
bosons, A general discussion was glven by Georgl and Welnberg (1978).
Prospects for detecting a second z° have been analyzed recently by Leung
and Rosner (1983).

All of these models have new gauge coupling constants which are of
the order of the SU(Z)L coupling constant of the standard model. They
imply the existence of new ;auge bosons with masses of a few hundred
GeV/c2 or .more. In most {interesting models, these new gauge bcsons
decay to the ordinary quarks and leptons (perhaps augmented by
right~handed neutrinos). Roughly speaking, the decay rates of a W' will
correspond to those of the familiar W, times MW'/MH‘ The heavier gauge
bosons will therefore also be relatively narrow and prominent objects.
To obtain a reascnable estimate of the cross sections for the production
of additional W or Z bosons, we assume that the new bosons have the same
gauge couplings to light leptons and quarks as do the familiar w* and
20, |

The differential and total cross sectiona for W'i' production are
then .given by (4.35) and (#.37) times M%/M%,, and with the scaling
variable T-Ms,/s. We show in Figs. 5-10 and 5-11 the cross sections for
. W't and W' produced in pp and Ep collisions in the rapidity interval

=1.5 € Yigr < 1.5. At the largest masses, this restriction does not

appreciably reduce the yield. As we have seen In other similar



circumstances, the advantage of Ep collisions over pp collisions becomes
significant for ¥t 2 0.1.

There are two possibilities for detection: the leptonic decay modes

¢ (5.37)
BV

which occur with branchling ratios

Clw'= 29)/ Clw'> al) = 1f4ng ,  (5:40)

W —

where ng i3 the number of fermion generations; or the nonleptonic decays
/ ’
W= 'ngt + aat (5.41)
for which the bréncning ratio is

P(w'=> jebr 6t)/ Tlw'soll) = ¥4, (542)

In the case of the wt and Z0

of the Welinberg-Salam model, the QCD
two-jet background 1s about an order of magnitude larger than the
expected signal. Whether this circumstance continues for Intermediate
bosona 1in the 'I'eWc2 regime depends, inter alia, upon the two-jet mass
resolution that can be achieved. This is another question that Is well
suited for detailed aimulations.

We adopt as a discovery criterion the requirement that 1000 gauge
bosons be produced in the rapidity interval [yH,[<1.5. Unless the
branching ratio for leptonic decay is much smaller than for the ordlnary
wt . - this should

allow the establishment of a convincing signal in either the electron

channel or the mucn channel. The resulting discovery limits are shown



in Fig. 5-12. The larger production rate for heavy gauge bosons in PP
collisions makes 1tself apparent for integrated luminosities in exceas
of about 1039 cm_z. For example, a 40 TeV pp collider can reach masses
of 2.3, U4.,1 and 6.5 TeV/c2 for integrated luminosities of 1038, 1039,
and 10”0 cm—z. A Bp machine of the same energy can attain 2.4, 4.7, and
8.0 Tev/c2.

The situation is rather similar for the production and detection of
neutral gauge bosons. In this case we estimate the differential and
integrated cross sec@ions from Eqs. (4.39) and (4.41) times M%/Mg,, with
the scaling varlable T-Hz? /s. The resulting cross sections for z0:
production in the rapidity interval |y,,|<1.5 in pp and pp collisions
are shown in Figs. 5-13 and 5-14, Again, the advantagé of pp collisions
is significant only for vt 2 0.1.

For a neutral gauge boson with couplings identical to those of the

standard model ZO, the leptonic decays

o/ Ef*e;- ‘
each occur with branching fraction

A2~ 2/ T >all)= 9% /ng,  (544)

where ng is the number of fermion generations. The branching ratio for

the nonleptonic decays
2 — Je‘h Jd: (5.45)

is
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P2 jet+jet)/ Tz al)) = 3/4. (5.46)

As for the W'*, we regard 1000 neutral gauge bosons produced in
]yz,[<1.5 as the minimum number required for discovery. The discovery
limits implied by this requirement are displayed In Fig. 5-12. Once
again, the advantage of Ep collisions 1in qa luminosity becomes apparent
for integrated luminosities greater than 1039 em™2. At 10 TeV, a pp
collider can reach 1.7, 3.3, and 5.5 'I'eV/c2 for integrated luminosities
of 1038,1039, and 10”0 cm-z, whereas a Ep collider can reach 1.9, 3.8,
and 7.1 TeV/cz. We may expedt the same relative performance whatever the
precisg structure of the ZO; couplings to light fermions, 3o long as

they are of universal (gauge) strength.

D. Summary

We have already given an assessment of the capabllities of
multi-TeV colliders for the discovery of new quarks, leptons, and gauge
bosons in Figs. 5-3, 5-6, 5-9, 5-12 and 5-15. Roughly speaking, the

2 2

discovery 1limits lie in the range 1-2 TeV/c“ for quarks, 0.1-0.7 TeV/c

for sequential charged leptons, and 4-5 TeV/02

for new gauge besons, for
colliders with c¢.m. energies and luminosities of the magnitudes being
contemplated. Within ¢the range of colliﬁer parameters  under
consideration, the reach of a 40 TeV collider i3 about twice that of a

10 TeV collider at the same luminosity. Increasing the collider energy

‘to 100 TeV extends its reach by a factor of about 1.5 over that of the



40 TeV machine, These gains are somewhat smaller at low luminosities,
and somewhat larger at high lIuminosities. For the minimal extensions we
have discussed, a Bp machine holds little advantage 1in production rates
over a pp machine of the same energy and luminosity. More complicated
comparisons, such as the physics tradeoff between a pp machine of given
energy and luﬁinosity versus a Ep machine of higher energy but lower
luminosity can be drawn from the summary Figs. 5-3, 5-6, 5-9, 5-12,
5-15. Not for the last time, we note that there are significant
benefits attached to detecting intermediate bosons in their nonleptonic
modes. Detailed studies of the cbservability of heavy leptons Iin the

L
final state

WH¥W™ + missing  p, (5.47)

and of new gauge bosons in the 2-jet channel are required,. For the
leptonic decays of very massive H'*, the consequences of the expected

charge asymmetry (see, e.g., Rosner, et al., 1984) are worth pursuing.
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Fig. 5-5:
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FIGURE CAPTIONS

Integrated cross sections for pair production of heavy
quarks in proton-proton (solid lines) and proton-antiproton
(dashed linea) collisions according te the parton
distributions of Set 2, at ¥Ys = 2, 10, 20, 4o, 70, and
100 TeV.

Integrated cross sections for pair production of heavy
quarks satisfying ]yQI, |ya1, < 1.5 in proton-proton (solid
lines) and proton-antiproton (dashed lines} collisions,
according to t;e parton distributions of Set 2.

Maximum quark mass MQ accessible in pp (solid lines) and op
(daéhed lines) collisions for specified values of the
effective luminosity. Both quark and antiquark are
restricted to lyl < 1.5. The actual collider luminosity
required will be larger by a factor of 1/(efficiency for
identification and measurement of the final state).

Cross section du/dyly_o for the production of (2*47) heavy
lepton pairs in pp collisions. The contributions of both ¥
and Z0 Intermediate states are included, and the
calculation 1s carried out using the parton distributions
of Set 2.

Cross sect;on do/dy]y_0 for the producticn of (2+£“) heavy
lepton pairs in Ep collisions, Calculational detalls are
as for Fig. 5-4.

Maximum charged lepton mass ML accessible in L+L-



Fig. 5-T:

Fig. 5-8:

Fig. 5-9:

Fig. 5-10:

Fig. 5-11:

Fig. 5-12:
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production 1in pp (solid lines) and pp (dashed lines)
collisions for specified values of the effective
luminosity. The actual ccllider luminosity required will
be larger by a factor of 1/(efficiency for Identification
and measurement of the final state).

Cross section do/dy|y_0 for the production of (LtNo) pairs
in pp collisions, The N0 is assumed to be massless, and
the parton distributions are those of Set 2.

Cross section do/dyly_o for the production of (LiNO)

pairs
in Ep collisions. Calculational detalls are as in
Fig. 5-7. ’

Maximum charged lepton mass ML accessible in LtNO
production in pp (solid lines) and pp (dashed lines) for
specified values of the effective luminosity. The actual
collider luminosity required will be larger by a factor of
1/{efficiency for the identification and measurement of the
final state).

Integrated cross sections for the production of Wt (s0lid
lines) or W' (dashed lines) with rapidities [¥ye] < 1.5 in
proton-proton collisions, according to the parton
distributions of Set 2, at s = 2, 10, 20, 40, 70, and
100 TeV.

Integrated cross sections for the production of Wt oor WO
with rapidities [yw,| < 1.5 in proten-antiproton
collisions, according to the parton distributions of Set 2.

Maximum masa of a new charged intermediate boson for which



Fig. 5-13:

Fig. 5-14:

Fig. 5-15:
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103 events are produced with IYW'I < 1.5 at the stated
integrated luminosities in proton-proton collisions (solid
lines) and in proton-antiproton collisions {dashed lines).
Integrated cross sections for the production of ZO' with
rapldity ]yz,[ < 1.5 in proton-proton collisions, according
to the parton distributions of Set 2.

Integrated oroas sections for the production of ZO' with
rapidity |y,,| < 1.5 in proton-antiproton collisions,
according to the parton dlstributions of Set 2,

Maximum mass of a new neutral intermediate boson for which
103 events afe produced with ]yz,| < 1.5 at the stated
integrated luminosities in proton-proton collisions (solid

lines) and in proton-antiproton collisions (dashed lines).
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VI

VI. TECHNICOLOR
A. Motivation

In the standard ele;:troweqk model, the SU(2), @ U(1), local gauge symmetry
is spontaneausly broken to U(1)g,, thfough'the medium of auxiliary, elementary
scalar fields known as Higgs bosons. The self-interactions of the Higgs scalars select
a vacuum, or minimum energy state, which does not manifest the full gauge
symmetry of the Lagrangian. In so doing, they endow the gauge bosons and the
elementary fermions of the thedry with masses. Indeed, three of the four auxiliax;y
scalars introduced in the minimal model become the longitudinal_components of W+,
W-, and Z°. The fourth emerges as the physicai Higgs boson, which has been the
object of our attention in §W. D.

In spite of, or indeed because of, the phenomenological successes of the
standard model, the elementary-scalar solution to spontaneous symmetry breaking
may be criticized as arbitrary, ambiguous, or even (Wilson, 1971) theoretically
inconsistent. The principal objections concern the multitude of arbitrary parameters
associated with the Higgs potential and the Yukawa couplings that generate
fermion masses, and the instability of the masses of elementary scalars in
interacting field theory. - One hopes for a better, more restrictive selution, with
greater predictive power.

A promising approach is suggested by another manifestation of spontaneous
symmetry breaking in Nature, the superconducting phase transition. The
macroscopi¢ Ginzburg-Landau (1950) order parameter which acquires a nonzero
vacuum- expectation value in the superconducting state corresponds to the wave

function of supercinducting charges. In the microscopic Bardeen-Cooper-Schrieffer
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(1962) theory, the dynamical origin of the order parameter is identified with the
formation of bound states of elementary fermions, the Cooper pairs of electrons. The
hope of the general approach known as dynamical symmetry breaking Fl is that the
dynamics of the fundamental gauge interactions will generate scalar bound states,
and tl:_lat these will assume the role heretofore assigned to the Higgs fields.

Could this occur for the electroweak fheory without the introduction of any new
interactions or fundamental constituents? It is quite instructive to see how QCD
may act to hide the SU(2), ® U(l), gauge éymmetry. Consider the conventional
SUB)
and assume that the electroweak sector may be treated as a perturbation. The QCD

wior D SU(2), ® U(l)y gauge theory applied to massless up and down quarks,
Lagrangian has an exact chiral SU(2), ® SU(2), symmetry.

It is generally supposed that tk:e strong color forces spontaneously break the -
chiral symmetry SU(2), ® SU(2); - SU(2). As usual, the spontaneous breaking of a
global continuous symmetry is accompanied by the appearance of n;assless
Goldstone bosons, one for each broken generator of the global symmetry. In the case
at hand, these are the three pmns ['We attribute their nonzero masses in the real
world to small quark masses in the Lagrangian.] The electroweal gauge bosons
couple to broken generators of the chiral SU(2), ® SU(2), symmetry group. These
broken generators correspond to axial currents whose coupling -to the pions is

measured by the pion decay constant £ . Consequently the electroweak gauge bosons

Fl1 A convenient summary and reprint collection appears in Farhi and Jackiw

(1982).
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acquire masses of order gf , where g is the goupling constant of the SU(2), gauge
symmetry. The massless pions disappear from the physical spectrum, having
become the longitudinal components of W*, W-, and Z°. _

This is summarized by a mass matrix (Weinstein, 1973; Weinberg, 197 9a;

Susskind, 1979)

0
%”

HEEE N A
0

6.1)
in which rows and columns are labeled by the SU(2), and U(1), gauge bosons (W,
W-, We, B), and g/2 is the coupling constant for the weak-hypercharge group U(L)y.
The mass matrix of the conventional Weinberg-Salam theory has precisely the form

of (6.1), with f ~ 93 MeV replaced by the vacuum expectation value

-i/2
v= (GN2) = 24% GeV.
_ (6.2)
The spectrum of physical gauge bosons therefore includes the massless photon and

the neutral intermediate boson Z°, with
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M: = (%"-&ﬁ")ﬁ: /4,

(6.3)
as well as the charged intermediate bosons W*, with
A 2 ¢
Mw = q '31& /4.
(6.4)
The conventional mass ratio
z - .2 - i
ML /MG = (% + l")/‘3 = 4/c0s*0,
S (6.5)
is preserved, but the masses themselves,
: 3
M,, =30 MeVie?,
M, = 34 Meviet,
(6.6)
are scaled down by a factor
§c v 1/2650.
6.7

The chiral symmetry breaking of QCD thus cannot be the source of electroweak
symmetry breaking. Let us also note that one of the tasks of the Higgs scalars, the
generation of fermiqn (including lepton) masses, is not addressed at all by this
mechanism., - -

Although this simplest implementation of dynamical symmetry breaking does
not succeed, it points the way to more realistic models. One natural response to the
quantitative failure of the scheme described above is to postulate a-new set of
elementary fermions with interactions governed by a new strong-interaction gauge
group. The term technicolor has come to stand both for this styie of dynamical
symmetry breaking and for the specific gauge group underlying the new dynamiecs.
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In the next subsection (VI.B) we introduce the minimal technicolor model of
Weinberg (1976, 1979) and Susskind (1979). This model shows how the generation of
intermediate boson masses could arise without fundamental scalars or unnatural
adjustments of parameters. However, it offers no explanation for the origin of quark
and lepton masses.

We introduce in §VI.C a non-minimal “extended technicolor” model due to
Farhi and Susskind (1979) which shows how fermion masses might realistically be
generated. Although this model is not rich enough to describe the real world, it has
many observable consequences which would have to be present in any complete
model of this type. . |

Sections VI.D and E are devot;ed to some of the prominent experimental
signatures for technicolor. There we discuss specifically the production and
detection of single technihadrons (VI.D) and of technihadron pairs (VI.E). A
summary of collider capabiiit:ies isgivenin §VLF,

Additional background material on technicolor, its phenomenology, and
comparison with models i_nvolving.elementary scalars may be found in thé reviews

by’Farhi and Susskind (1981}, Lane (1982), and Kaul (1983).

B. The Minimal Technicolor Model

e ——— s — % TR - 7 ——— . AR A s e v

‘The minimal model of Weinberg (5%, 19%a) and Susskind (1979) is built of a
chiral doublet of massless technifermions U and D which are taken for simplicity to
.he color singlets. Under the technicolor gauge group Gy, the 'technifermions
transform according to a complex representation. It is convenient for illustrative
purposes to choose G, = SU(N)YI;C, and to assign the technifermions to the
fundamental N representation. With these assignments the technicolor, or TC,
Lagrangian exhihits an exact chiral SU(2),® SU(2); symmetry. At an energy scale
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of order A, = O(1 TeV), the technicolor interactions become strong and the chiral
symmetry is spontaneously broken down to (vector) SU(2), the isospin group of the
technifermions. |

As a consequence of the spontaneous symmetry breaking, three Goldstone
bosons appear. These are the massless technipions, JPC = 0% isovector states
designated m,*, 0, 7.

The couplings of the technifermions to the electroweak gauge bosons are

specified by the conventional SU(2), ® U(1), assignments, namely a single left-
handed weak-isospin doublet

O,
\D L (6.8)

’

with weak hypercharge
=0 '
YLQL) ) (6.9)
and tworight-handed weak-isospin singlets
Ueg. D
R, "% (6.10)
with weak hypercharge
Yiug) =4,
(o) = (6.11)
With these assignments, the technifermion charges are given by the Gell-Mann-
~ Nishijima formula
=1, +5Y
-3 2 | (6.12)

as
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Qlu)=1/z. \
QM =-Al2 }

(6.13)

and the electroweak sector is free of anomalies.

If the technicolor scale Ap is chosen so that the technipion decay constantis

.1Iz

= (G.47)
(6.14)
then after the electroweak interaction is turned on, the W* and Z® will acquire the

canonical masses

2 03/ = s
M“ /46&'Ji' M/GF SWN ?w > (6.15)

M: = M,: / Cﬂszew_.

(6.16)
The massless techmplons chsappear from the physical spectrum having assumed the
role of the longitudinal components of the intermediate bosons.
Knowing the spectrum of ordinary hadrons, and attributing its character to

QCD, we may infer the remaining spectrum of technihadrons. It will include

® an isotopic triplet of JFC = 1~ technirhos, p.*, oy’ 07, With M(py) =

O(1 TeV/e?;

®an isogpalar JPC = 1=~ techniomega, u, with M(u) = O(1 TeV/ic?);

¢an isos;:alar pseudoscalar technieta, np, with M(n,) = O(1 TeV/c%;

® an isoscalar JPC = 0** technisigma, ¢, with M(a) = O(1 TeV/c?),
plus other massive scalars, axial vectors, and tensors. The o is the analog of the
physical Higgs scalar in the Weinberg-Salam model. In addition to these (TT)
technimesons, there will be a rich spectrum of (TV) technibaryons. Some of these
might well be stable against decay, within technicolor.
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In the absence of coupling to the electroweak sector, this techniworld mimics
the QCD spectrum with two quark flavors. Large N arguments for the mass and
width of the t_eéhnirho (Dimopoulos, 1980; Dimopoulos, Raby, and Kane, 1981), give
the estimates

Alq | Iz 8
. [3\" (3
Mg = mg)i. =) = QT )Ty

N
(6.17)

F(gr? e, ) = Mg~ um)%)(%(%) (1 ~4Min)/ M(g)’ )-311.
3\32
= (05 TV

and

_ (6.18)
where the technipion mass has been neglected compared to M(pp). For the popular
choice N = 4, we find

Mlg) = 1.3%F Tevic?,

Cloyrm ) = 325 GeV.

(6.19)
The techniomega is expected to have approximately the same mass as the technirho,
and to decay principally into three technipions.

We have already remarked that this minimal techicolor mbdel' does not account
for the masses of the ordinary fermions. This shortcoming may be remedied by the
extended technicolor strategy (Dimopoulos and Susskind, 1979; Eichten and Lane,
1980) to be explained below. Since the additional complication of extended
technicolor is of little observational import in the framework of the minimal model,

we shall not discuss it further in this context.
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In hadron-hadron collisions, the technifermions of the minimal model will be
pair-produced by electroweak processes. One possible experimental signature is the
creation of stable technibaryons, which for odd values of N would carry half-integer
charges, We are not confident in estimating the production rate for these states,
except to note that it cannot exceed the averall rate of technifermion pair production,
which will be minuscule - of order the Drell-Yan cross section. The signature is-
nevertheless an important one to bear in mind.

Less dependent on details, and thus more characteristic of the minimal
technicolor scheme, are the expected modifications to electroweak processes in the
1 TeV regime. The most prominent of these are the contributions of the s-channel
technirho to the pair production of gauge bosons. Because of the strong coupling of
technirhos to paﬁif;ﬁ.ﬁc‘)f_ longitudinal W’s or Z’s (the erstwhile technipions), the

processes (Susskind, 1979)

6T~ (For 2> 02 — WSwW, (6.20)

and

i;{- o w*-—pf_f -y w,*z, )

3

folar\‘t&%\a‘p\ (6.21)

where the subscript 0 denotes longitudina]zl will lead to significant enhancements in

the pair-production cross sections.

Including the s-channel technirho enhancement, the differential cross sections

+_ - - . -
for production of W W and W*ZO‘ are given by (4.48) for W+W » Wwith

—-— e
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(6.22)
in (4.49), and by (4.60) for WZ, with
4+
(9-8x.) = May +  8(1-%w)
»
M Mg e T
»
(6.23)

where the notation is that of SIV.

We show in Fig. 6-1 the mass spectrum of W*W- pairs produced in pp
collisions at 20, 40, and 100 TeV, with and With_out the technirho enhancement.
Both intermediate bosons &ré required to Satisfy ly] < 1.5. For this example, ﬁve have
adopted the technirho parameters given in (6.19), and used the parton distributions
of Set 2. The rates are substantially unchanged if the parton distributions of Set 1
are substituted. The yields are slightly higher in the neighborhood of the p;
enhancement in pp collisions. This is a 25% effect at 40 TeV and a 10% effect at 100
TeV.

The technirho enhancement amounts to nearly a dqubling of the cross section
in the resonance region. However, because the absolute rates are small, the
convincing observation of thi-s enhancement males non&ivial.demands on both
collider and experiment. Let us now see this quantitatively.

The cross sections for W*W- pair production integrated over the resonance

region
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45 Tev/e*< M€ 2.4 Tev/ke?

(6.24)
amount to =S
1.4 x40 nd
Sémd‘" -~ or
am 2.1 % 10°% b
(6.25)
at vVs = 20 TéV, p |
3.0% 10 nb
dm &L AT o oY
am -9 |
SA » 10 ne (6.26)
at vs = 40 TeV, and' | | ‘
A 8.0 » 19° b
Sém am = or
Ahk x 4077 nb
(6.27)

~at vs = 100 TeV. In each case the larger numbér includes the technirho
contribution. In this channel the enhancement i.s relatively modest because the p
pole multiplies a term in (6.22) that is numerically small. |
In a standard run with integrated luminosity of 10 ¢cm-2, the number of
excess events will be
2000n a background of 110at 20 TeV,
240 on a background of 300 at 40 TeV,
600 on a background of 800 at 100 TeV.

We require that the enhancement consist of at least 25 detected events, and
that the signal represent a five standard deviation excess over the background.

This criterion means that each W must be detected with an efficiency of
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| 0.52, Js=20 TeV
£, 7 { 036, N5 =40 TeV
0.24, NS=100 TeV. (6.28)

This is clearly quite demanding, and in particular precludes reliance on leptonic
decay modes except perhaps at the very highest energies. The requirements are
‘relaxed somewhat if the rapidity cuts are softened to ¥yl < 2.5, and if a lower
statistical significance is accepted. All these conclusions of course depend strongly
upon the assumed p, parameters.

The situation is somewhat more encouraging for the p,* enhancement in the
W*Z channel. The mass spectrum of W+Z plus W-Z pairs produced in pp collisions
at 10, 20, 40, and 100 TeV is shown with and without the p,* contribution in |
Fig. 6-2. The same remarks about structure functions and the pp vs. Pp comparison
apply as before. '

In the charged channels, the technirho enhancement results in a cross section
that is about four times the standard-model rate in the resonance reg'ioh. The cross

sections for W*Z° plus W-Z° pair production integrated over the resonance region

(6.24) are
b
1.0 240 nd
deéq—- - { o o
am 3.8 x40 nb
(6.29)
at vs = 10 TeV, |
43 2 A0"° no
Sm%%\ = o S
. 0
2 Ox 1 ne (6.30)
at vs = 20 TeV,

i 1.3%40°° b
= or
$M 5.5 x 407" nb (6.31)
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at Vs = 40 TeV, and
32%107> nb

— = oY
| Sdm am = 14 % 10°° nb
(6.32)
at Vs = 100 TeV. In each case the larger number includes the p* enhancement.
In a standard run with integrated luminosity of 10¥ cm-2, the number of

excess events will be |

28 on a background of 10 at 10 TeV,

- 150 on a background of 50 at 20 TeV,
420 on a background of 130 at _40 TeV,
10800na background of 320 at 100 TeV.

To establish the enhancement at the 5o level therefore requires efficiencies ey and ¢,

for detection of W* and Z° of

J" = 40 TeV
0.2‘\ = 20 TeV

VELE; 2 24 J-' 40 TeV
{o.s, J’s‘=1oo‘re\!

(6.33)
These are less demanding than the requirements (6.28) for observation of the

technirho enhancement ln the neutral channel.

If it should be necessary to rely on detection of the nonleptonic decay modes of
the intermediate bosons, we must face the possibility that the W* and Z° cannat be
separated in the two-jet invariant mass distribution. In this case, the quantity of
'interest is the sum of the W*W-, W*Z°, W-Z°, and Z9Z° cross sections. The last of
these receives no technirho enhancement, but is a small background. The resulting

required detection efficiencies are comparable to those obtained in the discussion of
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pr*, and the same general conclusions apply. In this case, one will not be able to
establish that the technirho occurs with charges +1, 0, and -i.

As in our treatment of gauge boson pair production in the standard electroweak
theory, a key remaining question is whether the 4-jet QCD background will

compromise the detection of nonleptonic W and Z decays,

C. The Farhi-Susskind Model

The minimal model just presented illustrates the general strategy and some of
the consequences of a technicolor implementation of dynamical electroweak
symmetry breaking. In a number of rfspects; itis not sﬁfﬁciently rich to describe the
world as we know it.

In any of the more nearly realisﬁc technicolor models produced so\f'a.r, there are
at least four flavors of techm’fermidns. As a consequence, the chiral flavor group is
larger than SU(2), ® SU(2),, so that more than three massless technipions result
from the spontaneous breakdown of chiral symmetry. Just as before, three of these
will be incorporated into the electroweak gauge bosons. The others remain as
physical spinless particles. Of course, these cannot and do not remain massless.
Color nonsinglet technimesons, if any, acquire most of their mass from QCD
contributions (Dimopoulos, 1980; Peskin, 1980; Preskill, 1981; Dimopoulos, Raby,
and Kane, 1981). The color singlet technipions acquire mass from electroweak
effects and from extended technicolorinteractions (Eichten and Lane, 1980).

Extended technicolor provides a mechanism for endowing the ordinary quarks
and leptons with masses. This is accomplished by embedding the technicolor gauge
group G, into a larger extended technicolor gauge group Ggro O Gy Which couples
quarks and leptons to the techifermions. It is assumed that the breakdown G, —+

Gy occurs at the energy scale
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Necp ~ 30-300 TeV
wic (6.34)

and that massive ETC gauge boson exchange generates quark and lepton bare

masses of order
[} 2
me~ Nye /Ngre

(6.35)
ETC gauge boson exchange also induces contact interactions of the kind discussed in
§VII on compositeness. Unfortunately, no one has succeeded in constructing an
extended technicolor model which is at all realistic. '

Whichever of these mechanisms'is responsible for the generation of technipioh
masses, the expected ﬁasses All are considerably less than the characteristic 1 TeV
scale of technicolor. Equally ix.nportant, the couplings of technipions to SU(3), @
SU(2), ® U(1), gauge bosons is known fairly reliably within any given model, and
almost all of them will be copiously produced in a multi-TeV hadron collider. The
challenge, as we shall see, lies in detecting these particles in the collider
environment.

In this subsection we introduce a simple toy technicolor model due to Farhi and
Susskind (1979), which has quite a rich spectrum of technipions and technivector
mesons. The version of the model we consider hag heen developed in detail by
Dimopoulos (1980), Peskin (1980), Preskill (1981), and Dimopouloes, Raby, and Kane
(1981). This model cannot be correct in detail, but many of the observable
consequences are typical of all quasirealistic technicolor models. We now discuss in
turn the technifermion content, the spectrum and properties of the technipions and
technirhos, the interactions of technimesons with SU(3), ® SU(2), ® U(1), gauge
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bosons (i.e. the means of producing technimesons), and the interactions of
technimesons with quarks and leptons (which determiﬁ;e the means of detection).
The >e1ementary technifermions in this model are a pair of color-triplet
techniquarks @ = (U, D), and a pair of color-singlet technileptons L = (N, E). Both
left-handed and right-handed components of the technifermions are assigned to the
same complex representation of the technicolor group G,.. For specific numerical
estimates, we shall assume that G = SUN), with N = 4, and thatthen, =2 X 3
+ 2 = 8 “flavors” of technifermions lie in the fundamental 4 representation. Under

SU(3),® SU(2), @ U(1)y, the technifermions transform as follows:

Ug:® (3\ Y+1)
= (U.D), : (3,2,Y)
Q=65 g Dg * (3,4, Y-1)

Ng: (1,1,-3Y+) (6.36)

L =(N,E). : (4,2,-3Y)
S Ee: (1,4, -3%-1).

The weak hypercharge assignments ensure the absence of anomalies in all gauge
currents. For the choice Y = 1/3, the techniquark and | technilepton charges
(compare (6.12)) are those of the ordinary quarks and leptons.

To determine the chiral flavor symmetry group G, of the technimesons, we need
only notice that all but the TC interactions themselves are feeble at the technicolor
scale of about 1 TeV. In first approximation, QCD may be ignored By virtue of its
asymptotic freedom, while the broken extended technicolor interactions are
suppressed by at least (Ao/Agyc)® [We note in passing that the asymptotic freedom of
QCD is actually lost above the technifermion threshold ~ 1 TeV in such a theory.
‘We shall not explore here the consequences of this fact.] Because both left-handed
and right-handed technifermions belong to the same complex representation of Gy,

it follows that the techniflavor group is
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G, = SU®) @ Sulg), ® LU,
| (6.37)

This symmetry is spontaneously broken down to SU(8), ® U(1)y. The
breakdown is accompanied by the appearance of 82—1 massless technipions which
belong to the adjoint, or Q-djmehsional representation of the residual SU(8),, flavor
symmetry group. So far as the technicolor interactions are concerned, these are all
pseudoscalars. The technimesons are enumerated in Table 6.1. There are seven
color singlets, of which three (n,*, 7% 7;~) become the longitudinal components of
the electroweak gauge bosons. The remaining four are denoted P*, P, P-, and P~.
At least these color-singlet technipior.xs occur in all nonminimal technicolor models.
The Farhi-Susskind model contains in addition 24 color triplet QL and QL bound
states designated P, (sometime‘s-called leptoquarks), and 32 color octet QQ bound
states P;*, Pg% Py -, and P,* (also known as ne). All of these are classified in Table
" 6.1 according to their quantum numbers in the natural SU(4) ® SU(2) decomposition
of SU(8). Here SU(4) is the Q-L symmetry groﬁp of which SU(3)_is a subgroup. The
SU(2) refers to the total weak isospin group which reflects the family symmetries
among U and D on the one hand and N and E on the other. The pseudoscalar decay

constant for these states is

| y
E, = (GengWE) = 124 GeV.

(6.38)
The color-singlet technipions are the closest analogs in this model to the
charged and neutral Higgs bosons in nonminimal electroweak models with
elementary scalars. The P* and P- acquire mass from both electroweak and
extended technicolor interactions, while the P° and P° masses arise from ETC alone.

These masses have been estimated as (Eichten and Lane, 1980)
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8 GeV/et < M(PF)< 40 Gevie?

2 GeVE: < M(P,P*') < 40 GeVIE?

(6.39)

' the estimates are fairly independent of detailed assumptions. It is worth noting
that the upper end of the range, namely 40 GeV/c?, is considerably higher than the
value of 14 GeV/c? sometimes quoted in the literature (Barbiellini, et al., 1981). The
lower value is the basis for experimental claims (Althoff, et al., 1983) that
technicolor has been ruled out, a verdict we regard as premature.

The color triplet and color octet techmplons also receive electroweak and ETC
contributions to their masses, but these are much smaller than the expected QCD
contribution (Peskin, 1980; Preskill, 1981), |
'

M(Py) = 160 Ge.Vlc"«_g* 'e-f'

| . i (6.40)
M(%) = 240 GeV/e? ’%%5-

These estimates are of course specific to the color-SU(3) representations, to the

SU(N), group, and to the flavor group (6.37).
If the weak hypercharge parameter Y [cf. Eq. (6.36)] satisfies
2 = & + integer
. 3 = (6.41)
as it will for the canonical choice Y = 1/3, then the color triplet technipions will

decay either as
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- (6.42) .
If the condition (6.41) is not met, the Pais will be absolutely stable.

. In this model there are also 64 massive technivector mesons, also listed in
Table 6.1. The 63 which lie in the adjoint representation of SU(8), are called
technirhos. They have the same SU(3), quantum numbers as the technipions, and -

have a common mass given up to QCD corrections by (6.17) with F_ given by (6.33),

Mlgp) = 885 GzVIQl" (’%)vz (':;)'h

. L (6.43)
The decay modes and branching ratios of the :ieutral_ technirhos are listed in Table
- 8.2, where the partial decay rates are estimated as (Dimopoulos, 1980; Peskin, 1880;
- Preskill, 1981; Dimopoulos, Raby, and Kane, 1981; Ellis, Gailla;d, Nanopoulos, and
Sikivie, 1981) | ‘
r(?'c."’?h?s) [ITV (U:A Jtc“

_ (6.44)

where goisrelated tothep — 7 couph’ng' constant g, (g”l41r = 2.98) by
33: = 3;. (3/‘4” (6.45)

p is the momentum of the technipions in the p, rest frame, an& the t, are the SU(8)
generators given in Table 6.1. | .'

Like the Prp of the minimal model, the Py of the Farhi-Susskind model
decays into T Top {WOWO or W Zo) pairs, and will give rise to an enhance-
ment in the cross section for pair production of gauge bosons. Because Py
is only half the mass of the P of the minimal model, the expected event rate

is larger than that discussed in Sec. VI. B. However, the greater width of Py
and the small branching ratio for the W W decay reduce the effect in the
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| neutral channel to an enha.ncément of 20-25%. We therefore illustrate in
Fig. 6-3 the more prominent enhancement in the wrz° channel, which will
be somewhat easier to observe than the corresponding efféct in the minimal
mgdel. | ' |
Of more interest in the context of the Farhi-Susskind model is the role of the

technirhos in producing other technipion species. The most important technirho for
this purpose is pg”, which has the quantum numbers of the gluon, and so can
enhance téchnipion prqduction through technivector meson dominance. We shall
address this possibility below.

The sixty-fourth tecivector meson, wp, is a singlet under flavor SU(8), and so
decays only into three technipions. It does not couple to the photon or Z0 or to two
gluons, and therefore does not significantly enhance the already rather small
production of three technipions. We s.hall not discuss it further.

The interactions of technipions with the SU(3), ® SU(2), ® U(1), gauge bosons
occur dynamically through technifermion loops. At subenergies well below the
characteristic technicolor scale, the technipions may be regarded as pointlike. Their
couplings to gauge bosons may therefore be calculat.ed reliably using well-known
techniques of current algebra or e.ffective Lagrangian méthods (Chadhé and Peskin,
1981ab). At higher subenergies (= 1 TeV), we shall improve this pointlike
approximation by using technirho dominance, .

The production of a single technipion P is governed by its coupling to a pair of
gauge bosons, B, and B,. This coupling arises {from a triangle (anomaly) graph
analogous to the one responsible for the decay n° + yy. The amplitude for the PB,B,
coupling is (Dimopoulos, 1980; Dimopoulos, Raby, and Kane, 1981; Ellis, et al., 1981)

o. _'S?$5$; € *V N ¢ |
P88y m 220 ELin, |
- ' S ' (6.46)

where the triangle anoxﬁaly factoris
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Srae ™ 22 Tel9p1a,8.Y).

(6.47)
Here g, and g, are the gauge coupling constants, Q, and Q, are the gauge charges, or
generators, corresponding to the gauge bosons, and Q is the chiral SU(8) generator
of the technipion given in Table 6.1. The contributions from different gauge boson
helicity states are summed separately in the trace. These results lead to the

following approximate decay rates valid when the product masses are negligible:

MEY ( Sna, )
C®—>78,)= -——'%:,.. (w& el

(6.48)
% %
. M(P) (Snm. ) ,
C(P=>8,82) *(A+359) 32c \B1eJT Fec
| (6.49)

The PB, B, channel is of experimental interest only for neutral technipions, because
the charged technipions are more easily produced in pairs. Therefore we list in Table
6.3 only the anomaly factors for neutrals. Models other than the Farhi-Susskind
model yield similar results.

One may infer from Table 6.3 and Eq. (6.48) that the lrates for the processes
(Bjorken, 1976; Glashow, Nanopoulos, and Yildiz, 1978)

2°—» 2° (% or )

W > W (P ee )
(6.50)
are four or five orders of magnitude smaller than the corresponding standard model

rates for the decays
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Consequently, if a neutral Higgs-like scalar is found at the levels discussed in
§IV D,E, the technicolor scenario would seem to be ruled out. |

More interesting from the experimental point of view are the couplings of a
-single gauge boson to a pair of technipiqns. These provide access to nearly all the
technipions, with cross sections that are generally quite large. The BPP' couplings
may be read off from an SU(3), ® SU(2), ® U(1), -invariant effective Lagrangian for
the technipions (Peskin, 1980; Preskill, 1981; Lane, 1982). The results for the Farhi-
Susskind model are given in Table6.4.

A parenthetical note of caution about model-dependence is in order here. In
models more general than this one, pnixing usually occurs among technipions with
the same color and electric charge. Such mixing can occur even in the Farhi-

Susskind model between P° and P* and P,° and P,”. The only entry in Table 6.4 that
| would be affected is that involving W=, The modification takes the form of model-
dependent factors from the unitary matrices that diagonalize the technipion mass
matrices. The cross section summed over all channels with the same color and
charge should therefore still be g'i:\ren reliably by the couplings tabulated.

The extended technicolor interaction couples technifermions to quarks and
leptons, and so governs the decays of technipions into ordinafy matter. For light

color-singlet technipions, these are the dominant decay modes, If, like Higgs bosons,

these couple to mass, the decays occur at a rate of approxl.mately

1"“’ | (6.52)

where G, is the Fermi constant, p is the momentum of the products in the technipion
rest frame, and C; is a color factor which is equal to 3 for the decay of a color-singlet
into quarks and 1 otherwise. The only possible exception to the dominance of fF

modes is the decay of PY into two éluons, for which the partial width is
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% VheV (—2—‘)" (:‘—6-‘52-;)3,

where the numerical estimate applies for @, = 0.2. This becomes comparable to the

rate for P —» bb for M(PY) ~40 GeV/c2.

(6.53)

. It is also expected . - that heavy colored technipions decay
predominantly to fermion pairs. The principal exception to this rule would be the
decay of P, into two gluons, for which the partial width is

1 P 2
54> M%) (N \
t \4/ "

24w3 Fe
Because of the anticipated dominance of ff decay modes, it is of great

r(eg — %%) =
o (6.54)

importance to know what are the extended technicolor interactions. Itis just in this
regard that the existing models, including that of Farhi and Susskind, cannot be
relied upon (Lane, 1982). |

One statement that is known to be generally true about technipion couplings to
light fermions is that they are parity-violating (Eichten and Lane, 1980), and
probably CP-violating as well (Eichten, Lane, and Preskill, 1980), This fact may
lead to many interesting investigations if technipions are ever found. We put aside
such questions and focus on the initial search. According to the conventional
wisdom, which is inspired by analogy with the minimal electroweak model, the
technipions couple essentially to fermion mass. Bearing in mind that this tendency
to couple to mass can be evaded even in the case that there are two or more

elementary Higgs doublets, we list in Table 6.5 the expected major decay modes of
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technipions. In the interest of brevity, we shall base most of our discussion of signals

on this most ocbvious possibility.

D. Single Production of Technipions

The production of single technipions is in many respects analogous to the
production of Higgs bosons treated in §IV. D, E. It may prbceed by two-gluon fusion
or by quark-antiquark fusion. The most important process is the production of the
neutral technipions P* and P,” in gluon-gluon fusion, which leads to equal cross
sections in p*p collisions. Ignoring any mixing with P° and P,°, we may write the

differential cross sections as (compare (4.86))

iﬂ_’(&b-‘» P m‘%\'\ng)g l“:::q_”:ﬂl .f;q (x,,M").f: ixﬁn") R
3 |

| (6.55)
where we have abbreviated M(P) as M and as usual
Xe= JTe 1
Xp= AT e 1
(6.56)
with
T= MY/s.
(6.57)

The partial widths I(P' — gg) are given in (6.53) and (6.54).

The differential cross section for P” production at y = 0 is shown as a function
of the te(;hnipion mass in Fig. 8-4. According to (6.52) and (6.53), the principal
decays will be into
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- taf
)

with branching ratios indicated in Fig, 6-5. Comparing with the two-jet mass

(6.58)

spectra shown in Figs. 3-21 —3-25, we see that there is no hope of finding P* as a
narrow peak in the two-jet invariant mass distribution.. The background from bb
pairs, estimated using (5.2) and (5.3), is shown in Fig. 6-6. It is three orders of
magnitude larger than the anticipated signal. The background to the t*t~ mode is
the Drell-Yan process, for which the appropriate cross sections have been given in
Figs. 4-2 and 4-3. Even when the small (~2%)tranching ratio into T pairs is taken
into account,rthe signal is approximately equal to or an order of magnitude larger
than the baékground. The signal to.background ratio is crucially dependent upon
the experimental resclution in the invariant mass of the pair. It seems questionable
that taus can be identified with high efficiency and measured with sufficient
precision to make this a useful signal. |

The differential cross section for color-octet P teéhnipion production aty =
0 is shown as a function of the technipion mass in Fig. 8-7. The dominant decay

el

modes will be

(6.59)
The expected branching rat.ioé depend upon the top quark mass. Representative
estimates are shown.in Fig. 8-8. The background expected from tt production by
conventional mechanisms is plotted in Fig, 4-45, for two choices of the mass of the top
quark (30 and 70 GeV/c?). When the branching ratios are taken into account the
signal and background are roughly comparable, and the expected number of events
is quite lazfge at supercollider energies. The signal-to-background ratio improves
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somewhat with increasing P, mass. The main issues for detection are the
identification of t-quarks and tt;e resolution in invariant mass of the reconstructed
pairs. This is an appropriate topic for Monte Carlo studies.

In the two-gluon channel, the signal will be comparable to the t¢ signal or (for
large P,"masses) somewhat larger. The expected background, which may be judged
from Figs. 3-21 —3-25, is very large compared to the signal except at the highest P,”
masses considered.

To sum up, the neutral technipions P¥ and P,” will be produced copiously in
high-luminosity multi-TeV colliders. However, within the conventional scenario for
~ their decays, detection requires the ability to identify and measure top quarks and
tau leptons with high efficiency am.i high precision. Extraction of a convincing

signal will mightily test experimental technique.

E. Pair Production of Technipions

We now discuss the production of pairs of color singlet technipions through the
chains
3 % .
P Wt Ml-\’“\mj
x o
Pe (6.80)

and

Yf? -—p ?‘ S 2 cl\\"h\'\“a
Py , (6.61)

as well as the production of pairs of color-triplet or color-octet technipions in gg and

qq collisions.
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According to the mass estimates (6.39), both charged and neutral color-singlet
technipions are expected to be lighter than 40 GeV/c?2. Consequently, both species
should be produced in intermediate boson decays (Lane, 1982, 1984). From the
couplings given in Table 6.4, we may estimate the branching ratios in the Farhi-

Susskind mod‘:lsl:n: \ -_ M (‘- (Mg +¥ }E )3&(1 (M ;;:nt)%

= Ny
P wa-olt) 48x,, M'(WE—>oll)

LIV ' ( W )1' A
Aao.oa.(t-"“’-%)—) (1--"—’-5-)
' (6.62)

Mw
and

. | \3/1
P(2%s P7P7) Mg (A~ Wt (1" %)
MZ=2alt) ~ 48 xwlt-xa) M{2%oid)

M |

where z,, = sin’8,. The estimate (6.63) for the techxﬁpion branching ratio of Z° is
model-independent. The estimate (6.62) for the W branching ratio may be modified
' by mixing angles in more complicated models. The very large samples of
intermediate bosons anticipated in high-energy pp and Pp collisions (compare Figs.
4-4—4-6, 4-8—4.-10) may make possible the study of these rare decays. The
prospects have been considered by Kagan (1982) and Lane (1982).

The elementary processes for pair-production of colored technipions are

depicted in Fig. 6-9. The differential cross sections for neutral channels are

Ao (g7 PP) o Zrds TR IXI*(1-22),
c}% [ qs* (6.64)

and
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4 o9) _ 2me® TR)TI® _ 3\ (4 ovarav?
z%'(%%—» )= ;:L “ ®) 3A(1,zv+ )

o3 Ber(IP- 2vReX +zv‘)};
3L

(6.65)
where z = cosé* measures the c.m. scattering angle,
1 2 |
p= 1-4n(P)7/5, (6.66)
and the p,” enhancement factor is
2
Migs
= . - - ?
M- -MGIPE) -
(6.68)

where the energy-dependent width of p,” is

™M( ")Plﬁ)-:.ﬁli >0(p 13 39(}3) .
?e e \'h P3 Pﬁ | ](6.69)

The color factors are

1[2., &'f ?3\
)

T(ﬁlgx _5) S‘f ?8

(6.70)

and
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In writing (6.64) and (6.65) we have summed over all charges and colors. The

(6.71)

individual charge states

s -ﬁ; ? » BF 4 P, (6.72)

AR ALY

(6.73)
occur with équal cross sections.

As is the case for the pailj-prc:dﬁction of heavy quarks, the gluon fusion
mechanism is the more important at collider energies so that the cross sections in pp
and pp collisions are nearly equal. The integrated cross section for the reaction

pr> Pafavaniiing,
summed over the charge states (6.72), is shown as a function of M(P,) in Fig. 6-10
with and without the p,” enhancement. For the purposes of this calculation, we
adopted the canonical value (6-43) M(p,”) = 885 GeV/c? of the technirho mass, and
evaluated the mass-dependent technirho width using (6-44) with M(P,) fixed at its
nominal value of 240 GeV/c? as given by (6-40). The cross sections are substantial.
The same cross sections are shown in Fig, 6-11 for technipibns satisfying the rapidity
cut |y} < 1.5. We have also computed these. cross sections using the parton
distributions of Set 1; they differ by no more than 10%.

Comparing Figs. 6-10 and 6-11, we find that the degree of p;” enhancement is
not much affected by the rapidity cuts. The enhancement is generally not so
dramatic that measurement of the Pfa production rate would confirm or deny the
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existence of ps°', much less determine its parameters. For example, at Vs = 40 TeV,
thg:P,f’-s cross section (with rapidity cuts) is enhanced by a factor.of 1.3 at the
canonical technipion mass, M(P,) = 160 GeV/c? (6.40); by a factor of 2 at M(P, =
280 GeV/c% and by a factor of 1.4 at M(P,) = 400 GeV/c2

If the technipions are stable, which will be the case if (6.41) is not satisfied, the
sig'nattires should be quite striking and essentially background-free. Each -event '
will appear as a pair of extremely narrow jets consisting of the very massive P core
(plus a quark or antiquark to neutralize its color), together with relatively soft q@
pairs and glhOnsF?The decay of unstable technipions into q + ¢ + ... should also
provide a characteristic signature: a jet and an isolated lepton on each side of the
beam. In t]:-ﬁs case the only comparajle conventional background would be from the
pair production of heavy quarks, with the subsequent decay

L—rlv.

For such events one expects equal numbers of electrons, muons, and taus. In

(6.75)

contrast, the technipion decays are expected to favor taus.

We conclude that the identification of P:,'IS:3 pair production at supercollider
energ'iés should be possible even at quite modest luminosities (f&€dt = 10%%cm~?) for
technipions of the canonical mass. Reconstruction of an invariant mﬁss peak may be
quite demanding, because of the difficulty of measuring tht:z momenta of heavy
quarks and leptons.

We turn next to the pair productxon of octet technipions. The integrated cross
section for the reaction ’ ,

, rr —tp PG E + am‘fha'nj
' , (6.76) -
is plotted in Fig. 6-12 with and without the pss"' enhancement. These are typically

F2 Time-of-flight methods for heavy-particle detection-have been explored
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~ 15 times the cross sections for color triplet technipion production, because of the
larger color factors in (6.65), and comparable to the cross ;ecﬁons for single =P,
production. Tﬁe effect of the restriction |y| < 1.5 on the technipion rapidities is
illustrated in Fig. 6-13. In this case, we have computed the mass-dependent p;”
width using (6.44) with M(P,) fixed at its nominal value (6.40) of 160 GeV/c?. The
technirho enhancement is less effective in the octet technipion channel because of _
the large color factor in the first term in (6.65).

The expected decays of octet technipions are

Py — &b,
?;-' — t-_E) 7 (8.77)
7 5—»{&
A .
+4 .59

with branching fractions given eé;'lier in Fig. 6-8, The signature for the g
channel is therefore tb on one side of the beam and th on the other. If the heavy
flavors can be tagged with high efficiency, we know of no significant conventional
backgrounds. If it is necessary to rely on the four-jet signal, the QCD background
must be considered. At present, this can neither be calculated nor reliably
estimated. Similar conclusions apply for the neutral octet technipions.
The charged octet technipion can also decay by means of the triangle anomaly
mechanism (compare Eqs. (6.46) and (6.47)) into two gauge bosons, A
P — gW". (6.78)
The estimate (6.49) of the decay rate would suggest that

» )
rw‘:’ M s b . |
P(Py— tB) (6.79)
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The signal of a jet and an intermediate boson opposite two jets or a jet and an
intermediate boson should be rather characteristic. Again, the pair production of

heavy quarks is a background to the (gW*)(gW-) signal.
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F. Summary

If the technicolor scenario correctly describes the breakdown of the electroweak
gauge symmetry, there will be a2 number of spinless technipions, all with masses
much smaller than the TC scale of about 1 TeV. We have analyzed the simple but,-
we believe, representaf.ive model of Farhi and Susskind (197§), in which color-
singlet technipions lie between 5 and 40 GeV/c? and colored technipions occur
between 100 and 300 GeV/c?. Other models will have similar spectra.

The couplings of technipions to the SU(3), ® SU(2), @ U(1), gauge bosons are
reliably known, so the production cross sections can be estimated with confidence.
The technipion couplings to quarks, and leptons are not known with comparable
certainty. All our comments about the signals for technipion production must
therefore be regarded as tentative. | |

For any hypothesis about technipion decay, careful Monte Carlo studies will be
required to ascertain more accu‘rately the signal and‘background levels. In the
absence of such information, we have tried to be sensibly conservative in estimating
the ca;:;abilities of multi-TeV hadron colliders to. search for signs of technicolor. A
rough appraisal of these capabilities is given in Table 6.6, where we have collected

the minimum effective luminosities required for the observation of technihadrons.
In constructing the Table, we have required that for a given charge state, the

enhancement consist of at least 25 events, and that the signal represent a five

standard deviation excess over background in-the rapidity interval -1.5<¢y<¢1.5. The
 effective luminosities quoted must be adjusted for the finite efficiency to identify and

measure the decay products. We have used the branching'ratios_of Fig. 6-5 for PO —»

t*1~, and Fig. 6-8 for P’ - tt, with m, = 30 GeV/c? and have assumed that all P’s |

produced in the rapidity bin are detectable. We remind the reader one last time that

w'e have assumed the conventional wisdom for the decay modes of these particles,

and that the exploitation of some of these decay modes will require advances in
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detector technology. With that final caveat, we conclude that a 40 TeV p*p collider

with a luminosity of at least ._1039 cm-z " will be able to confirm or rule out

technicolor.



Table 6.1: Technipions and technivector mesons in the model of Farhi
and Susskind (1979). [See also Peskin (1980) and Preskill (1981).] For
unit normalization, the technifermion states should be divided by VN.
The SU(8), matrices are 8 X 8 matrices written in 4 X 4 block form. |
The A, are the 15 orthonormal generators of SU(4). The SU(3), indices
q frun ove-r 1, 2, 3for color triplets; the index a runs over 1...8
for color octets. Repeatéd indices are to be summed. The symbol},,
‘denotes AT ir,, for a =9, 11, and 13. The weak hypercharge
parameter Y is given in (6.36). |
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Table 6.2: Decay modes, branching ratios, and widths of neutral technirho mesons

in the Farhi-Susskind model. Partial widths are computed from Eq. (6.44), with
M(p,) = 885 GeV/c?, M(P,) = 160 GeV/c?, M(P,) = 240 GeV/c? For each decay p, —

PP, the top number is the weight [2Tr([tg, t.t,)])* and the second is the branching

fraction.,

Decay Mode

Pg* Py’

P P04 PP

P,'P,'+ P, 1P,
.95 04 P, B
P op, T
P9 +P} P,°
Pg*P-+ P, P
Pg"me "+ Pgm,”

P+P-

.: -+ - - -+
Prn, +P n,

+- -
T, Ty

Total Width
(GeV)

- 3/2

0.34

3/2
0.34

1/2
0.16

1/2
0.16



Table 6.3: Anomaly factors SppB, in the Farhi-Susskind model as defined in Eq.
(6.47).
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Table 8.5: Principal decay modes of technipions if Pff, couplings are

proportional to fermion mass.

Technipion  Principal decay modes

P+ tb, cb, ¢, ¢* ;t

po bb, <c, "7
po’ bb, ¢, v*v; gg
P, Py t, tv, bt ...
(if uAstable) ' 3¢
. /1, ...
- Ps* (tE)e

(tﬂa
(t0)y g9
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, Fig.6-1: Mass spectrum of W*W= pairs produced in pp collisions,
according to the parton distributior.;s of Set 2. Both W* and
| W- must satisfy [y] < 1.5. The cross sections are shown with
(solid lines) and without (dashed lines) the technirho
enhancement of Eq. (6.22). The technirho parameters are
those of Eq. (6.19).
Fig. 6-2: Mass spectrum of W*Z° and W-Z° pairs produced in pp
| collisions, according to the parton distributions of Set 2. Both
intermediate bosons must satisfy ly] < 1.5. The cross sections
are shown both with (solid lines) and without (dashed lines)
the technirho enhadcement of Eq (6.23). The technirho
. parameters are those of Eq. (6.19). : '
Fig.6-3: Mass speétrum of waz° pairs produced in pp collisions,
‘according to the Farhi-Susskind model. ‘'The parton
distributions of Set 2 have been used. Both W+ and z° must
satisfy ly] < 1.5. The cross sections are shown with (solid
h'.neé) and without (dashed lines) the p,’ enhancement.
.Fig. 6-4: Differential cross section for production of the .color-singlet
technipion P? at y=0 in pp or pp collisions, according to the
‘parton distributions of Set 2.
Fig. 6-5: Approximate branching -ra.tio-for p° decay. In eqn.
~ (6.53) we choose N=4 and us'e the funning coupling qs(MPz).
Fig.6-6: Crosssection do/dM dy], _ , for the production of bb pairs in pp
collisions, acmrdin§ to the parton distributions of Set 2.

¥a8' = 2, 10, 20, 40, 70, and 100 TeV.

Fig. 6-7: Differential cross section for production of the color-octet

technipion P,” at y=0in pp or Pp collisions, according to the



parton distributions of Set 2. The expected mass, according to
(6.40), is approximately 240 GeV/c?
Fig. 6-8: Branching fractions for P » tt. The remaining decays are

into the two-gluon channel.

Fig.6-9: Feynman graphs for the production of pairs of colored
technipions. The curly lines are gluons, solid lines are

quarks, and dashed lines are technipions. The graphs with s-

' oL
enhancement.

channel gluons include ﬁhe pg

Fig. 6-10:Integrated cross secti’on for the production of Psf;a pairs in pp
collisions, according to the parton distributions of Set 2. All
charge states are summed. The cross sections are shown with
(solid lines) and without (dashed lines) the technirho (pg")
enhancement of Eq. (6.68). The technirho parameters are
given in the text. The canonical value of the technipion-mass-
is M(P,) = 160 GeV/c2

Fig. 6-11:Cross section for the production of P;P; pairs in pp collisions.
Rapidities of the technipions must satisfy |y| < 1.5. The cross
sections are shown with (solid lines) and without (dashed
lines) the p,” enhancement of Eq. (6.68). Parameters are as
in Fig. 6-10.

Fig. 6-12: Integrated cross section for the production of P,P, pairs in pp
collisions, according to the parton distributions of Set. 2. Both
charge states are summed. The cross sections are shown with
(solid lines) and without (dashed lines) the technirho (og")
enhancement of Eq. (6.68). The technirho parameters are



given in the text. The canonical value of the technipion mass
is M(Py) = 240 GeV/c%.

Fig. 6-13;Cross section for the production of Pa-P-s pairs in pp collisions.
Rapidities of the technipions must satisfyly] < 1.5. The cross
sections are shown with (solid lines) and without (dashed
lines) the pa‘_" enhancement of Eq. (6.68). Parameters are as

in Fig. 6-12.
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VII. SUPERSYMMETRY

The fermion-boson connection known as supersymmetry (Gol'fand and
Likhtman, 1971; Volkov and Akulov, 1973; Wess and Zﬁmino, 1974%abe; Salam
and Strathdee, 197lab; Fayet and Ferrara, 1977; Wess and Bagger, 1983)
is a rér-reaching idea which may play a role in the resolution of the
Higgs problem. It is natural to hope that supersymmetry might reduce or
aven eliminate the freedom surrounding fermions and scalars in existing
theories by linking the fermions to the vectors and the scalars to the
fermions, '

We have alrgady aiscusaed in Sec. IV and VI the naturalness pfoblem
of the Higgs sector of the standard SU(2)L9U(1)I electroweak theory,
which has been pcsed most sharply by 't Hooft (1980). . Technicolor
provides one possible solution with the proposal that the scalars are
composite particles, with the compositeness scale a few times the
electroweak scale. The consequences were elaborated in Sec. VI.
Supersymmetry, in contrast, provides the only natural framework in which
to formulate spontaneously broken gauge theories involving elementary
scalars. The implications of the supersymmetry alternative for
experimentation at supercollider energles will be 'explored in this
Section.

In the ﬁinimal (N=1) supersymmetric theory, every particle 1is
related to a superpartner that differs by 1/2 unit of spin and otherwise
carries identical quantum numbers. Among the known particles there are
no satisfactory candidates for pairs related Dy supersymmetry.

Consequently we must anticipate doubling the spectrum by assoclating to
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every known particle a new superpartner, If subersymmetry were exact,
each particle would be degenerate in mass with lts supérpartner. This
is plainly not the case. For theories in which supersymmetry is broken,
the masa degeneracy 1s lifted. The masses acquired by the superpartners
are highly model-dependent., However, if supersymmetry is to contribute
to a resolution of the hierarchy problem (Gildener, 1976; Welnberg,
1979v), the mass splittings should not greatly exceed the electroweak
scale. Thils suggests that the low-energy artifacts of supersymmetry,
including the superpartners, should occur on a scale of ~1 TeV or below,
No superpartners have yet been found. However, some useful bounds
on  superpartner masses ' have. been derived from - $tﬁdies | of
electron-positron énnihilatigns, from hadronic beam-dump experiments,
and from cosmological constralﬁts. The current experimental situation
has been summaéized by Savoy-Navarro (1983), Dawson, Eichten, and Quigg
(1984), and Haber and Kane (1984). 1In addition, Dawson, et al, have
preaented-a collection of all the relevant formulae for the production
of superparﬁners in hadron collisions. We adopt thelr conventions and
notation. |
This Section 1s organized as follows. In Sec. VII.A we review the
expectations for the superparticle spectrum in a minimal supersymmetric
theory, and summarize the elementary c¢rosa sections for superpartngr
production. Sectioﬁ VII.B contains the estimated rates for the
production of superpartners of quarks and gluons Iin high energy p*p
collisiona; and a discussion of experimental signatures, A similar
treatment of the supersymmetric partners of electroweak gauge bosons and

leptons takes up Sec. VII.C, Some general c¢onclusions abcut the
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.prospects for-the observation of superpartners at supercollider energies

appear in Sec. VII.D.

A. Superpartner_Spectrum and Elementary Cross Sections

In this paper we shall examiné the simplest (N=1) supersymmetric
extension of the SU(S)OQSU(Z)LQUU)Y model of the strong and electroweak
interactions. To¢ every known quark-or lepton we assoclate a new scalar
superpartﬁer to form a chiral supermultiplet., Similarly, we group a
gauge fermion ("gaugino") w;th each of the gauge bosons of the standard
mcdel to form alvector supermultiplet. The couplings in the Lagrangian
are then completely specified -by the gauge symmetry and the
supersymmetry algebra (Wess and Bagger, 1983).

Some theories in which supersymmetry 1s respected at low energles
naturally possess a global U(1) invariance, usually called R-invariahce
(Fayet, 1975; Salam and Strathdee, 1975; Fayet and Ferrara, 1977). In
such theories there is, in addition to the standard quantum numbers, a
new fermionic quantum number R associated with the U(1) symmetry.
Quantum number assignments for the conventional particles and their
supersymmetric partners are given in Table 7.1 (from Dawsqn, et al.,
1984), where x=+1 1s a chirality index. R-invariance is undoubtedly
broken by the vacuum expectation values of the Higgs scalars which break
the electroweak 3U(2),8U(1)y symmetry and endow the wt and z0 with
masses, The phenomenologigal'consequenées of various possibilities for
residual or broken R-invariance have been analyzed by Farrar and

Weinberg (1983). In writing cross sections, we have assumed that no
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continuous R-invariance remalns, This 1is generally required to give
Majorana masses -to the gauginos.

Wé dc not choose any particular model of supersymmetry breaking or
make any explicit assumptions about the Higgs structure of the theory.
However, in any supersymmetric fﬁeory at least two scalar doublets are
required to glve masses to the Tfermions with weak iscapin of both
13-11/2. As a result, there will be charged scalars in addition to the
familiar neutral Higgs heaon. The slgnatures of the charged scalars
would resemble those of the technipions P%¥ discussed in Seec. VI, In
general, mixing may occur between the gauge fermions associated with H*,
Zo, and Y and supersymmetrisc partners of the Higgs bosons (J, Ellls,
et al., 1983; Fr2re and Kane, 1983), so that the mass eigenstates are
linear combinations of the two speciea; This would introduce mixing
angles in the electroweak gaugino sector. In our calculations we ignore
such mixing, as well as the direct production of Hiégsinos. The latter
approximation would seem quite Justified in hadron-hadron collisions
because of the sm;ll Yukawa couplings of Higgsinos to light quarks. Our
discussion can easily be extended to include the appropriate mixing
angles. These lssues are treated more fully by Dawson, et al. (1984).,
When global supersjmmetry i3 spontaneously broken, a massless Goldstone
fermlon, the Goldstino, appears., Because the couplings of the Goldstino
to quarks and gluons are quite small, we do not calculate c¢ross secticns
for its direct production, The Goldstino will, however, appear as a
possible decay prﬁduct of the other superparticles. In locally
superaymmetric models, the Goldstino becomes the  hellecity $1/2

components of the massive, spin-3/2 gravitino (Deser and Zumino, 1976).
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In such models, the photino 1s often the lighteat superpartner. For the
remainder of this section, Goldstino will refer to either case.

The wsual Yukawa couplings of scalars to quarks or leptons
generalize in a sypersymmetric theory to 1include Higgs-squark and
Higgas—-alepton couplings, as wall as Higgsino—quark-squark and
Higgsino~lepton-slepton transitions. Juat as there is a
Kobayashi-Maskawa matrix which mixes quark flavors and introduces a
CP-violating phase, sc too will there be mixing matrices in the
quark-squark and squark-squark interactions. Mixing may also occur 1in
principle in the lepton-slepton and slepton-slepton interactions. Hhile
there 18 no general theoreé&cal reason for the mixing angles to be
small, the Eequirement thaﬁ a supersymmetric Glashow-Iliopoulos-Malani
(1970) mechanism operate to suppress flavor-changing neutral currents
places some restrictions on aquark mass splittings and on mixing angles.
For an up-to-date assessment of these conatraints, see Baulieu, Xaplan,
and Fayet (1983). For simplicity, we will assume that there i3 no
mixing outaide the quark-quark sector. A4s a résult. each quark (or
lepton) of given chirality will couple to a single squark (or slepton)
flavor. |

Once having stated the ground rules, 1t s straightforward to
calculate the elementary cross sections for the production of
superparticles 1in collisions of quarks and gluons. We summarize Lhe

results of Dawson, et al. (1984).
1. Gaugino Pair Production

The differential cross section for the production of two gauge

fermions in quark—antiquark collisions is given by
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- [(t-m )(t-m2)+(u-m2)(u-m2)+2m m,s)
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where ﬂl1 and m, are the masses of the produced gauginos and M,, Mg and

Hu are the masses of the particles exchanged In the s-, t- and
u-channels respectively. The coefficlients Ax are collected in Table 7.2
for all possible pairs of gauginos.

The total cross section 1a

o(q&*gaugims) - L s% 2[23 +s(6m L ~-(m +m§)) (m )2]
- ~ (1+IJS 3(-'-'-14 )
. - ;&A A S
titt2
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t 22 0 2¢a2_2
- Ht+m1m2+Mt(s @y mz) _ (112
2
{(s+m +m ) _
fat gy Mo — B eta 8 rmmsla ]+ (sow)]
" oD v
m.m.s
- A 12 aa))

tu T=+Au+A 2)

The quantity 1/(1+I) is a symmetry factor for identical particles. I=1
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for identical gauginos gg, YY, and 2Z; in all other cases, I=0. We have

also introduced the convenient quantities

| . [s-(m1+mz)?]1/2ts-(m1-m2)zl"2 . (3.3)
by = ui --mi . | . i (+4)

and

. s*A A -,!
‘.‘a - 1n(5+aaf:Aa2+ )
851%850%4

(1.5)

The production of gluino pairs also ocecurs in  gluon-gluon
collisions, with the differential cross section

— 91&2 2(£-m§5(u-m§)

do S
—(gg+gg) =
T 132 2

i 2 2 2 2 2., 2 A g -- |
(t-m5) (umg)-2me(tomg) - (E-mg) (umg)vmg (ut) 1 (F.6)

£
+([ - “_m%)2 | s(t-ln%)
' - n8(s-4n2)
+ [teeu]) + § L | S

2 2
(t m-s)(u s)
where mE is the gluino mass. An elementary integration gives the total

cross section
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- 3va 2 |
o(gg+gg) = —ﬁ33{3(1* n: - umz)ln(::ii
3

(1.7)

- e 15 )

2. Associated Production of Squarks and Gauginos

The differential cross section for the production of squarks and

gauginos in collisions of quarks and gluons is

L

. : . 2 i
do N I T ar
'E.(sqi_*gauginomi) - :E{Ba 45— + B,

(t-uz)2

. gﬁ(u_uz)(u+m§) *.3sttfs-ﬁ§+u2)(t-m3)—uzs]_

:(u—mf)z

s(t-?) |
 (38)

Cs(urp@)s2(al-u?) (u2-w)1

-.+B
. su S(U-mf)

| [(mth)(t+au+uzj+(n-u2}(a+zt-2mf)+(u—u2)(t4uz+2mf)]

* By

2(t-4) (un?) ?

where u i{s the mass of the gauge fermion and m, is the maas of the

squark. The coefficients Bx for each of the final states are tabulated

in Table 7.3. Upon integration we obtain the total cross section
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0(5q,+gaugino+g,) = —;--[1?,s %(1'-1\/3) + BtEZAﬁ/s+(s+2ﬁ2)E]
S
+ 8, Bh(1+28/3)+(30-1%)A]
+ B, BA(1-0/8)+(n3-2/5)1] . (+.9)
+ asudﬁ#zals)'e( u2+ﬁ?-2Azla)A]

+ B, [-(m +u +2(m u )/s)M(-Zm +2(m )/s)tﬁh}

where

. A - ai - 112 . (1'-10)
m(ﬁ’;;;’% , (.10)
and
ln(:%% . - (1.12)

3. Squark Pair Production

The production of pairs of squarks in hadron collisions can occur
in quark-quark, quark-antiquark, or . gluon-gluon collisions. For the
first two cases we shall include only the gluino exchange contributions.

The differential cross sections for these cases are



VII~-10

do, - - hwui ) ﬁt-mf)(t-m§)+st (u-mf)(u—m§)+su
FTACICIRCICE > | > -8,
9s (t-mg) J ( u-mz) 2
(%12
2 - .2 2
{ amE smg s - Zsmg 5 }
(t-mg)z (u-mg)2 ‘iJ 3(t—m§)(u-m§) 130
and
' Bya, ut mam
do, = .- 3 L)«
. ?ﬁ#qiqj qiqj) 9s 52 1
: L, (2.4
2 “33
s .
[‘1[2" e e ve- e re- L
3 3 (t-mg) (t-ﬁg) (t.mg)

g
gluino mass. In the case of gluon-gluon collisions, the differential

where o, and mJ are the masses of the produced squarks and m= 1s the

cross section is given by

N - _ ,
do, .~ 7 g 7 . 3(u-t)?
e - gk o l»
: (7.15)
2m2t . 2m2u . hm“ } .

T A (t-2)(u-n?)

where m is the common mass of the produced squarks.



VII-11

The total cross sections are easily computed as

: 2 :
Bxg 2
9(q;q,+3,4,) —;gl[-a&-(swummut ‘- ; ’!"j'imz .
+ AL,A  +3 ‘
: 13 Tt1tey "

(#16)

sa>
_'..5 - g
3 14 s+4

tl‘AtJ At] + 6IJ(t"U)} .

JL(S*Ati*AtJ) 2(AuAtJ+mga)A ]
s s .t

| | - (3.3)

o W snl -

‘e 3[-3&-(5*%‘_'1*&“)1 + '———————-]} .

by

o(qiqj-*qiqJ

and

. 2
sy - G )=b~tu+ )e1a(E] (3.%)

We shall also require the cross sections for the production of
pairs of the supersymmetric partners of leptons in quark—-antiquark
collisions. These reactions proceed by the exchange of photons and Zo's

in the direct channel. The differential cross section is
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e e (L +R )(L +R,)
%%(qq*ll*) Uwa> [e o2+ q % L
3s 9 8x, (1~ w)(1—r4?-’/s)

. (Lftmi) (Limf) [ut-mi (?- ﬁ)

6uxi(1-x)2(1-M2/8)%" s

2 .

where m- is the slepton mass, and the total cross sectlon is

2

£(L +R )(L£+R

c(qq*u*) ﬂi-zﬁ[e 2)
- 877q % 2
R 8x,,(1-x,,)(1-:4 /s)

2 (?.20)

2 2
, . (Lq*R I (Ly+R))

. . —r V2t a2 ¢
I 64 (1-x )2 (1-142/3)

Here the chiral neutral current couplings are

Lr - Tp 2erxH ’

{7.21)

g Ty

where tgs) is twice the (left-handed) weak 1sospin 13 of fermion T, e,

is the feraion éharga in units of the proton charge, and
) :
x, = sin®e, _ . ‘ (7.22)

is the weak mixing parameter.
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After these preliminaries, we turn to the task of gstimating

supercollider cross sections.
B. Production and Detection of Strongly-Interacting Superpartners

We now discuss the rates expected for squark and gluino production
in high-energy hadron-hadron collisions, G;uino pair production arises
in quark-antiquark collisions [egn. (7.2)] and in gluon-gluon collisions
[eqn. (7.7)]. Both elementary cross sections depend upon the gluino
mass. The cross section fof qg+g8 depends in addition upon the squark
mass that appears in the t-channel and u-channel exchange diagrams.
Neither the squark and gluino masses nor the relationship of m§ and ma
are fixed by theoretical considerations, For illustration, we have
chosen the representative case of equal squark and gluino masses,

The cross sections for gluino pair production in pp collisions at
/8 = 2,10,20,40, and 100 TeV are shown in Fig. 7-1 as a function of the
common squark and gluiné mass. These estimates are based on the parton
distributions of Set 2. Here and throughout this discussion, we require
that the superpartners be emitted with rapidities ]Yil < 1.5. The cross
sections are quite large at supercollider energiles. For example, at
/8 = 40 TeV the cross section is 10 pb. for mE =1 TeV/cz, a mass
considerably 3reaterr than the value expected in typical models of
low-energy supersymmetry. The cross sections for gluino pair production
in Ep collisions, calculated under the same assumptions, are shown in

Fig. 7-2. The relatively small differences between the pp and Bp cross

sections reflect the dominance of the gg+§§ process. The relative



VII-14

unimportance of the qq*gg mechanisa means that the cross sections will
be rather insensitive to the value of ﬁhe squark mass. This conclusion
is supported by the cross sections for gluino production in pp
collisions shown in Fig. 7-3, for which we have fixed the squark mass at

2. Finally, the sensaitivity of these results to the parton

o -0.5TeV/c
distributions is also mild, as shown by the cross sections plotted in
Fig. 7-4 which were computed using the parton distributions of Set 1.

Over the range of gluino masses from 50 Gev/c? to 1 Tevlcz

, these
estimates differ from those of Fig, 7T-1 by no more than 20%. Copious
production of gluinos tqgrefore seems assured for hadron colliders in
the energy range between 10 and 100 TeV. We defer a discussion of how
gluinos may be detected until wé have completed this survey of
production rates.

Assoclated production of squarks and gluincs provides a second
scurce of gluinos. If the gluino is much heavier than the up or down
squarks, then associated production is the dominant mechanism for gluino
productipn. Similarly, if the gluino is muchllighter than the up and
down squarks, assoclated production will be the doeminant mechanism for
squark production, If the squark and gluino masses are comparable,
asscclated production will be a significant contributor to both aquark
and gluino production.

The total crosa section for assoclated production of aquarks and
gluinos 1is given by the élementary cross section (7.9), If we sum over
Eau, Ead' Eﬁ:, and EE: final states, then the cross sections are equal
in pp and Ep collisions, The total cross section is shown in Fig. 7-5
for the case of equal squark and gluine masses and the parton

distributions of Set 2,
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We next consider the pair production of squarks in p*p collisions,
In these c¢onsiderations we shall assume for simplicity that the scalar
partners of left~ and right-handed quarks are degenerate in mass but
distinguishable, and that the up and down squarks have a common mass.
The generalization to left- and right- "handed" squarks with unequal
' masses 1s explained in Dawson, et al. (198k4). Some restrictions on
mass differences among squarks of different flavors have been deduced by
Suzuki (1982). We further assume that there 13 no mixing between
squarks, and that a quark of a given flavor and chirality couples only
to the squark labelled by the‘same flavor and chirality. None of our
general conclusions depends. eritically upon these assumptions.

The processes leading to the production of left- and right-handed

up and down squarks in p*p collisions are

pip » auaa + énything, : (7.23)
p*p » (3 3, or G4q,) * anything (7.24)
p*p » Q3% + anytning (7.25)
p'p + (q*ar or 53&55 + anything , (7.26)

pip » ('d,jid or Euﬁg) + anything | (7.27)
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t a a* 3.a*
pp » (q,qf or q4q8) + anything , (7.28)

for which the elementary cross sections are given by (7.13)-(7.18).
Since it is nontrivial experimentally to distinguish q -jets, q*-jets,
&d-Jets. and aa-Jets, we combine all the above reactions and both
chiralities roﬁ each 1nitial state. The resulting inclusive cross
section for the production of an up or down squark or antisquark with
|y] < 1.5 in pp collisions 1is shown in Fig. 7-6. The largest
contributions are associated with reaction (7.28), which has components
from both qa'and gg collisifns, and with reactions (7.23) and (7.24),
for which valenqe quarks enhance the cross sections at large squark
masses.

Apart from reaction (7.28), all the processes are medlated only by
t-channel or u-channel glulno exchange, so the cross sections are
sensitive to our assumptions about the gluino mass. For gluino masses

m§’ these cross asections, scale approximately as mg

The inclusive cross section for up and down squark and antisquark
production 1in pp collisions is shown in Fig. 7-7. The same quantity,
evaluated using the distribution functions of Set 1, 1is shown for pp
collisions in Fig. 7-8. Both of these are quite similar to the pp cross
section displayed in Fig. 7-6. As in the case of gluino pair
production, the cro#s sections are quite substantialleven for squark
masses as large as 1 TeV/cz.

In some supersymmetric models (e.g. Claudscn, Hall, and Hiﬁchliffe,
'1983). the heaviest quark flavor is associated with the lightest saquark.
In such a model, the top squark would be the lightest of the squarks and

thus would be the most coplously produced flavor at supercollider
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energles, The important production mechanisms for new squark flavors
are gg+qq* qq*qq*. If, as we have assumed, the heavy flavor component of
the proton is only induced perturbatively, processes involving heavy
quarks in the initial state may be safely neglected. The cross sections’
for the production ¢of top squark pairs in pp and Ep ¢ollisiona are shown
in Figs. 7-9 ahd 7-10. As before, we have set the gluino mass equal to
the squark mass, and have used the parton distributions of Set 2. Above
20 TeV, the cross sections are ample even for squark masses of 1 TeV/ce.

A comparison o: the three mechanisms Iror the production of
strongly-interacting' syperpartners in 40 TeV pp collisions is shown in

’
Fig. 7-11, for which we have taken the squark and gluinc masses equal,

required |y ] < 1.5, and used the parton distributions of Set 2. A
similar comparison for pp collisions at 40 TeV is given in Fig. 7-12.
If squarks and gluinos are 1light, the gluino-éluino final state
dominates the totalﬂ cross section for production of colored
supefpartners. | Squarks are then produced most effectively in
association with gluinos. For values of the common squark and gluino

mass in excess of about 1 TeWc2

s assoclated squark-gluino production
becomes the most important reaction mechanism. As the preceding figures
suggest, the Iimportance of the squark-squark final state grows as the
collider energy 13 reduced, for fixed superparticle masses. Raising the
energy, In contrast, enhances the importance of the gluino-gluino final
state, |

Having examined the production rates, we now turn to the more

difficult question of the detection of squarks and gluinos 1ln the

anvironment of a hadron collider. Any analysis of the signals for
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syperpartners is complicated by the extreme model dependence  of
superparticle masses. All that can be saild @ith certalinty 1is that |if
supersymmetry is to solve the hierarchy problem, then the lightest
superpartners of the quarks, leptons and gauge bosons should not be much
heavier than the electroweak scale, and that none of the superpartners
should be heavier than a few TeWc2 (Fayet, 1982).

In the absence of reliable theoretical guldance it is a nearly
impoasible task to discuss ‘all possible decay scenarlios. We shall
concentrate on a few of the more plausible schemes. The strengths of
couplings are prescribed.‘bf supersymmetric models. Therefore the
poasiple decays depend solely on the kinematic constraints imposed Dby
the unknown mass. spectrum.

Possible decay schemes for the gluino are these, in Increasing
arder of coupling strength:

8 sec. In this

(£) The gluino i3 stable or long-lived, with TE 210
case the gluino will combine with a gluon or a quark-antiquark pair to
form hadrons with charges 0 and x1. MIT Bag model estimates suggest
(Chanowitz and Sharpe, 1983) that these states should have masses close
to the gluino mass, if the gluino is massive.

(£1) The gluino decays into a gluon and a Goldstino. The
experimental signature in this case would be a gluon jet and missing
transverse energy, siﬁce the Goldstino will escape undetected.

{11i) The gluino {s not the lightest gaugino, and decays into a
'quark-ahtiquark pair plus the 1lightest gaugino, In ¢our analysis we

shall assume that the lightest gaugino is the photino, as is ¢true in

many models (Fayet, 1981; Dine and Fischler, 1982; IbaRhez and Ross,
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1982; Nappi and Ovrut, 1982). The photino either 1s stable and weakly
interacting (so that it escapes undetected) or decays into an undetected
Goldsatine and a hard photon. Thus the signature for this gluino decay
mode 1s two Jets, missing transverse momentum, and perhaps a hard
photon., -

(iv) The gluino decays into a squark and antiquark or quark and
antisquark., The signature for this mode depends on the subsequent decay
-of the squark (cases (1)-(1il) below). The dominant decay of the gluino
will therefore be the last of these possibilities which is kinematically
allowed. '

For squarks the list of possible decays is nearly identical to the
gluino list (again in increasing order of coupling strength):

(1) The squark is stable, so the experimental signature is a
massive stable hadron {qq or q*q).

(ii) The squark decays Iinto a quark and a Goldstino. The
experimental signature in this case would be a quark jet and missing
transverse momentum,

(1i4{) The squark decays into the lightest gaugino (presumably a
photine) and a quark. The reaulting signature is one jet, missing
transverse momentum, and possibly é hard photon.

(iv) The sguark decays into a quark and a gluino. The signature
for this mode dependa‘on the subsequent decay (cases (1)-(ii1i) above) of
the gluino. The possibilities are thus one, two, or three jets and
missing transverse momentum, In the three Jet caée there may be an

accompanying hard photon.



VII-20

Since the signatures for gluino and squark decays are sc similar we
can discuss them both at once, Glven the coplous production rates we
expect, the signatures of (a) a new stable hadron; (b) Jets, missing
tranasverse momentum, and a hard photon; (¢) clearly separated multijets
and missing transverse momentum are characteristic and should be
relatively free of conventicnal backgrounds. The most pernicious of the
backgrounds would seem %$o be héavy quark semileptonic decays. A
charged-lepton veto may thus be useful. The most difficult signature is
the case In which the superpartner decays to a alngle jet, or coaleaced
multiple jets, with missing transverse momentum carried off by
undetected particles. For ;uch events the background assoclated with
the semileptonic decays of heavy quarks produced in the hadronization of
a standard QCD jet (in a 2-Jet event) may be quite asevere. In the
background events, energy and transverse momentum may be carried away
with the undetected neutrino, while the charged lepton may be buried 1n
a hadron Jet. A preliminary study of the signal to background problem
has been reported by Littenberg (1984), His ﬁonte Carlo analysis
suggests that for gluino and squark masses in excess of 100 GeV/cz,
approximately 3000 superparticle eventas are required to obtain an
adequate rejection of the background by Introducing a series of
kinematic cuts, If it were possible to recognize leptons within jJets
with high erficiencf, fewer events would be required to establish a
squark or glulno signal., The whole area of extracting squark and gluino
signatures from background can clearly benefit from tuch more extensive

modeling.
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C. Production and Detection of Color Singlet Superpartners

The fermionic partners Y, 70, and W' of the electroweak gauge
posons and the scalar partners €, y, T, 31 of‘the leptons are produced
with typlcal electroweak strengths. As a consequence the producticn
cross sections are considerably smaller than those for gluinos or
squarks of the same mass.

The most favorable mechanism for production of ¥, fo, or Wt is in
assoclation with a gluino or 3quark. The c¢rosa sections for the

elementary processes
9 * gY
9.9 * EEO : (7.29)
17 *

- ——

9,34 * &W

are given by eqns. (7.1) and (7.2) and the coefficlents listed in
Table T.2. The resulting cross sections for electroweak gaugino
production in pp and Ep collisions are presented in Fig. 7-13 = T-21.
The rapidities of the superpartners are restricted tB |yi| < 1.5, For
the purpose of these examples, we have taken all the gaugino masses to
be equal, and have set the squark mass equal to the gaugino masses.
While this is unlikely to be an accurate assumption, it should reliably
indicate the discovery reach of a collider for exploration of high
masses because the superpartner masses are likely to be similar in order
of magnitude. In Figs. 7-15, 7T-18, and 7-21, the squark mass has been

fixe it 0.5 Tev/c2.
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We show in Figs. 7-13 to 7-15 the cross sections for gluino-photino
associated producticon. in  pp collisions {based on the parton
distrihﬁtiona of Set 2), in pp collisions, and in pp collisions
(Ma = 500 GeV/cz). Under the assumptions we have made hefe, the pp cross
section significantly exceeds the pp croés section for gaugino masses
larger than about Y3Y¥20. This corresponds to the familiar value of
Y120.1 which we have encountered in other reactions that proceed through
qq interactions, There are no significant differences between the two
sets of parton distributions in this case. Similar comments apply to
the rates for 22° production (Figs. 7-16 to 7-18) and for gh’t o« gW
production (Figs. 7-19 to 7#21). We note that the cross sections are
substantial for a broad range of gaugino masses. We shall discuss
observability below.

The elementary cross sections for associated production of gauginos

and squarks in the reactions

gq * Yq

gq * 2 q (7.30)
8q * Wg
are given by eqn. (7.9) and Table 7.3. To arrive at the total cross
sections we sum over up and down squarks and antisquarks, and continue
to assume that all relevant squark and gaugino masses are -equal. The
resulting cross sections are shown for pp*ﬁa in Fig. 7-22, for pp*ioa in

Fig. 7-23, and for pp+W'q in Fig. 7-24. The cross sections in PP

collisions are identical. These rates are somewhat larger than those
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_for production of an electroweak gaugino in association with a gluino.
For some values of the superparticle masses, gaugino-squark production
1s the more important process because of the additional s-channel
quark-exchange diagram. In view of the similarity of the cross sections
and the event signatures for the gluino-gaugino and squark-gaugino final
states, it will suffice to consider only one case explicitly.

For our survey of decay modes and superparticle signatures we shall
assume that the photino is the lightest of the superpartners. It will
therefore either be stable or decay into a photon and a Goldstino. The
photino decay will resu%; in a hard photon plus missing transverse
momentum, so should be detectable with high efficlency. We will focus
our analysis on the mdre difficult signature of a stable photino,

Photino-gluinoe (or, eﬁuivalently, photino-squark) events will
di{splay a striking signature: they are one-sided events. The gluino (or
squark) will produce cne or more jets, possibly with missing transverae
momentum, on’ one side of the beam axls, while the photino will escape
undetected on tﬁe opposite side. Such events are essentially free of
conventional background, so that 100 Yg pairs should suffice to
eatablish a signal, Confirmation that the signal represents the
gluino-photino channel, as opposed to some other unexpected new
phenomencn, may require an extended analysis.

The decay modes of Wt and I° are considerably more complex, and
will not produce as striking a signature as a stable or unstable

photiné. The possible decay modes of the weak gauginos are
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W +‘ quqz {7.31)

9,9

W'y

.
Wz

and

{z*i;
Y

-

vy

+\ qq* : ‘ (7.32)
qq

e

After the decays of all superpartners, the signatures for the Wt
and 20 involve missing transverse momentum in association with hadron
Jets, or leptons, or both. For the gaugino decays involving Jjets the
important background processes are the same as in the case of squark and
gluinc production, but the signal is about 100 times asmaller. Such
decays will be very difficult to observe, However, the leptonic decays

of WX and Eo may be more eaally cobservable, 1In particular, the decay
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79 - 157

Lty

yields a pair of charged leptons and missing transverse momentum, whilse

the decay

ity
Ly o35

leads to a single charged lepton and large'miasing tranaverse momentum.

=
H
+

ﬂithout a model for the masses of squarks, sleptons, and gauginbs.
it is not possible to know khe branching ratios for these decays. If we
assume thaﬁ the squark and slepton masses are negligible compared to the
weak gaugino masses, and that the decays #tswtz9 ang 70 + ﬁ*W; are
kinematically forbldden, theh the branching ratio for the decay

O , ¢*32”. The decay rate

70 » lii: will be the same (~3%) as that for Z
tor Wt + 1%uT will receive contributions from &Liv and W¥ channels.
Consequently the branching ratio should lie in the range 4-8% {(for three
fermion generaticna).

The conventional background to the signals for the gh or qW and &2
or qZ final states arises from the W + jet and Z + Jet events that occur
as QCD corrections to the Drell-Yan process. The anticipated rates for
the W + jet background have been given in Fig. 4-12. If the 7t anq Z°
masses exceed about 150 GeV/ec, it appears relatively straightforward to
distinguish signal from background. It 1is worth examining this

background in a little more detall for the wino-gluine and wino—squark

final states.
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A prominent characteristic of the Wtz or Wiq events 'in which the
wino decays ultimately into a charged leptbn, a neutrino, and an
undetected superparticle is their large missing transverse momentum, If
for illustration we assign to the wino and gluino or squark a common °
mass M, the events will consist of

(a) the jet arising from gluino or squark decay, with visible
energy E{°% 2 w2;
{b) the charged lepton from wino decay, with energy Eiépton > M/2;

(¢) unbalanced, or "missing" transverse momentum p: > M//Eﬂ

‘The total energy ihrerred for these events 1s thus
¢

™™ 2 13 M (.33)

The signal must be compared with background W + jet events for which the

inferred transverse energy

- 2 :
E, = P.L+IJP.I.+MW (3.34)
exceeds the value (7.33). For M > M., this corresponds to events with

7, 7 0.8M (7.35)

The potential background given by

45 ’
dpy j' d7 jié( p*r—av wE+ Jet)
P,'_“" -1.5 fdy

is typlcally a few hundred times larger than the signal defined by
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1.5
[ delpporbisrgod).
Jis N

However, for M > MW' a transverse mass cut should effectively eliminate

the background events. We define the transverse masa by

My = 297 i (1-cos@) (#.36)

where § is the angle between the transverse momentum .Of the charged
lepton and the missing transverse momentum. Apart from the effact of
missing momentum due to heaty quark semileptonic decays in the opposing
Jet, phe transverse mass of the background events would be strictly

bounded by MW’ in an ideal detector:

1
W

M7 < M (.37)
bod
and the transverse mass distribution would peak arocund Mwlz. Imposing a
cut Mi.g M% would thus eliminate the background, wnile‘preserving much
of the signal for a wino more massive than the intermediate boson.
Although this s clearly a case which calls for detajlled Monte Carlo
simulation, it is plausiblé that for M 2> 2“w a transverse mass cut will
yield an extremely pure sample of wino events,
The cbosa sections for palir production of electroweak gauglnos are
smaller than the gluino + electroweak gaugino cross sections by a factor

of approximately a/as. We show in Figs. 7-25 and 7-26 the total cross

sactions for the reactions
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pp + YZ + anything . (7.38)
and

pp * W+ anything (7.39)
respectively. These have the same sort of signature as the

ey

photino-gluino channel: they are one—-sided events. If the Wf or 3
decays into quarks and squarks, 1t will be "quite difficult ¢to
distinguish these events from Vg events. The leptonic decay modes of
the gauginos should provide an extremely distinctive signature., A
potential background to.th; lepton signal arises from YZ or YWY events

- in which the photog ascapes detection.

The total crosas section for the reaction

Pp + YY + anything . _ (7.40)

is shown in Fig. 7-27. 1If the photino is stable, this process may well
be unobservable in the collider environment. If 1instead the photino
decaya to a photon and Goldstino, the signature of two hard photons with
missing (hence unbalanced) transverse momentum.

Figures 7-28 to T-30 present the cross sections for the reactions

Pp * ZZ + anything, : (7.41)

pp » ZW + anything, (7.42)
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Pp ﬁ"i’f + anything |, (7.43)

which are in general 10 to 20 times smaller than the corresponding
assoclated production process with a gluino or squark., Furthermeore, to
definitively ldentify these final states would Eequire the observation
of both gauginos in their leptonic decay mbdes, at the price of two
branching ratios, Thus these processes do not appear to provide the
most promising approach to the discovery of #* and 20.

Finally'we turn to the pair production of the scalar partners of

. leptons, for which the elemgntary reaction is a simple generalization of

the usual Drell-Yan process. The cross section for the reaction

qq * 28* (T.44)

summed over left- and right-handed sleptons (assumed degenerate in mass)
is given by (7.19)-(7.21). Some restrictions on the ;L-;R mass
difference have been given by Hinchliffe and Littenberg (1982). The

{mplied rates for the reactions

p*p L anything (T.45)

are displayed in Figs, 7-31 and 7-32 respectively, for the parton
distributions of Set 2. The cross sections that follow from Set 1 are
nearly identical. For the decay At + 2¥¥, where the photino goes
unobserved, the upper limit cn the mass of an obsgrvable Slepton will be

comparable to that inferred in Sec. V rof sequential heavy leptons.
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D. Summary

If supersymmetry is to be relevant to the sclution of the hierarchy
problem, and thus to the physics of the electroweak scale, then the
sﬁpersymmetric partnérs of the known fundamental fields must have masses
that are no more than a few times the scale (GF/E)-le - 247 GeV/c? of
electroweak symmetry breaking. It.is important that the supercollider
permit a comprehensive search for evidence of supersymmetric particles.

Our estimates show that the supersymmetric partners of the quarks
and gluons will be produeed copiously, even for masses in excess of

’
1 TeV/cz. Detection of squarks and gluinos 1is a more difficult

consiﬁeration. For scme of the most plausible gluino and squark decay
modes there can be substantial backgrounds from conventional physics
processes, A relatively large event sample will therefore be required
for discovery. A rough analysis suggests (Littenberg, 198&) that
103~104 gluinos or squarks would be needed to eatablish a signal above
theée backgrounds. Adopting 10“ events produced in the rapldity
interval -1.5<y<t.5 as a re;sonabla discovery criterion for gluinos, we
show in Fig. 7-33 the maximum gluino masses accessible in pp colliders
of varying ¢.m. energlies and integrated luminosities. The discovery
limits for squarks, deduced under the same assumptions, are shown In
Fig. 7-34. In theaé two cases, we Tfind no significant differences
between pp and Ep collisions at the same energy and luminosity.

The smaller production cross sections of the electroweak gauge

fermions are in general compensated by cleaner signatures. The

associated production of a photino and a squark or éluino has the most
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characteristic signature: a "one-sided" event. We estimate that fewer
than 100 such events would be required for discovery. The rates for
assoclated production of a zino or wino with a squark or gluino are
comparable to the photine production rate, but detection is probably
more challenging. The signature consists of leptons and missing p, in
one hemisphere, with jets in the opposite hemisphere. We Jjudge that
1000 events of this kind should suffice for discovery. Discovery limits
for photinos, zinos, and winos are presented in Figs. 7-35 to T7T-37,
which are based on the gaugino—gluino cross sections with Ma - Mgaugino'
In this case, there 1s at high luminosity a considerable advantage to
proton-antiproton collisiods, because of the higher qq luminosity. The
effect is largest for ?-production} which favoré uu collisions, and
smallest for f-ﬁroduction, which favors dd collisions. This reflects
the difference between the valence parton distributiocns uv(x) and dv(x).
The 1limits deducgd from gaugino-squark assoclated production are the
aame for pp and Ep eollliders, They are shown as dotted lines in
Figs. 7-35 to 7-37. The limits are slightly better than those cbtained
from gaugino-gluino final states,

Finally we considered the pair production of charged sleptons in
hadron colliders. The production process is essentially the familiar
Drell-Yan mechanism and detection of the resulting acoplanar lepton
pairs should be relativély straightforward. As few as 100 slepton pairs
might suffice for discovery. However, because of the small production
cross section, the discovery limits shown in Fig. 7-38 are only a few
hundred GeWcz. Because of the relatively low masses involved, there are

no significant differences between pp and Bp eollisicons.
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We infer from Figs. 7-33 to 7-38 that a 40 TeV p*p collider with
integrated lumincsity -exceeding 1039 c:m-2 should be adequate to
establish the presence or absence of the superpartners predicted by

models of low-energy supersymmetry.
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#
.

. Table 7.1: Supersymmetric Partners of SU(3),9SU(2) 8U(1)y Particles.

particle spin coleor charge R-number
g§  gluon _ 1 8 0 o
g gluino _ 1/2 8 0 I [
Y  photon | 1 0 o o
'Y photino ‘ ' /2 | 0 0 | [II
' :yt*,z" intermediate bosons | 1- 0 +1,0 . 0
j i?i‘,io wino, zino w2 | 0 £1,0 o II[
q  quark ' vz 3 2/3,1/3 ‘o'_.
Q. squark - SR 3 2/3,-1/3 g2l
e eleétron ‘ 1/2- -0 -1 o o .
e - selectron o " 0 ! | 0 | -1 —x=21 'l _
v  neutrind w2 o 0 o
'S sneutrino . 0 0 | 0- 1
Higgs bosons 0 0 21,0 0
n°) (H' ) | | |

| R o
Higgsinos - (_ 172 0 £1,0 ]
AVCUAYS -
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FIGURE CAPTIONS

Cross sections for the reaction pp + gg + anything as a
function of gluino  mass, for collider energles
/2 = 2,10,20,40, and 100 TeV, according to the parton
distributions of Set 2. Both gluinecs are restricted to the
interval |yi|<1.5. For this illustration, the squark mass
is set equal to the gluino mass,

Cross sections for the reaction pp > gg + anything as a
function of gluino mass, according to the pacton

distributions %r Set 2. Cuts and parameters are as in

Fig. 7-1.

Croas sections for the reaction pp » Eé + anything as a
function of gluino mass, according to the parton
distributions of Set 2, Cuts are as in Fig. 7-1, but the

|
squark mass is chosen asO.STeV/cz.

Cross sections for the reaction pp * 88 + anything as a
function of gluino mass, according to the parton
distributions of Set 1. Cuts and parameters are as in
Fig. T-1.

Cross sections for the reaction pp -+ E(au or ad or aa or
aa) + anything as a function of the superparticle mass, for
collider energies /s = 2,10,20,40, and 100 TeV, - according
to the rparton distributions of Set 2. We have assumed

equal masses for the squarks and gluino, and have ineluded

the partners of both left~ and right-handed quarks. Both
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squark and gluino are restricted to the rapidity interval
[y, ]<1.5.

Cross sectlions for the pair production of up and down
squarks or antisquarks in the rapidity interval ]yil<1'5'
as a function of the common squark mass, for collider
eﬂergies /3 = 2,10,20,40, and 100 TeV, The parton
distributions of Set 2 are used.

Cross sections for the pair production of up and down
squarks or antisquarks in Pp collistons, according to the
parton distr%Putions of Set 2. Cuts and parameters are a2
in Fig. 7-6.

Cross sections for the palir production of up and down
squarks and antisquarks in pp collisions, according to the
parton distributions of Set 1. Cuts and parameters are as‘
in Fig. 7-6.

Cross secticns for the produchion of a "heavy" squark
flavor in the reaction pp + tt* + anything, according to
the parton distributions of Set 2. Cuts and parameters are
as {n Fig. 7-6.

Cross sections for the production of a "heavy" squark
flavor in Bp collisions, according to the parton
distributions of Set 2. Cuts and parameters are as in
Fig. 7-6.

Comparison ér the cross sections for gg (dotted line), gq
(dot-dashed line), and qq (dashed line) production in pp

collisions at 40 TeV, according to the parton distributions
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of Set 2. Also shown 1s the total cross section for squark
or gluino production (solid line). Cuts and parameters are
as in Fig. 7-1.

Comparison of the cross sections for gg (dotted line), g4
(dot-dashed line), and qq (dashed line) production in pp
collisions at L4Q TeV, according to the parton distributions
of Set 2. Also shown is the total cross section for squark
or gluino production (solid line). Cuts and parameters are
as in Fig. 7-1.

Cross sections for the reaction pp » gY + anything as a
funetion of 'ﬂhe photino mass, for collider energie;
/3 = 2,10,20,40, and 100 TeV, according to the -parton
distfibutions of Set 2, Both gluino and ﬁhotino are
restricted to the rapidity interval |y1|<1.5. For this
1llustration, all squark and gaugino masses are taken to be
equal.

Cross sections for the reaction pp + gY + anything as a
function of the photino mass, according to the parton
distributions of Set 2. Cuts and parameters are as In
Fig. T-13.

Cross sections for the reaction pp + g¥ + anything as a
function of phe photino mass, according to the parton
distributions of Set 2, Cuts and parameters are as Vin
Fig. 7-13, except that Ma = 0.5 TeV/eZ.

Cross sections for the reaction pp + gZ + anything as a

function of the zino mass, according to the parton
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distributions of Set 2. Cuts and parameters are as in
Fig. 7-13.

Cross sections for the reaction pp » gZ + anything as a
function of the 2zino mass, according to the parton
distributions of Set 2. Cuts and parameters‘ are as 1n
Fig. 7-13.

Cross sections for the reaction pp » gZ + anything as a
function of the =zino mass, according to the parton
distributions of Set 2. Cuts and parameters are as in
Fig. 7-13, except that Mz = 0.5 Tev/e2.
Cross sections "or the reaction pp + gAt + anything as a
function of the wino‘ mass, éccording to the parton
distfibutions of Set 2. Cuts and parameters are as in
Fig. T7-13.

Cross sections for the reaction pp + gh® + anything as a
function of the wino mass, according to the parton
distributions of Set 2. Cuts and parameters are as in
Fig. 7-13.

Cross sections for the reaction pp + gW* + anything as a
function of the wino mass, according to the parton
distributions of Set 2, Cuts and parameters are as in
Fig. T-13, except that Ma = 0.5 TeV/cz.

Cross sections for associated production of a photino and
up or down squark or antisquark in pip collisions as a
function of the photino wmass, for collider energles

Y& = 2,10,20,40, and 100 TeV, according to the parton
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Fig., T-2U:
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Fig. 7-26:

Fig. 7-27:
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distributions of Set 2., For this illustration we set the
squark mass equal to the gaugino mass. Both squark and
photino are restricted to the rapidity interval |yi|<1.5.
Cross sections for associated production of a zino and a
squark in p*p collisiona as a function of the zIno mass,
according to the parton distributions of Set 2. Cuts and
parameters are as in Fig. 7-22.

Cross sections for assoclated production of a W' or W and
a squark in pp collisions as function of the wino mass,
according to the parton distributions of Set 2. Cuts and
parameters are as in Fig. 7-23.

Cross sections for associated production of a photino and
zino in pp collisions as a function of the common gaugino
mass, for collider energles vs -'2.10,20.40, and 100 TeV,

according to the part%n distributions of Set 2. Both

'gauginos are restricted to the rapidity interval |y1]<1.5.

For this {illustration, the squarks and gauglnos are
asalgned a common mass.

Cross sections for associated production of a photino and
W or W in pp collisions as a function of the common
gaugino mass, according to the parton distributions of
Set 2. Cuts and parameters are as in Fig. 7-25., parton
distributions of Set 2.

Cross sections for pair production of photinos 1in pp
collisions as a function of the photino mass, according to

the parton distributions of Set 2. Cuts and parameters are

as in Fig., 7-25.
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Fig. 7-29:

Fig. 7-30:

Fig. T-31:

Fig. 7-32:

Fig. 7-33:
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Cross sections for pair production of zincs 1in pp

collisions as a function of the zino mass, according to the

" parton distributions of Set 2. Cuts and parameters are as

in Fig. 7-25.

Cross sections for W ZC production in pp collisions as a
function of the common gaugino mass, according to the
parton distributions of Set 2. Cuts and parameters are as
in Fig. T-25.

Cross Sections for W' W production in pp collisions as a
function of the wino mass, according to the parton
distributions %f Set 2. Cuts and parameters are as in
Fig. 7-25. |

Cross sections for the reaction pp + 1i* + anything as a
function of the slepton mass, for collider energles
/3 = 2,10,20,40, and 100 TeV, according to the parton
distributions of Set 2. Both sleptons are restricted to
lie in the rapidity interval |yil<1.5.

Cross sections for the reaction pp + L&* + anything as a
function of the slepton mass, according to the parton
distributions of Set 2. Cuts and parameterd are as In
Fig. T-31.

"Discovery limits" for gluinos in pp and pp collisions,
Contoufs show the largest mass for which 10u glgino pairs
are produced with ]31|<1.5,' for apecified énergy and
integrated luminosity (in cm 2). The parton distributions

of Set 2 were used.
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Fig. 7-37:

VII-42

"Discovery limits" for squarks 1in pp and pp collisions.

3

Contours show the largest mass for whidh 10 squark pairs’

are produced with. |y1|<1.5,- for specified energy and
integrated luminosity (in cm-z). The parton distributions
of Set 2 were used. |

"Discovery limits" for photinos produced in association
with gluinos 1in pp (solid lines) or pp (dashed lines)
collisions, or in association with squarks (dotted 1lines}.
Contours show the largest mass for which 100 photinos are
produced with |y,[<1.5, for specified energy and integrated
2)

luminosity (in cm <). The parton distributions of Set 2

were used.

"Discovery limits™ for zinos produced in assoclation with

gluinos in pp (solid 1lines) or pp {(dashed 1lines)
collisions, or in assoglation with squarks kdotted lines),
Contours show the largest mass for which 103 zinos are
produced with |y1|<1l5, for specified energy and integrated
luminosity (in cm 2). The parton distributions of Set 2
were used.

"Discovery limits™ for winos produced in assoclation with
gluinos in pp (solid 1lines) or pp (dashed lines)
collisions,-or in assoclation with squarks (dotted 1lines).
Contours show the largest mass for which 103 winos are
produced with |y1|<1.5, for specified energy_and integrated
luminosity (in cm-z). The parton distributions of Set 2

were used.
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"Discovery limits"™ for sleptons in pp and Ep collisions.
Contours show the maximum mass for which 100 slepton pairs

are produced with ]y1|<1.5, for specified energy and

integrated lumincsity (in cm 2). The parton distributions

“of Set 2 were used.
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VIII-1
VIII. COMPOSITE QUARKS AND LEPTONS

The proliferation of quarks and leptons has Inapired the
speculation that they are composite structures, bound states of more
fundamental constituents often called preons. The basic assumption that
underlies almost all composite model building is that the constituent
preons interact by means of a new strong gauge interaction, sometimes
called 1metacolor, According to current theoretical 1ideas, the
non-Abelian metacolor theory should be asymptoticallf free and Iinfrared
cogrlning. Below a char%cteristic energy 3cale A*, the metacolo;
interaction becomes strong and binds the preons into metacolor singlet
states including the observed quarks anq leptons, In this way, the ldea
of composite quarks and leptons may be seen as a natural extension of
the technicolor strategy for composite Higgs scalérs.

As we shall make precise below, there is no experimental indication

of quark or lepton structure on a scale of 19"16

cm,. AS a conssquence,
the metacolor acale A* cannot be much less than the electroweak scale
(GF/JES-TIZ. This means that the masses of the quarks and leptons are
very much smaller than the characteristic scale of their compositeness.
In general, it is the scale A* which determines the masses of
composite _states. However, there are special circumstances in which
séms composite s;atea will be exactly or épproximately massless compared
to the scale A*, The Goldstone (1961) theorem asserts that a massless
spin-zero particle arises as a consequence of the spontanéous breakdown
of a continuous global symmetry. For examplé, if the up and down quarks

were massless, the ardinary SU(3) strong interactions would be

color
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invariant under an exact SU(2)LOSU(2)R chiral symmetry. This symmetry
is spontaneously broken down to a  vector1al SU(Z)v symmetry by the
atrong Iinteractlions, and massless plons appear as a consequence of the
Goldstone theorem. In the real world, electromagnetic interactions as
wall as small bare masses of the up and down quarks explicitly break the
chiral symmetries, so that the pions acquire small masses.

Recently, 't Hooft (1980) has pointed out that under certain
special conditions, éonrining theories which possess global chiral
symmetries may lead to the existence of massless composite fermions when
the chirgl' symmetries ﬁre not spontaneoualy' broken. We shall ﬁot
discuss these congitionﬁ 'in det#il here, but simply remark that
't Hooft's mechanism provides a consistent theoretical framework in
which to understand how composite fermions can be massless. In analogy
with the case of the plons, we may suppose that a small bare mass for
the preons,or preon weak interactions that explicitly break the chibal
symmetries, can account for the observed masses of quarks and leptons.
Theoretic#l ideas on compositeness and the experimental implications of
composite models have been reviewed recently by Peskin (1981), Abolins,
et al. (198?), Harari (1982), Lyons (1983ab), and Barbieri (1983).

For the enauing analysia,‘ we shall assume the standard
SU(BJGQSU(Z)L9U(1)I_ gauge theory for quarks and leptons.; We shall thus
not consider theﬁ intereating possibility that the gluons and
intermediate boscns are cémposite- particles, The implications for
collider physics of models in which w* and z° are composite have been
considered by Abbétt, Farhi, and Tye (1982), and by Leurer, Harari, and.

Barbieri (198u).
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The remainder of this Section {s organized as follows. In Section
VIII.A we discuss the signals for compositeness iﬁ general-terms. Theée'
signals take different forms, depending upon the subprocess energy Vs
relative to -the characteristic compositeness scale A*. When /¥ exceeds
A®, the manifes;ations of compositeness are very direct, and need nﬁt be
discussed at length. The cofisequences of compositeness are more subtle
when v$ 13 small compared with A*, Therefora we focus in Sec¢., VIII.,B and
C on the signals which will be prominent for v3@A*. Section VIII.B is
devoted to composite effects in high transverse momentum Jets, and
Section VIII.C is concerne% with modifications to the Drell—?an procesg
for the production of massive pairs of leptons. A summary of our _

results is given in Section VIII.D.
A. Manifestations of Compositeness

No obviocusly correct or compelling model of composite quarks and
leptons has yet emerged. Iﬁdeed, no consensus has been achieved even on
the most fundamenta; aspect of subatructure, the compositeness scale A*.
Within the context of the technicolor models discussed in Sec. VI, it is
natural to extend the theory to allow for the possibility that quarks
and leptona are composite, sinc§ a new strong interaction has already
been introduced to account for a composite Higgs sector. In such models
the scale A®™ may lie not rfar above the electroweak scale. Nevertheless,
there are nearly as many conjectures for the compositeness scale as
there are proposals for composite models themselves (Peskin, 1981;
Abolins, et al., 1982; Harari, 1982; Abbott, Farni, and Tye, 1982;

Barbieri, 1983). It ia.even conceivable that different compositeness
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scales apply to various fermion specles. Therefore, it is important to
consider those signals which are most sensitive to the presencelof
substructure in the widest possible variety of modeis. Te begin to see
how this may be done, let us catalog the major signals for compositeness
of the light fermions. |

The most striking indications that the quarks and leptons are
composite would occur at 3subenergies Y3 of a few times the
characteristic compositeness scale A*, At these energiles, multiple
production processes would dominate over the Cfamiliar two-body
partonrscatteriné processes, Examples of the sort of 1ne1a§tlc

’ \
processes that may occur for a uu initial state are

Fﬁﬁuﬁ

ik

wiL —>{ bbtt (2.1)
Ll

T

where q* denotes an excited state with exotlc color quantum numbers,

Similar possibilities may exist for other quark-quark, quark—-antiquark,
or antiquark-antiquark initial states. Which processes actually occur
is a highly model-dependent question. What can be sald in general Iis
that the cross ﬁection for the ailowed'inelastic processes will be
geometrical in magnitude, of order uw/AE. As a result, these
unconventional evénta-—— multijets, jets with leptons, and multileptons
— will completely dominate the standard SU(3)GGSU(2)LQU(1)I progcesses,

for which cross sections go roughly as wuifs.
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If the compositeness scale lies Just above the current boundsa,
spectacular .51gnals of the kind'ue have just discussed maf be expected
at the supercollider, If instead the accessible subenergies /% are less
than A%*, the departures rrog the standard model will be quantitative
rather than qualitative. Séveral approaches are potentially of
interest. |

The classic test for substructure is to search for form Cfactor
effects, that 1is, deviations from the expected point-like behavior in
gauge~field propagators and fermion vertiqes {(Chanowitz and Drell,
1973). Such deviations wouid occur 1in any cohposite model, as a
consequence of the vector d;m;nance mechaqism depicted in Fig. 8-1. | In

a favored parametrization of this ;frect, the gauge fleld propagator is

modified by a factor S ,
Flg?) = 1+-s;"//\‘z> (%.2)

where Q is the four-momentum carried by the gauge fleld. Measurements

. of the reactions
J

{ | ;‘i}i:-
ete” —» - (8.3)
L | |
at..PBTRL at c¢.m. energies up to 35 CeV have ruled out photon form
factors for A* < 100-200 GeV (Branson, 1981; Brandelik, et al., 1982),
and hencé- have excluded' quark or lepton structure on or beldw this
scale. | |
Many other tests of compositeness can be carried out in the study

of small effacts or rare processes at low energies. For example, if a

compoaité fermion £ is naturally light because of 't Hooft's mechanisa,
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there will arise a coatribution to its anomalous magnetic moment of
order (mr/A*)a (Barbleri, Maiani, and Petronzio, 1980; Brodsky and
Drell, 1980). The agreement between the QED prediction and the measured
value of (8'2)u (Calmet, et al., 1977; Combley, Farley, and Plcasso,

1981) implies that
N3 670 GeV (8-4)

for the muon. This is the only constraint on A* from anomalous moments
that improves the limifs from reactions (8.3). A second class of tests
relies on | the‘ eiistence in composite models of new effaective
four-fermion contact interagtions at energies small compared to A%,
These eftectivevpoint interactions are the‘low-energy manifestations of
the~constituent;inteqchange-péocésﬁea {ndicated in Fig. 8-2. If the
contact Interactions mediate flavor-changing transitions such as KE_* ne
and K9-89 or D%-3° mixing, experimental constraints impose lower limits
on A* ranging from 100 to 3000 TeV (Kbolina, et al., 1982; Kane and
Shrock, 1983). Hhilethese bounds are very impressive, the existence
-an¢ form of rlévor-changing contact terms is a highly model-dependent
issue. It is possible (Bars, 1982) to construct models In ;hich at
least some of the dangeroua rlavor—chahging interactions are absent. In
- such models, tﬁe-bounds cited above lose their force.

Even tt“rlavor4ch;nging contact interactions are avolded, there Iis
no way to eliminate-‘all flavor—-conserving contact terms, because
identical quarks necessarily have common constituents. Mcre precisely,
1n.'any-model in ﬂhich one or both chiral components of the rermioh £ ia
-composite, theré must occur rlgvor-diagonal contact interactions due to
the strong metacolor forces of the form (Eichten, Lane, and Peskin,

1983)
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= z/ * L :x" f l'-
 Ze=(g Zf )[7‘§f AN o (s8)
e FoI'fy Seufe + e VS, Fe il

where fL,R are the left-handed and right-handed chiral components of f,
respectively. In the construction of (8.5) it has been assumed that the
SU(BJGGSU(Z)LOUU)I description is correct (if incomplete), and that
A* > (GF/«J;.' )-‘lh' | Above the scale of elec_:tr'oweak symmetry breaking the
known 1n£;;;§tions do not conserve parity, 80 thereJ is no reason to
assume that metacolor willtbe parity conserving. Indeed, the mechanism
described sy 't Hooft (1980) allows the possibility of massless
composiﬁa rermiohs only 1n'p§r1ty—violating gauge theories., We shall
therefore regard fL and ra as distinct specles, whgraupon the
compositeness of one does not necessarily imply the compositsness of the
other. If both are composite, they need not have common cdnstitueﬁts.‘
Thus the LR term in (8.5) will be present only if both tn and rR are
composite, and have at least one constituent in common. Finally, we
define A* for the purposes of (8.5) so that nguu = 1 with the largest
I"idl = 7. Color indices, 1f any, are suppressed here.

The SU(3) @sSU(2) 8U(1)y invariance of d'f“ generally implies the
existence of addiﬁional coniaet interactions involving different fermion
members of the same eléctroweak multiplet. In the absence of a complete
theory, we do noﬁ know whether different fermions belonging to the same
electroweak doublet should refer to mass eigenstates or weak

eigenstates, One <¢an argue that they should be the weak eigenstates.

If that is so, there is the danger of the flavor-changing contact
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interactions we spoke of above. 7He shall have to assume here that any
dangerous flavor-changing intéraqtions are sufficiently suppressed by
some unknown mechanism.

The flavor-diagonal contact interactions of eqn. (8.5) will modify
cross sections for ff elastic scattering. If in the standard model this
process 1s controlled by a  gauge coupling ur<<1, then the
helicity-preserving pleces Of;(}f give rise to interference terms in the
integrated cross section for ff scattering that are of order
NE '41'B°(f d‘f\*‘z’

o

(8.6)

relative to the standard model contribution (Eichten, Lane, and Peskin,
1983). This modification to the conventional expectation is far more
dramatic than the anticipated-O(sln*z) form factor effects. The direct

contact term itself will dominate for subenergies satisfying
~ A2 ,
sS2 KN (s

The approximation that the composite interactions can be represeni?d by
gontact terms breaks down for 8 = A*z, so eqn. (3.5) be;omes unreliable
apove these subenergies. The neglect of hellcity-changing contact terms
is Justified in thé‘enéfgy range crA*z <8¢ A*z'by the fact that they
will Dbe auppréssed by additional factors of nffs or 8/4*2 relative to

the helicity-conserving interactions (Eichten, Lane, and Peskin, 1983).
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Searches for the effects of contact terms associated with electron
compositeness have been carried out in Bhabha scattering measurements at
PEP and PETRA. The studies summarized by ¥amada (1983) lead to bounds
on the scale of electron compositeness in the range of 1-2 TeV,

In hadron-hadron collisions, the process that 1s most sensitive to
the presence of a flavor-diagonal contact termézrr is the production of
high-transverse momentum jets by the scattering of up or down quarks.
This test of quark compositeness 1s of course independent of electron
compositeness. We discuss in Section VIIL.B the limits on light quark
compositeness which are attainable in high-energy p*p collisions.

In addition to flavor-Jiagonal contact Iinteractions, there can be
'rlavor-conserving_ but nondiagonal interactions with strength comparable
to the diagonal terms. This possibility is more model dependent as it
generally requires the two fermions to have a conatituent\in common.
However, such an effective interaction may be generated by the metacelor
gluon exchange mechanism?1 sketched in Fig. 8-3. At subenergles small
compared with A®, there 1s no reason to expect any inhibition of this
sort of flavor mixing: the metacolor coupling constant is fot small. An
1nteription mixing a light quark pair and a lepton pair would modify the

Drell-Yan process. This possibility will be discussed in Sec. VIII.C.

FTThia possibility was pointed out to one of us (K.L.)}) by S. Drell.
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B. Signals for Compositeneas in High-qL Jet Production

The most general helicity-conserving, SU(3)GGSU(2)L9U(I)r-invariant

four-fermion contact interaction among up and down quarks is given by

G = VT 0 zw"& S22
| +Y1.,...7_J % %V ua* od ¥ Z'-
+ Vg T Mg U 2 Mug + ’]sd 7.7 ﬁi«-dzr "dﬂ Lm)l
+ Y, T ¥t Tt +Yldd REER R
+ 7]"3 .E{T“ugdg_ypdg + 7)'.@ up.fd?. dp In ua}

¢ = (4 ) ) (8.9)

. - L
the A, (A = 742,...,8) are the 5U(3) color matrices, and the
‘i“" 1,2,3) are the weak-isospin Paull matrices. As In (8.5), the
compositenesa-uécale A* is chosen so that gzlhr = | and the largest

l"ij' = 1. At any given compositeness scale and subenergy, we axpect

to be of comparable importance in its

each individual term {n X, @
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- influence on the jet cross section. We shall analyze in detail only the

plece of (8.8) which applies if u and d; are ccmposite and interact by

color-singlet, isoscalar exchanges in the form

1ZZ£= )1,2_3;\% {‘-yﬂif-i\d‘riLJ (8.10)

with Ny = tl.
The differential cross section for quark-quark scattering now takes

the form

deivy) o B A0l = wm

& 2

where the indices 1,j,L', and j‘ denote up or down quarks or antiquarks,
and the amplitude squared includes both the gluon-exchange contributionsa
of QCD and the contact interaction due to metacolor., For the cases of
.interest, the squared amplitudes are (Abolins, et al., 1982; Eichten,

Lane and Peskin, 1983)
INwz—>ua)l”= AT D) =

(q")[(u +3%) t’:) _95_ _@f_‘,]
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\ Pv(w-mu) % 1A ad) = | Asm s 22 1A 3 il

= ﬂ‘-*s (a*) {G"-\r'sl" 32—\-’&2 2—..:52- 1 |
L. (3, £ ey (@24%ag0);
+15 A““(-’E*ﬁ)* ,\»f-( 3> /D

Al ~dD) = (NI —um)? =
i«steﬁ (289 . (11_)"-,

N*

(2.44)

mua-mn = \Am_,m\ \A(w:&-md)\ = AR~ ="
)‘L (3.15)

: AW IS ~:.
= 40{-,(9. )M l)_
A‘Z
In,oqns (8.12)-(8.15) the strong coupling constant a, is to be
evaluated at a scale Qz typlcal of the process in question: As we
remarked in Sectidn III, where the sensitivity to this scale was
discussed, the choice of Qz is somewhat ambiguous. To 1llustrate this
sensitivity further, for this analysis we choose not e - foh as in
Sec. 3, but ' I
” 2 (s.16
= .
_. 3 B 7% S 16)
- where ELL is the transverse momentum of the outgoing Jjet. In writing

eqns. (8.12)-(8.15) we have ignored all contributions of higher order In
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ag. These include pe{turbative corrections to the QCD Born terms as well
as the  form factor erfécts associated with quark compositeness, ﬂe
caution again that the form given for the composité interaction in
(8.10) 1s reliable only for 38 < A*Z; above the compositeness scale,
inelastie channels become increasingly important.

The differential crosa sections dﬂ/dE;dY|y_0 for the reaction

7P — jet + angthing (81%)

that follow from eqns. (8.11)-(8.15) are shown in Figs. 8-4 - 8-7 for
‘collider energles /S = 10§ 20, 30, and 100 TeV, and for representative
values_ of the substructure scale A®., The latter were chosen to
1llustrate the feach of colliders for integrated luminosities in the
range 1039 - 10”0 cm-z.

The gross features of the curfes are easily understood. Because
the contact term modifies the cross section for (anti)quark-{anti)quark
scattering, its effects are most apparent at the large values of QL for
which valence quark interactions dominate the jet cross section. In pp
collisions, the largest effect comes from the modification to wuu
scattering given by (8.13). Since t and 10 are both negative, the
penultimate term corresponds to constructive (destructive) interference
for Ng = -1(+1). This means that deviations from QCD will be more
pronounced for_no = ~-1 than for s = +1, at the same values of 3, pL,
and A*, At the largest values of QL‘displayed, the interference and
direct contact terms are comparable in magnitude for the chosen values

of A¥,



VIII-14

To estimate what limits‘can be set on the compositeness sc%ie as a
function of pp coilidér energy and luq}nosity, it is first necessary to
assess how reliably we know the conventional QCD' eontribution to
inclusive Jjet production. One measure -of the uncert#inty that resides
in the structure functions may be had by comparing the Jet eross
sections computed using the parton distributions of Set 1 with those ‘
obtained from Set 2. As we saw in the comparison of Figs. 3-9 and 3-11,
the shapes of | the QCD~jet <cross _ sections are essentially
indistinguishable. The normalizations differ by less than 20% over the
range of QLrshoun ln'?igsé's-u - 8-T. At the values of QL/JE'which are
important to the search rob composite effects, theoretical ambiguitiea
assoclated Hith. the x+0 aqdj'x¢1 behavior of structure functions are
unimportant. H§ are theferore- confident that a departure from the
axpected behévior which incréasas or dee}eases the jet cross section by
a facﬁor of two signéls the onset‘of new physics.

Ta be specifie, we-réquire that in a bin of width AEL-- 100 GeV/é,

the deviation

do | _ 4r®
dy dy |.. do. 4 -
d-P '

38y

\1=LO

corresbond to a .ractor-or%two change in the cross section (A>1 or
- A<=0.5), and that at least 50 events be observed per unit rapidity.
This criterion leads to the potential limits of A*® displayed in
FPig. 8-8. For example, a 40 TeV pp collider with integrated luminosity

4o -2

of 10%m © can reach
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\S TeV -

]\":.-: 2o ToV 5')( T]‘-;:\:‘l. (3.44)
O e

The analysis of the senaitivity to~compositenesa in pp collisions
is somewhat different in detail. For the cross sections d°/dp;9y|y-0

'FF — éet-i- anj'l'hinj (8.20)

plotted in Figs. 8-9 - 8-15. the most important effects of the contact
term occur in interactions of valence quarks with valence aﬂtiquarksf
Of the qq interactions given by (8.12) - (8.15), only the flavor
-diagonal amplitude of (8.12) contains an interference term., This term
tends to be unimportant because 8 is large and positive, while t is
large and negative 1In ﬁhe regime of interest. As a result, the
differences between the predictions for Ng = +1 are far smaller than the
corresponding differences in pp ccllisions. The potential limits on the
compositeness scale that can be set in reaction "(8.20) are shown Iin
Fig. 8-13. Comparing with Fig. 8-9, we find that for Ng = 1 there is
essentially no difference in reach between pp. and pPp colliders of the
same - energy and luminosity. For Ny = +1, the reach of a Ep collider is

somewhat greater than that of pp collider with the same parameters.
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€. Signals for Composite Quarks and Léptons in
Lepton-Pair Production

If the leptons and light quarks have common consituents; or If the
metacolor gluon exchange mechanism 5r Fig. 8-3 1s not suppressed,
contact Iinteractions wiil modify 1lepton-pair production in quark
-antiquark annihil#tions. ﬁnder the assumption that oniy left-handed
neutrinos exist, the most general SU(3) GSU(Z)LGU(1)¥ invariant interac-

tion among quarks and leptons 15

Ly "’ (5% A 30" z;. Ll
| -”1: 2B LnG b+ M B0 feh e
LLU"LL. U-KUFU.R_'P)? o L de e (621)
.+ ’2'“- ""K‘JH“L& hlg + 7)4:. T Ve Ly ,J&}p

where

fee = (:)L e 7 | (£.22)

7
L, = C‘; > S (s.23)
. , L _

and L = e,u,t. As usual, the compositeness scale A* is chosen so that
g?kur-- 1 and the largest |n'| = 7. We consider in detall only the
ceentact term involving the product of the left-handed Wweak—1soscalar

quark and lepton éurrents;
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I:j. N;z.n ‘i_LKFLZ: 'z.) | (8'24)‘

with

'TP: = =1, . (3.215|)

The differential cross sectio; for the reaction
-7 ty~
4:9; >4, (2.26)

ineluding the contributionstof ¥ and Z° exchanges and the composite

contact interaction (8.28), 1s given by

dt

where the quark flavors are 1 = up, down. The coefficients Ai and Bi

may be written as

Ay . Lile g | 21';- 2
8)= l_a‘ 4y (%) S-MIaiM Iy d,\ﬂ-\

d‘T(M ~01) _ . [Aa(a)(%)"n;(s)(g—)’} (1:2%

A (8.28)

| ,_ Rike S z
+\Q""‘ 4 %) E-M;-\-m%%\ >
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A2 = . Rile g -
B = |8 - Gt T

(3.29)

LiRe : :
lgn. 4_,‘“(1-)(,4) E-Mz-h‘.“av%\ 5

where the chiral couplings of ‘the neutral weak current are as usual

L= T3 - 2§ Xw, (3.30a)
and , f . .
R.‘; = "ZQLXVJ, | (5.305)
‘ N

Here the weak mixing parameter is Xy = sinzew. and 1:3 is twige the

weak-1isospin projection of fermion 1,

The cross sections cla/d?flyly_c1 for the reaction
- -
pp—> LA+ anything (5,31)

that result from eqns. (8.27)-(8.30) are plotted as functions of the
invariant mass T\] « Y8 of the lepton pair for collider energies of 10,
20, 40, and 100 TeV in'Fiés, 8-14 - 8-17. Similar calcilations for pp
collisions are pr;aented in Figs. 8-18 - 8-21. Whereas the conventional |
Drell-Yan contribution falls rapidly with T’n (because both parton
luminosities and the elementary cross section do), the cross sections
including the contact interaction have nearly flattened ocut. The weak
dependence uponhl results from the convolution o.r the rising elementary

cross section with the falling parton luminosities. It is evident from
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(8.28) that np = -1 corresponds to constructive interference with the
dominant up-quark contribution to the c¢ross section. There ére no
conventional backgrounds to this signal for quark and lepton
substructure,

The contributions of contact terms to dilepton production and Jet
production are comparable.' However, in jet production there are large
and incoherent QCD contributions from gluon-gluon and quark-gluon
{nteractions. In addition, the standard model cross section for
qq » 7L 1s smaller than the quark-quark scattering oross section by a
factor of order (aEH/aa)z. This accounts for the greater prom%nence of
the contact ternm contributign in dilepton production. To determine the
largest . compo;itenesa aca;e that cah be probed in lepton pair
production, we define]no as the mass above which the observed yleld is

at least a factor of two greater than standard model sxpectations:

4o do*® \
dJN‘AJt y=0 éﬁv\a*‘ 429

2, M>M,. (£32)

We then require an excess of 75 events in the rapldity interval

-1.5 < y < 1.5, which is to say that®2

1.5 . sid
far 2 f 4y fh:m ST _dr /575, (139

dmdy " dmdy

whereé[ is the luminosity of hadron-hadron collisions.

< |
do- 39—} .
X

F2.l.° an adequate approximation, S_; d\'\a"l - d,)ndu, Y=o
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We show in Fig. 8-22 the resulting limits on A* for variocus
energies and _1um1no$1ties En pp collisions, ‘The 1limits ;h A* are
slightly larger than those accessible in jet production. Corresponding
" pesults for - pp collisions are shown in Fig. 8-23. The reach of a pp
collider is considebably greatér than thaﬁ of a pp machine of the same
energy and luﬁinosity. This 18 because the contact term is so large
that the greater uu luminosity of pp collisions at large subenergies can
be exploited. For an integrated luminosity of 1039 cm'z. a pp collider
can attain scales 4-5 TeV greater than those accessible to a pp machine;
at 1090 om 2, the pp collider can reach 7-10 TeV higher than its pp
counterpart., For either pp.or Ep.collisions, the maximum compositeness

scale 'that can be probed at 1090 cm™2 (s slightly less than twice that

attainadble at 1057 em 2,
.D. Summary

If quarks and leptons have internal structure with a characteristic
size of 1/A%, flavor-diagonal contact interactions will be the
low-energy manifestations of constituent intérchange  processes.
Flavor-conserving but nondiagonal contact Interactions may exist as
well. These efrective four-fermion interactions have a dimensionful
coupling constant of ordef— ut/A*z; and may lead to substantilal
modiffcations of the standard-model predictions for hard-scattering
processes at subenergles /% well below the coﬁpoalteness scale. These
deviations are likely to be the first indications of quark and Iepton
structure in high-energy colliders. Indeed, if the substructure
threahbld is not surpassed by the collider, they provide the only

accessible signals for compositeness.
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We have discussed the modifications to be expected in the
production rates for high-pl. Jets and massive lepton pairs, using in
each case an especially simple choice of the contact iﬁteraction. In
view of the uncertalinties that remain in estimates of Jet or dilepton
production rates, we have required at least a factor of two deviation
from conventional expectations as the criterion for establishing the
presence of the contact term. The ensuing limits on A* for the
quark-quark composite interactlon (8.8) are summarized In Figs. 8~8 and
8-13 for pp and pp interactions. Our prinecipal conclusions are that for
both pp and pp colliders at fixed energy, an integrated luminosity of
1090 ow™2 provides 1.5-2 ti&es the reach of 1032 em™?; and that for
collider energles J;.z 20 TeV, pp collisions provide marginélly better
sensitivity than pp collisions.

The corresponding limits for the quark-lepton contact term of
eqn. (8.21) are shown in Figs. 8-22 and 8-23 for pp and pp collisions.
In the case of dilepton production, the advantage of pp over pp
interactions at the same energy and luminosity is clear.

Finally, some comments are in order regarding the dependence of our
results and-conclusions upon the particular choice we made for the form
of the contact interaction. Since the initial quark-antiquark states

-are averaged over colors and helicities, other simple choiges for
contact terms will yleld effects of substantially the same magnitude,
and with the same dependence on subenergy. We therefore believe our
conclusions apply generally to the manifestations of quark and lepton
compositeness. Our calculations of the econventicnal rates all are based

on the Born approximation to the elementary cross sectlon, which will
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sure}y be modified by perturbative QCD corrections. The resulting
changes in absolute normalizations of standard model cross sections can
easily be accommodated in the analysis of experimental data, We do not
expect these corrections to modify asignificantly cross section shapes cn
the transverse momentum and mass scales of Interest here. Our
inferences about collider reach ahguld be relatively insensitive to such

complicatlons.



Fig. 8-1:

Fig. 8-2:

Pig. 8-3:

Fig. 8-4:

Fig. 8-5:

Fig. 8-6:

Fig. 8-T:

VIII-23

Captions

Modification of gauge-boson interactions with fermions due
to spin-1 bound states of preons.

Typical elastic interaction of composite fermiona mediated
by the - exchange of preon bound states with masses of order
A%,

The interaction between two composite fermion species f1 and
t2 mediated by metacolor gluon exchange. The 1induced
coupling is flavor-conserving, but not flavor-diagonal,
Cross section do/dplgy|y_° for VJet production in pp
collisions ate /3 = 10 TeV, according to the parton
distridbutions of Sét 2. The curves are labelled by the

compositeness scale A* {(in TeV). = =1 (solid lines),

o
o = +1 (dashed lines). _
Cross section do/dpkdyly_c for ‘jet production in pp
collisions at 3 = 20 TeV, according to the parton
distributions of. Set 2. The curves are labelled as in
Fig. 8-4.

Cross section da/dQprly_o for Jjet production in pp
collisions at +3 = 40 TeV, according to the parton
distributions of Set 2. The curves are .labelled as in
Fig. 8-4.

Cross section d°/dﬁgdyly.o for Jjet production 1in pb
collisions at 3 = 100 TeV, according to the parton

distributions of Set 2. The curves are labelled as in

Fig. 8-4. .
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Fig. 8-11:

Fig. 8-12:

Fig. 8=13¢
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yuminosities of 1036 and 10
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Maximum compositeness scale A* probed in jJet production at
y=0 in pp collisions as a function of /s for integrated.
luminosities of 100  and 1038 em™2 according to the
eriterion (8.18).

Croas saction d°/dQLdyly.o for Jjet production 1in Ep
collisions at +3 = 10 TeV, according to the parton
distributions of Set 2. The curves are labelled as in
Figf 8-h. ' N

Cross section -d°/dQLPyly-0 for jet production in pp
collisions at 3 = 20 TeV, according to .the parton
distributions &f Set 2. The curves are labelled as in
Pig. 8-4. -~ 7 .

Cross section -_d°/dﬂxgy|y;o for Jjet production Iin Sp_
collisions. at 8 = 40 TeV, according to the parton
distributions of Sat 2. The curves are labelled as in
Pig. SFK._

Croas section da/qugyly_o for Jjet production in Epk
collisions at ¢S = 100 TeV, according to the parton
distributions of Set 2. The curves are labelled as in
Pig. 8-%.

Haximum compositeness scale A* probed in jet production at
y=G for- pp colliders as a function of s tor integrated
40 on™2 according to the
ertterion (3;18).

Cross section du/d@?yly_o for dileppon production in pp

collisions at v3 = 10 TeV, according to the parton
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distributions of Set 2. The curves are labelled
compositeness scale A* (in Te?).. 'na = -1 {solid

ng = +1 (dashed line).

Cross section dG/GHFYly.O for dilepton production

collisions at 8 = 20 TeV, according to the

distridutions of Set 2. The curves are labelled

Fig. 8-14.

Cross section do/dnpy| for dilepton production

y=0
collisions at 3 = 40 TeV, according to the
distributions of Set 2. The curves are labelled
Fig. 8-14. ‘

Cross section do/dhpyly_o for dilepton production

collisions at S = 100 TeV, according to the

distributions of Set 2. The curves are labelled
Fig. 8-14.
Cross section da/dhpy]y_o for dilepton production

collisions at 3 = 10 TeV, according to the
distributions of Set 2. The curves are labelled
Fig. 8-14,

Cross section da/dlpy[ for dilepton production

y=0
collisions at /5 = 20 TeV, according to the
distributions of Set 2. The curves are labelled
Fig. 8-14.

Cross section do/d]':lﬂy_0 for dilepton producticn
collisions at s = 40 TeV, according to the
distributions of Set 2. The curves are labelled

Fig. 8-14,

by the

line),

in pp

parton

as 1in

in pp

parton

as In

in pp
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as in
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Fig. 8-21:

Fig. 8-22:

Fig. 8-23:
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Cross section dO/dNﬁY[y.o for dilepton production in pp
collisions at.. /s = 100 TeV, according to the parton
distributions of Set 2. The curves are labelled as In

Fig. 8-14,

Maximum compositeness scalg A* probed in dilepton production

with |y| < 1.5 for pp colliders at integrated luminosities
of 1038 and 10“0 em 2 according to the criterion (8.33).

Maximum compositeness scale A* probed in dilepton production

‘with [y < 1.5 for various pp colliders for Integrated
" juminosities of 1038 and 10%0 om™® according to the

oriterion (8-337. 
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IX-1
IX. SUMMARY AND CONCLUSIONS

in this article, we have reviewed the case for exploration of the
1 TeV/02 mass scale, and have examined how a multi-TeV hadron collider
will meet this task. Here we wish to draw a few 1lessons from the
analysis we have presented.

The description of the strong, weak, and electromagnetic
interactions of the fundamental constituents —— the quarks and leptons
— 1in terms of gauge theories based on the symmetry group

SU(3) @su(2),8U(1)y 1s  aesthetically appealing and has many

color
experimental successes, fhe unity and predictive power  already
achieved, and the promise of more complete unification of the
fundamental interactions make it imperative to examine the foundations
of the current paradigm and to take seriously its shortcomings as hints
for improvenments,

The incompleteness of our theoretical description 1s manifested by
our ignorance of the dynamical mechanism that underlies the spontaneous
breaking of electroweak gauge symmetry, by the multitude of seemingly
arbitrary parameters required to specify the standard model, by the
puzzling replication of gquark and lepton generations, and by many other
questions. For example; we do not know whether additional fundamental
forces and elementary constituents remain to be discovered, nor do we

understand how (or if) the fundamental interactions can be fully

unified.
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There are many areas Ih which we may search for a more ccmplete and
satisfying theory. These range from very general questions concerning
the origin of gauge symmetries to the specific choice of a unifying
gauge group. Any step Iinto a regime of higher energies and shorter
distance scales is 1likely to bdring #aluable experimental guidance.
However, the standard theoretical model helps to defilne the frontier of
our lgnorance. The problem of spontaneous symmetry breaking in the
electroweak theory is particularly urgent. It is the aspect of the
theory which seems the most arbitrary and unpredictive, We have seen
that general arguments and specific conjectures set the scale of 1 TeV
for sorting out the mechanism for electroweak symmetry breaking.
Although we hope and expect to learn much more from experimentation with
a new accelerator, we adopt the ability to settle the 1issue of
spontaneous symmetry breaking as a reasonable requirement for the next
step.

At the outset of this article, we stressed that a multi-TeV hadron
collider should provide the means to test thoroughly the predictions of
the standard model, to 1lluminate the physics ~of electroweak symmetry
breakdown and to explore the unknown. In order to translate these
sentiments into requirements for accelerator performance, we have
considered a broad variety of hard-scattering processes which bear on
the capabllities of a hadron-hadron collider, These include
conventional processes such as the production of large transverse
moementumr jets in QCD and the electroweak pair production of gauge
bosona, Such processes are of Interest as tests of the standard model

and as backgrounds to more exotic phenomena. Among the latter, we have
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analyzed several alternatives for the Higgs sector of the electroweak
theory, including the minimal Weinberg-Salam solutlon, supersymmetry,
and technicolor. We have examined modest extensions teo the standard
model: sequential quarks and leptons, and additional charged and neutrql
intermediate bosons. We have also looked at manifestations of quark and
lepton compositeness, In each case, we have explored the prospects for
production and detection, in 1light of the anticipated conventional
backgrounds, We have not considered in detail how to distinguish one
new physics signal from another.

The calculations presented 1in Sections III through VIII are
intended to provide a base of reference information which will provoke
informed discussions of the energy and luminosity requirements for a
superéollider, and of the relative merits of proton-proton and
proton-antiproton c¢ollisions. Other elements, - including technical
feasibility, rate demands on detectors, and cost, mustralso be weighed
"in arriving at machine parameters. For each of the principal physics
topics, we have given a stylized summary of éollider performance as a
function of c¢.m. energy and luminosity. These are based on discovery
criteria whicﬁ we believe reasonable, but ‘which are 1in the end
inevitably somewhat arbitrary. We encourage each reader to use the
calculated cross sectioné to make an independent assessment of collider
capabilities. The parton luminosities presented in Section II provide a
measure of collider capabilities that is not tled to specific

theoretical inventions,
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Throughout the text, we have called attention to areas in which
further work is required. Many of these have to do with simulations of
signals and backgrounds in the context of projected detector
performance. A few are of such general importance that we restate them
here.

« The detection and measurement of intermediate bosons WX and ZO
in their nonleptonic decays should be a priority in detector
development. Even if this can only be. achieved for specific
topologies, the potential rewards in terms of reconstructlon
efficiency for new phenomena are considerable.

. ﬂissing transverse dlomentum is an important signal (or trigger)
for a number of new phenomena. This places a premium on the
developmént of "hermetic" detectors which detect with high
efficiency all the hadronic and electromaghetic energy emitted
in the central rapidity region characterized by |y| < 3.

« The ability to tag and measure heavy quarks and tau leptons

would significantly enhance the incisiveness of many searches.

Other topics for study, including the beﬁter understanding of
conventiohal backgrounds, must not be neglected.

Although we underllne.our hope that assiduous readers will arrive
at their own conclusions, we cannot avoid stating those that we
ourselves have drawn from this study. The most important of these 1s
the conviction that a high-luminosity multi-TeV hadron collider will
meet the objective of exploring the TeV energy scale and illuminating
the nature of electroweak symmetry breaking. In'more detail, we have

come to the following conclusions:
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« We are confidentF1

that a 40 TeV collider which permits
experimentation at integrated luminosities of 1039 cn™? will
make possible a detailed exploration of the 1 TeV scale.

« For a 10 TeV device, the same guarantees cannot so comfortably
be made, At this lower enefgy, the upper reaches of the
expected mass ranges for new phenomena are inaccessible, even at

an integrated luminosity of 1040 o2

We are not so foolish as to say that a 10 TeV collider 1s without
interest, or to assert that our calculations prove that it 1s inadequate
to the task of sorting out the physics of electroweak symmetry breaking.
We cannot state the preclse location of the dividing line between our
confidence at (40 TeV, 1032 em %) and our trepidation at (10 TeV,
1040 o2,

-« Beyond the 1 TeV electroweak scale, we do not have specific
landmarks in siéht. However, the 1/8 behavior of
hard-scattering cross sections suggests that to fully exploit
collider energies higher than about 40 TeV requires an increase
in luminosity as well as energy.

« For hard-scattering processes, the ad?antage of Bp over pp
collisions (at the same energy and luminosity) for the

production of massive states is limited to a few special

situations in which the presence of valence antiquarks is

F1The only exceptions among the processes we have considered are the
technirho of the minimal technicolor model and a heavy Higgs boson

observable only in H+2020+2%372%s .
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important and the integrated collider luminosity exceeds
5:1038 cmvz. The general point is made clearly in the comparison
of uu luminosities for pp and Bp collisions presented in
Fig. 2-57. A significant (factor of two) difference appears for
Y8 > 0.1/3, corresponding to <x> 2 0.1 and parton-parton
luminosities (+/8)d¥/d1 € 10”2 nb. The cholce between pp and pp
colliders should thus be based on accelerator and detector
considerations.

There 18 no general relationship that governs energy-luminosity
tradeoffs, but a few rules of thumb are useful for orientation:

(i) For a numper of processes, and for 10 TeV{ 35 < 40 TeV
with Idtxg 1038 cm_z, a factor of 10 increase in luminesity is
roughly equivalent to a factor of 2 increase in the c¢c.m. energy.
Processes for which this rule holds -are those for which we
deemed background unimportant s0 that the discovefy criterion
was some number of events produced. Examples 1include the
production of massive quark pairs or additional intermedlate
bosons, and signals for compositeness in high*ql Jets or
high-mass dileptons,

(i1) At fixed c.m. energy, physics reach inecreases much
more rapidly with increasing luminosity below 'Idti- 1038 on72
than it does above this value. This {3 easily understood from
the shape of the parton luminosity curves, which fall more and
more sSteeply as t = 3/3 increases,

(ii1) Near 40 TeV and above, a tenfold Increase in

luminosity generally corresponds to more than a factor of two
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increase in <¢.m. energy. For_ central production of both
low-mass and high-mass particles, this agaln can be understood
from the shapes of the parton-parton luminosities (tv/3)df/dt as
functions of s and .

(iv) Finally, of course, no increase in luminosity can
compensate for c¢.m. energy below the threshold for a new

phenomenon.

All of our calculations have relied on the renormalization group
improved parton model and the parton distribution functions we utilized
in computations. There maysbe grounds for doubting that the model |is
correct in detail, but it has been rather successful in correctly
prédicting the shape and even the approximate value of several quite
diverse reaction distributions such as produetidn of high transverse
momentum jets, of high-invariant-mass lepton pairs, and of W's and Z's.
-The model so far appears to give results accurate to within a factor of
2 or 30, and that is sufficient for our purposes. Our intention was to
concentrate, within this framework, on the sensitivity of our calculated
cross sections to the Qz-dependent parton distributions. All cross
sections were calculated using twe different sets of structure
functions. Cross sectionsiobtained from the two sets generally agreed
to within 20%, Even very drastic modifications of the small x region of
the gluon distribution at small Q2 yielded differences of less than a
factor of 2 at the smallest values of x we considered for the Q2 values
of interest to the supercollider. Even 1If there should be a major

theoretical problem at small x which upsets ouf predictions in this
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region, our conclusions on the physics reach are unlikely to be
affected, since they depend for the most part on x > 0.1.

The advances of the past decade have brought us tantalizingly close
to a profound new understanding of the fundamental constituents of
matter and the interactions among them. Progress toward a fuller
synthesis surely requires both theoretical and experimental
breakthroughs. While many ideas may precede the definitive experiments,
it is 1likely that theoretical insights will require the impetus of
experimental discovery. Though we do not know what the future holds, we
may be confident that important clues are to be found on the scale of
1 TeV, and that a multi-TeV*hadron supercollider will supply the means

tc reveal them.
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APPENDIX. PARAMETRIZATIONS OF THE PARTON DISTRIBUTIONS

The calculations reported in this paper have been carried cut using
numerical values of the parton distributions obtained by integrating the
Altarelli-Parisi (1977) equations. In order that others may use these
distribution functions, we present here a parametrization of our
numerical results., We have elected to use expansions in terms of
orthogonal polynomials in place of the more conventional form (Owens and
Reya, 1978; Baier, et al,, 1979; GlUck, et al., 1982; Duke and Owens,
1983) inspired by the x»1 behavior of structure functions. The fitting
technique is described in full by Clenshaw and Hayes (1965).

Our parametrizations for uv(x,Qa), dv(x,Qe). G(x,Qa), us(x,Qz), and
ss(x,oz) reprodqce the distributions within 5% for

Qi = 5 Gvi< Qi< 10°6Gev?= &, | (A1)

max

except at x>0.9, where the distributions are negligibly small. The
heavy quark distributions are reproduced less accurately, particularly
near threshold and at x»0.6. The rapid @®-variation of the
distributions near threshold causes difficulty for the fitting routine.
However, the distributions (and the parametrizations) are small (~10-5)
in the region where the fits are only reliable within a factor of two or
s50. The parametrizations yield tiny negative values {~- —10-7) for the
heavy flavors near threshold at large values of x.

The small-x reglon is very important for our applications, sc a
reliable parametrization there 1is vital. For this reason we have
divided the x range at x=0.1. For x>0.1% we parametrize the

distributions as
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< .
z -_— -1 - a- ... . ' . !
5x, &)= K- éoc,am)gu ) (A2)
where
2x-1.1 (A3)
W= S,
0.9
' 2t "{fmtxq'tmh\) (A.q')
t= tmx__"tmin ’
and

t= ba(Qz//\z). (A.5)

The Chebyshev polynomials Tn(x) are defined, for example, in Table 22.3
)
of Abramowitz and Stegun (1965}, For smaller wvalues of x in the

3

interval 10 7 < x < 0.1 we employ polynomials in log x:

5 .
. |
e, 69 = (- g G TNTE), )

2009 x + 11.51293 (A?)
640776

- Where

Notice that the arguments of the Chebyshev polynomials vary from -1 to
1. The exponents a are given in Table A.1,

For all the distributions considered,



Yoy = Logta'tw /A*)

(A.8)
= ,Qo%(ioa Gevi/AY)

Except for the b and t quarks, the lower limit of the Q2 varlable is

i}

twﬁn

20%( Qomin /N)

A,
1»3("5 GeVE/ A" ) (&4)

|

For the heavy quarks (compare (2.39)) the distributions must vanish if

f'= 1-4M /8 (1-x) (At0)

is negative, where the heavy quark mass Mq is
M= 5.5 GeVie? }

Me= 30 GeV/e*

Consequently the lower 1imit of Q2 is raised; this leads to the values

(A A1)

of tmin given in Table A.2.

The coefficients Cij and dij are given In Tables A.3 and A.%4 for
the distributions of Set 1 and in Tables A.5 and A.6 for the

distributions of Set 2.



Table A.1: Exponents a of {1-x) for parton distributions.

parton
Distribution A(MeV) u, dv ug G g gy bs ts
Set 1 200 3 H 7 5
Set 2 290 3 y 7 6 T T 7 T

Table A.2: Values of thip for heavy quark distributions,

b-quark t~quark
Distribution A(MeV) x>0.1 x<0.1 x>0.1 x<0.1
Set 1 200 8.1905 8.06604 11.5528 11,”283

Set 2 290 7. 4474 T 4474 10.8097 10.8097
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Table A.3. Coefficients cjj for expansion (A.2) for
the porton distributions of Set 1 with A = 200 Mev.

DEURN=O NRUN=O DEUN=O QPLAUN=O VsUNCO Q2UN=0 MAUN=0 DBUN=0OL,

0
+0.77211
-0.52894
+0.21304
-0.08961
+0.0353
—-0.01502

+0.38389
~0.29290
+0.12336
-0.05324
+0.02131
~=0.00921

+0.07343
—-0.01744
—~0.00636
+0.00761
-0.004486
+0.00262

+0.97096
-~0.96043
+0.42370
-0.18603
+0.07773
—-0.03682

+0.05414
—0.00571
—0.01022
+0.00897
-0.00493
+0.00279

+0.01121
+0.00801
-~0.00507
+0.00042
+0.00109
-0.00107

+0.00669
+0.00336
-0.00219
+0.00001
+0.00044
-0.00032

+0.00334
+0.00330
-0.00055
~0.00026
+0.00021
-0.00007

1

-0.20889
-0.26450
+0.18412
~0.09573
+0.04188
-0.01943

-0.0B0B8
—-0.14288
+0.10193
—-0.05447
+0.02428
-0.01148

-0.06526
=-0.00187
~0.00021
+0.00432
-0.00345
+0.0023%

-0.95621

+0.52730
-0.07978
-0.01529
+0.01593
—-0.00953

-0.03819
-0.01484
+0.00330
+0.00328
~0.00314
+0.00229

-0.01345
-0.00954
+0.00545
=0.00152
-0.00007
+0.00119

-0.008495
-0.00631
+0.00273
-0.00071
=0.00008
+0.00051

-0.00457
-0.00406
+0.00107
+0.00002
- 0.00031
+0.00025

2

-0.33113
+0.32259
-0.08628
+0.0158B9
-0.00029
~0.00245

-0.16369
+0.16783
-D.04866
+0.01019
-=0.00081
~0.00111

+0.03509
+0.00716
~0.00788
+0.00432
=0.00190
+0.00086

+0.12299
+0.33820
-0.34283
+0.22021

-0.10760
+0.05584

+0.02615
+0.00725
-0.008680
+0.00370
-0.00163
+0.00074

+0.00689
+0.00552
-=0.00222
+0.00013
+0.00027
-0.00015

+0.00477
+0.00390
-0.00124
+0.00008
+0.00011
-0.C0005

+0.00264
+0.00253
—-0.00041
-0.00008
+0.00007
-0.00005

3
-0.02838
+0.12139
=0.08717
+0.02844
-0.00869
+0.00264

~0.02245
+0.06758
—=0.03797
+0.01565
=0.00541
+0.00177

-0.00291
-0.00913
=0.00057
+0.00221
-0.00131
+0.000861

—~0.09845
=0.10000
+0.04801
+0.00907
-=0.02036
+0.02012

~0.00082
—0.00749
=0.00132
+0.00245
-0.00139
+0.00063

—-0.00224
=-0.00200
+0.00031
-0.00014
+0.00015
+0.00002

—0.00194
-0.00150
+0.00040
-0.00017
+0.00006
+0.00005

-0.00130
-0.00110
+0.00029
-0.00006
—~0Q.00004
+0.00005

4

-0.01652
+0.02579
-0.01859
+0.00951
=0.00380
+0.00146

-0.00886
+0.01553
-0.01104
+0.00578
—-0.00239
+0.000%86

+0.00584
+0.00138
-0.00182
+0.00134
-0.00088
+0.00029

+0.04206
+0.01606
-0.01070
+0.00516
-0.00332
+0.00387

+0.005825%
+0.00103

-0.0D173 .

+«0.00132
-0.00068
+0.00030

+0.001086
+0.00100
~0.00021
—-0.0001 1
+0.00013
- 0. 00001

+0.00087
+0.00078
-0.00013
-0.00004
+0.00004
+0.00001

+0.00054
+0.00054
—0.00005
~C.00002
=0.00000
~0.00000

5
—-0.00024
+0.008%3
~0.00597
+0.00308
~0.00129
+0.00054

-0.00067
+0.00480
-0.00339
+0.00183
-0.C0080
+0.00035

+0.00011
-D.00178
—-0D.00055
+0.00071
=-0.00038
+0.000186

-0.02582
-0.02108
+0.00905
-0.000861
-D.00125%
+0.00158

+0.00035
—-0.00157
-0.00060
+0.00072
-0.00038
+0.000186

-0.00052
-0.00048
+0.00007
-0.00002
+0.00001
+0.00002

—-0.00046
-0.00038
+0.00007
-0.000C2
+0.00001
+0.00001

-0.00034
—~0.00029
+0.00007
~0.00001
—-0.00000
+0.00001
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Toble A.4. Coefficients d;j for expansion (A.8) for
the parton distributions of Set 1 with A = 200 MeVv.

PDEUN=SO PIUN—O DEUN=SO DaAN=SO VEUNSD BEUWUN=20O QBUN=0O WA WUN-O,_,

0
+0.24048
+0.01848
-0.00587
+0.0017S
=0.00053
+0.00017

+0.12672
+0.00444
~0.00199
+0.00065
=0.00020
+0.00007

+1.05742
+0.94925
+0.04985
-0.02758
+0.00729
-=0.00174

+29.398%
+25.4045
-1.77839
-0,21353
+0.22041
-.08445

+0.94651
+0.95894
+0.04845
~0.02763
+0.00719
-0.00171

+0.42071

+0.47047
+0.01263
-0.01600
+0.00982
-0.006797

+0.41604
+0.42854
-0.01226
-0.00462
+0.00674

+0.34313
+0.35780
-0.01189
-0.00827
+0.00926
-0.00595

1

+0.29194
-=0.00472
—-0.00525
+0.00199
—-0.00065
+0.00023

+0.13615
=0.01088
~-0.00089
+0.00051
-0.00019
+0.00008

-1.12935
-1.31366
-0.12988
+0.05052
-0.01145
+0.00250

- 38.7765
-39.1476
+1.34195
+0.81507
=-D.45224
+0.16472

-1.10836
-1.20198
-0.13237
+0.05118
~0.01163
+0.00235

-0.52800
-0.62278
—-0.05301
+0.025537
-0.01039
+0.00660

=-0.54847
-0.58327
-0.00346
+0.00869
-0.00817
+0.00792

-0.47232
-0.49874
+0.00838
+0.01135
-¢.01188
+0.00754

2
+0.09841
-0.02624
+0.00094
+0.00033
=0.00017
+0.00008

+0.03988
-0.01594
+0.00152
=0.00013
=0.00000
+0.00002

+0.34313
+0.45441
+0.08680
-0.01819
+0.00165
+0.00042

+14.4496
+16.3394
+1.02588
-0.71512
+0.23098
-0.05824

+0.35214
+0.45809
+0.08558
-0.01783
+0.00154
+0.00045

+0.17418
+0.22102
+0.038697
~D.00B38
+0.00186
-0.00105

+0.19096
+0.21514
+0.01417
=0.00395
+0.00246
=-0.00227

+0.17658
+0.19174
+0.00317
-0.00432
+0.00404
=0.00247

3
+0.02174
~-0.01883
+0.00238
-0.00031
+0.00004
+0.00001

+0.00835
-0.00945
+0.00153
—0.00028
+0.00006
=0.00001

=0.07490
—-0.09843
-0.02614
+0.00174
+Q.00069
—~0.00038

—-3.26625
—4.19827
-0.67537
+0.18669
=0.02720
-=0.00222

—~0.07257
-—0.09837
-0.02647
+0.00187
+0.00064
-0.00035

—-0.03464
-0.04718
-0.01214
+0.00083
+0.00023
—-0.00008

—=0.03929
—-0.04741
-0.00669
+0.00071
-0.00029
+0.00030

—~0.03930
-0.04432
—-0.00272
+0.00089
-0.00076
+0.00045

4

+0.00353
—-0.00783
+0.00147
-0.00028
+0.00006
—-0.00001

+0.00170
~0.003864
+0.00080
~-0.00017
+0.00004
=0.00001

+0.00884
+0.01413
+0.00474
+0.00024
-0.00021
+0.00004

+0.49124
+0.66828
+0.18806
-0.01999
-0.00319
+0.00263

+0.00913
+C.01375%
+0.00471
+0.00027
-0.00022
+0.00005

+0.00414
+0.00623
+0.00231
+0.00008
—0.00007
+02.00001

+0.00491
+0.00650
+0.00154
=0.00004
+0.00001
=0.00002

+0.00541
+0.00642
+0.00078
=0.00010
+0Q.00008
=-0.00004

S
+0.00054
~0.00263
+0.00070
~0.00016
+0.00004
-~ 0.00001

+0.00046
-0.00120
+0.00036
-0.00009
+0.00002
=0.00001

-0.0008%
-0.00114
—0.00060
-0.00005
=0.00000
+0.00001

-0.05772
—0.08047
«0.02305
=0.00292
+0.00180
-0.00045

-0.00092
~0.00133
=0.00057
-0.00005
~0.00000
+0.00001

~0.00052
-0D.00071
-0.00022
-0.00004
~0.00000
+0.00001

-0.00056
-0.00073
—-0.00017
~0.00002
-0.00000
+0.00001

-0.000%9
—-0.00071
—-0.00011
+0.00001
=0.00001
+0.00001
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Table A.5. Coefficients ¢j;

for expansion (A.2) for

the parton distributions of Set 2 with A = 290 MeVv.

VaURN~O GRUN=0 OEUWN=0 OPWUN=0Q MW2UN=20 aUN=O VDLEN~D DERUN=0.,

0
+0.72807
-0.528686
+0.22565
-0.10181
+0.04252
-0.01913

+0.356029
-0.29122
+0.12995
=0.06018
+0.02553
~0.01167

+(.10599
—0.05239
+0.01054
+0.00023
~Q.00167
+0.00158

+2.49164
~3.26598
+1.82708
-Q.99171

+0.47158
—0.25044

+0.06946
-0.02198
-0.00285%
+0.00638
-0.00427
+0.00277

+0.01140
+0.00771
—-0.00549
+0.00073
+0.00099
-0.00114

+0.00657
+0.00510
-0.00228
+0.00011
+0.00040
=0.00033

+0.00325
+0.00315
—0.000359
-=0.00023
+0.00022
—0.00008

1
-0.21948
-0.24229
+0.18514
-0.10488
+0.04893
-0.02412

=0.0B627
~0.13042
+0.10189
—-0.05933
+0.02818
-0.01415

~0.06804
-0.02087
+0.01628
-0.00519
+0.00081
+0.00048

+0.62756
-1.98773
+1.48816
-0.819024
+0.45621
-0.24804

—-0.04227
-0.02368
+0.01229
=-0.00171
~-0.00109
+0.00153

~-0.01461
=0.00986
+0.00638
-0.00176
-0.00014
+0.C0127

-0.00886
-0.00645
+0.00301
—-0.00071
- 0.00010
+0.00048

—~0.00465
—={.00411
+0.00113
+0.00004
=0.00030
+0.00025

2

-0.30031
+0.33045
-0.100%0
+0.02318
=0.060270
—-0.00201

-0.14829
+0.17071
=-0.05615
+0.01426
—-0.00227
-0.00077

+0.02501
+0.03835
—-0.01046
+0.00398
-0.00123
+0.00027

+0.53396
-0.710613
-0.22587
+0.26185
—-0.16664
+0.10521

+0.02139
+0.01275
-0.00780
+0.00324
-0.00113
+0.00034

+0.00738
+0.00568
-0.00254
+0.00030
+0.00022
-0.00020

+0.00497
+0.00393
-0.00138
+0.00015
+0.00010
-0.00008

+0.00274
+0.00258
-0.00049
—-0.00008
+0.00011
—=0.00007

3
=-0.02020
+0.11397
—-0.07086
+0.05118
—-0.01133
+0.00389

~0.01B93
+0.06355
=0.03976
+0.01824
—0.00692
+0.00253

-0.00342
=0.00738
—-0.00189
+0.00302
—-0.00170
+0.00075

+{0.20959
—0.40057
+0.05788
+0.15182
~0.15C03
+0.12720

-0.00125
-0.00710
-0.00176
+0.00292
—0.00167
+0.00076

-0.00244
—0.00217
+0.00035
-0.00010
+0.00014
-=0.00002

~0.00209
-~0.00160
+0.00045
-~0.00016
+0.00006
+0.00003

=0.00138
-=0.001186
+0.00032
-0.00006
—-Q.00004
+0.000086

4

-0.01550
+0.02361
=-0.01855
+0.01061
—-0.00465
+0.00196

-0.00820
+0.01430
-0.010398
+0.00640
—-0.00288
+0.00127

+0.00491

+0.00182
~-0.00187
+0.00144
-0.00078
+0.00036

+0.20534
-0.16139
+0.01756
+0.07022
~0.07094
+0.06650

+0.00463
+0.00115
—=0.00158
+0.00134
=0.00075
+0.00035

+0.00101
+0.00099
~0.00015
=0.00012
+0.00012
—-0.00000

+0.00088
+0.00078
-0.00014
=0.00003
+0.00003%
+0.00001

+0.00058
+0.00057
~0.00007
-0.00002
+0.00001
=0.00000

5
+0.00018
+0.00829
-0.00598
+0.00340
-0.00155
+0D.00070

-0.00046
+0.00443
—0.00337
+0.00200
-0.00054
+0.00045

+0.00007
—D.00163
-0.00065
+0.00082
-0.00046
+0.00021

+0.05773
—-0.10921
+0.02448
+0.02920
=0.03295
+0.03192

+0.00021
-0.0C0158
—-0.000860
+0.00079
—=0.00045
+0.00021

-0.00050
=0.00048
+0.00005
-0.00000
-0.00000
+0.00002

-0.00047
=-0.00038
+0.00007
-0.00002
+0.00001
-0.00000

-0.00036
-0.00030
+0.00007
—-0.00002
-0.00000
+0.00001




Table A.8. Coefficients d;; for expansion (A.6) for
the porton distributions of Sat 2 with A =« 290 MeV,

DPaAN=O QBUN=D BRUNCSD BUN=SO PEUEUN—D DLBUN=O VRHEN=O BEAWN=~0,,

-

0

+0.24214
+0.01872
-0.00658
+0.00214
~0.0C069
+0.00023

+0.12899
+0.00426
=0.00219
+0.00078
=0.000286
+0.00009

+1.10709
+1.01989
+0.05185
=0.03305
+0.00929
-0.00237

+30.2639
+26.7883
-2.03721

-0.24527
+0.26143
—-0.11640

+1.01203
+1.02831
+0.0502%
-0.03262
+0.00917
-0.00233

+0.45168
+0.50413
+0.01159
-0.01810
+0.01102
-0.00848

+0.45234
+0.45733
-0.01772
-0.00313

+0.00593

—=0.00640

+0.37636
+0.38346
~0.01804
~0.008673
+0.00913
—0.00593

1
+0.28994
-0.00773
~0.00551
+0.00236
-0.00083
+0.00031

+0.13422
-0.01281
-~0.00052
+0.00057
-0.00024
+0.00010

~1.21503
-~1.42767
~Q.136867
+0.05838
-0.01432
+0.00301

—-40.3468
—-41.2278
+1.54080
+0.87680
-0.55877
+0.21323

-~1.19734
-1.41457
=0.13958
+0.05579
-0.01456
+0.00308

—-0.57425%
=0.67585
-0.05432
+0.02938
~0.01208
+0.00720

-0.60332
-0.63002
+0.00312
+0.00740
-0.00752
+0.00750

-0.52335
-0.54005
+0.01665
+0.00956
-Q.01193
+0.00764

2
+0.05439
—-0.02972
+0.001586
+0.00029
-0.00020
+0.060011

+0.03766
~D.01784
+0.00196
~0.00022
+0.00001
+0.00002

+0.39359
+0.50774
+0.08246
-0.02124
+0.00212
+0.00053

+15.5752
+17.3554
+1.02306
-0.81019
+0.27407
-0.07137

+0.40070
+0.51238
+0.09087
-0.02078
+0.00198
+0.00058

+0.19693
+0.24758
+0.03862
-0.00980
4+0.00232
-0.00127

+0.21664
+0.23929
+0.01237
-0.00382
+0.00241
-0.00229

+0.20081
+0.21301
+0.00023
~0.00390
+0.00424
—~0.00263

3.
+0.01628
—-0.02053
+0.00228
=0.00045
+0.00007
+0.00001

+0.00719
-0.010186
+0.00185
=0.00037
+0.00008
—-0.00001

-0.08876
-0.11666
~-0.028284
+0.00259
+0.00063
—=0.00040

-3.62133
-4.69153
—-0.68024
+0.21090
—-0.03397
—0.00190

-0.08519
~0.11602
=0.02943
+0.00278
+0.00087
-~0.00037

-0.04091
-0.05522
-0.01353
+0.00127
+0.00018
-0.00009

-0.04665
=0.05513
-0.00683
+0.00082
=0.00032
+0.00033

~0.04660
-0.05129
-0.00225
+0,00087
-=0.00085
+0.00051

4

+0.00263
-0.00831
+0.00177
—0.00037
+0.00008
-0.00002

+0.00130
-0.00381
+0.00095
~-0.00023
+0.00006
~0.00001

+0.01115
+0.01867
+0.00583
+0.00010
—-0.00023
+0.000086

+0.58517
+0.76016
+0.21300
-0.03049
—-0.00139
+0.00267

+0.01123
+0.01652
+0.00573
+0.00015
-0.0002%
+0.00007

+0.00507
+0.00764
+0.00276
+0.00002
=0.00008
+0.00001

+0.00613
+0.00798
+0.0D174
=0.00008
+0.00002
-~0.00003

+0.006786
+0.00784
+0.00080
-0.00012
+0.0001 1
-~ 0.00006

S
+0.00028
-=0.00270
+0.00081
=0.00021
+0.00005
-0.00001

+0.00035
-0.00122
+0.00041
~0.00012
+0.00003
—0.00001

-0.00120
~0.00174
~0.000865
-0.00009
+0.00002
+0.00001

~D.06836
-0.10336
-0.02379
=0.00421
+0.00267
-0.00079

=0.00127
-0.00185
—-0.00066
-0.00008
+0.00001
+0.00001

-0.00075
=0.00096
-0.00024
-0.00006
+0.00001
+0.00001

-0.00077
-0.00096
-0.00019
-0.00002
-0.00000
=0.00000

=0.00078
-=0.00093
-0.00011
+0.00001
-0.000Q01
+0.00001
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