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Abstract:

Polarization studies have proven to be relevant at current accelerator energies, providing valuable experimental information in different areas of
particle physics, some of which is a real challenge for dynamical theories. The purpose of this review is to answer the question: does hadron
supercollider physics need polarized beams? We present in the framework of gauge theories, Standard Model and beyond it, many original
calculations of single or double helicity asymmetries for a large number of interesting processes. These results, some of which are spectacular,
emphasize the significant advantages of the full use of polarized proton beams for signal detection in the exploration of the 1 TeV scale.

1. Introduction

Hopefully there will be several multi-TeV hadronic machines in operation in the next decade. The
chances are high that in the United States a Superconducting Super Collider (SSC) with an energy of
20 TeV per beam and a luminosity of 10* cm™s™" will be built. Europe is planning a Large Hadron
Collider (LHC), to be hosted in the LEP tunnel, with a proton beam energy of 8 TeV or so and a
luminosity up to 10> cm™*s™". There are many fundamental reasons why particle physics needs high
energy, high luminosity and why these new hadron colliders will be major research facilities. Within the
framework of the Standard Model we still have to discover the Higgs boson, whose mass is unknown,
and we must get a physical understanding of why and how the electroweak symmetry is broken. We
would like to know if heavier quarks and leptons exist and if there is a deep reason for having a
particular number of generations. Although parity violation has been known for many years, an
important question remains: is parity violation of the Standard Model a low-energy property of nature?
The answer to this question may be given by extending the standard gauge structure, for example by
restoring right-left symmetry. Other extensions have also been proposed in the framework of grand
unified theories or inspired by superstring models. There is some hope to go beyond the Standard
Model and to hit new areas in particle physics where new particles and new interactions would show up.
For example, one would like to discover supersymmetry, a further symmetry in nature relating fermion
and boson states, or to detect any structure quarks and leptons could have, another attractive
possibility.

To open windows for new physics these future machines should be able to search for quite high
masses, say in the TeV range, and given the fact that quarks or gluons often carry only a small fraction
of the hadron momentum, a beam energy of several TeV is certainly required. Moreover, the cross
section for producing a new particle of mass 1 TeV/c” is of the order of 10™*° cm” or smaller (assuming
the interaction coupling constant is of the order of 0.1), so one should achieve a luminosity of
10** em ™ s™", which will allow one to reach cross sections as small as 10™** cm’ with a running time of
107 s/year. Knowing that this interesting physics will lie in small cross sections and that signal detection
will be the hardest part of data analysis, further means are needed to disentangle new physics and
polarized beams might be one way to do it.

Spin has been shown to be very useful at lower energies [BOU8SO, YOK80, CRA83, BROS2,
MARS84, SER86, MINS8S|, providing elegant and powerful methods in various instances, some of which
are worth recalling:

—the precise measurement of the mass of the upsilon mesons using resonance depolarization of the
polarized beam in a e "¢~ storage ring [ART82], a method which was used earlier at Novosibirsk for the
phi meson [BUK78];

~ the use of the transverse polarization of the beams in a e e~ storage ring both at Spear [SCH75] and
Petra [ORI79] up to vs =30 GeV to confirm the spin 1/2 nature of the quarks, from the azimuthal ¢
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distribution of charged and neutral hadrons in e "¢~ — hX, which has minima for ¢ = % 7/2 as shown in
fig. 1.1;
—the famous SLAC experiment [PRE78, PRE79] in deep inelastic ep scattering with a polarized
electron beam on an unpolarized target to detect a parity violation effect from y-Z interference in
beautiful agreement with the prediction of the electroweak theory;
- the observation in hadronic collisions of several interesting effects in exclusive reactions at large
angles, which are a real challenge for dynamical models, and also of strong polarization effects in
inclusive hyperon production growing with transverse momentum.
Concerning this last point, let us recall that in pp elastic scattering at 28 GeV/c, the analyzing power A
is of the order of 5% in the small-angle region but increases to a much higher positive value for
6., ~45° as shown in fig. 1.2. This is evidence for the serious need of non-perturbative effects in a
kinematic region where perturbative QCD is believed to be relevant [SOF87]. For inclusive hyperon
production by unpolarized 400 GeV/c protons, the experimental situation of the transverse polarization
of the ﬁnal baryon in the proton fragmentation region is summarized in fig. 1.3. It is negative for A, 2
and E ", positive for 3~ and zero for A. For illustration we also show, in fig. 1.4, the A polarization in
K p— AXin the K~ fragmentation region, which is now positive, larger than in the previous case and
essentially independent of the incident beam energy. Some qualitative features of these data are
consistent with simple semiclassical theoretical ideas [ANDS83, DEGS85], but we are still missing a
serious understanding of the subtle dynamical origin of this important phenomenon where experiment is
far ahead of theory.

Finally let us mention an unexpected effect for w° production in the central region with a polarized
target, where a large transverse spin asymmetry has been observed as shown in fig. 1.5in7m pand = d
collisions at 40 GeV/c, which was first discovered at CERN in pp collisions [ANTS0].
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Fig. 1.1. Azimuthal ¢ distribution in inclusive e e~ hadron produc- Fig. 1.2. The analyzing power A for pp elastic scattering versus p*,

tion with various cuts at Vs =30 GeV, from [ORI79]. taken from [CAMBSS5]. The curve is hand-drawn to guide the eye.
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Fig. 1.3. Transverse polarizations of different hyperons produced by
400 GeV/c protons on Be versus p;, taken from [WIL87] and refer-
ences therein.
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Fig. 1.4. Transverse A polarization in K™ p— AX versus p; at 12 GeV/c
and 16 GeV/c, taken from [ARMS5], and at 176 GeV/c, from
[GOUR86)]. The dashed line shows for comparison the magnitude of P,
in proton induced reactions.

Clearly, these transverse polarization effects, which make all the excitement in an energy range much
below 1 TeV, are too complicated to be explained in terms of lowest-order calculations. However, these
calculations are useful to evaluate helicity effects and, as we will see, they are very interesting in the
multi-TeV energy range, where life is simpler. There are probably also higher-order effects which may
come as surprises but we will restrict our study to the discussion of the lowest-order ones.

In present day hadronic machines there is some real effort to continue the existing experimental
programs, both at BNL and Serpukhov, or to undertake new programs at higher energies, like the
construction of the polarized proton beam obtained from A decay at FNAL, which has already
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Fig. 1.5. Results on single transverse spin asymmetry versus p;, taken from [VASS8S].
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produced some data [FNAS88], and at CERN the future installation of a polarized gas target by the UA6
collaboration [CERS88]. For future machines, polarization is a major concern; in particular HERA will
have polarized electrons, which is perhaps one of its most attractive features; SLC will also have
polarized electrons and people seem to be convinced now that LEP should have polarized beams
[BLO87, ALES8]. This would improve greatly our ability to get an accurate determination of the
Standard Model parameters. Moreover, a precise measurement of the left-right helicity asymmetry at
the Z° peak would allow one, through virtual effects, to get some information about the top quark and
Higgs boson masses as well as possible manifestations of new physics. Future e *¢~ machines in the TeV
energy range are being seriously considered (CLIC at CERN, TLC at SLAC, VLEPP in the USSR) and
a recent report [AHN88] shows that the e e~ physics community is already aware that . . . one should
plan for polarization as an integral part of the collider design...”.

The goal of this paper is to show that there are fundamental physics issues which can be illuminated
by the use of polarized beams in future hadron colliders, so such an option should be taken seriously in
the design of these planned facilities. We will follow the spirit of the work of Eichten, Hinchliffe, Lane
and Quigg [EIC84] (henceforth referred to as EHLQ) and we will try to provide reliable estimates of
spin asymmetries both for the physics of the Standard Model and for new physics implied by various
exciting speculations. We will consider the pp, and not pp, option, which has the merits on the one
hand to reach a higher luminosity and on the other hand to give access to double spin asymmetries,
since nobody knows today how to make a multi-TeV polarized p beam.

On the contrary, such a proton beam seems feasible and section 2 will be devoted to a short review
on this question, where we will recall the essential arguments according to the experts in this field,
based in particular on the Siberian Snake concept. In section 3 we will give analytic expressions for a
plausible set of unpolarized and polarized parton distributions and we will calculate the parton
differential luminosities, which are very useful for a quick estimate of the production rates at
supercollider energies. In section 4 we will discuss, as first applications, direct photon production and
hadron jet phenomena described in terms of hard scattering constituent interactions. When the
subprocess center of mass energy is above 200 GeV or so, weak interactions and consequently large
parity violating asymmetries are expected. They will be presented in some detail in section 5 in the
framework of the electroweak Standard Model, in particular spin tests in lepton pair, single gauge
boson production and pair production of gauge bosons. We will also give some asymmetries involving
the production of the most important particle which remains to be found, namely the scalar Higgs
boson.

We will then turn to new physics and we will treat in section 6 the minimal extension of the standard
model with new quarks, new leptons and new gauge bosons. Compositeness including technicolor will
be discussed in section 7, where new couplings among leptons, quarks and vector bosons will be
considered, in particular taking into account residual interactions with contact terms. Let us stress
already that the chirality structure of such a new interaction is arbitrary: it may well violate parity and
this could trigger new spectacular spin effects. In section 8 we will investigate the usefulness of spin as a
tool to reveal the existence of SUSY particles. Section 9 will be devoted to a new type of processes,
WW collisions, which has a growing interest at supercolliders. We will try to draw some conclusions of
our study in section 10.

Finally, the recent results of the EMC experiment [ASH88] on deep inelastic scattering of polarized
muons on a polarized target has motivated a large number of theoretical papers on the subject of the
proton spin, so we ought to review the present situation. This will be done in appendix A, where we
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also mention briefly what HERA will miss without proton polarization. This is followed by appendices
B to G, where we give several useful but lengthy formulae.

2. Technical feasibility of multi-TeV polarized protons

Our purpose is to give a brief summary of reports made by experts in this domain and we just stress
what is reasonably expected from the new technical developments [MON84, TER83, COU84].

The present capability to accelerate a polarized proton beam has been proved to a lab energy of
22 GeV/c with a polarization of 46% at the Brookhaven AGS [KRIS85], so a big gap has to be bridged in
the future to obtain a polarized proton beam with an energy of several TeV. Among the different
projects presented in the literature the most probable configuration designed to get a multi-TeV
polarized beam contains the following parts: a polarized ion source from which polarized protons are
injected into a Linac; the beam is then accelerated and stored in one or two boosters to reach an energy
around 1 TeV; next the beam comes into the rings of the main collider, where a new boost produces the
final beam energy (fig. 2.1). At first sight this structure looks similar to a standard unpolarized beam
accelerator; however, to keep a bunch of protons with all their spins aligned in the same direction is the
main difficulty, because there exists a strong tendency for the protons to depolarize when interacting
with the electromagnetic fields created by the different magnets installed in an accelerator.

The first component of this chain of devices is an efficient polarized proton source [SCH84]. There
exist several types of polarized sources like Lamb shift (metastable) sources, atomic (ground state)
sources, ultracold atomic sources and optically pumped sources; all these are currently in use and still

20 TeV RINGS

POLARIZED SIBERIAN
10N SOURCE SNAKES

unac \

CORRECTION 1 Tev
DIPOLES BOOSTER

PULSED

Quaps 70 Gev
SNAKES BOOSTER

Fig. 2.1. Acceleration of polarized protons at the SSC (not to scale) [KRISS].
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under development. It is expected in the near future that H™ dc currents of 100 A will be obtained, as
compared with 10 to 20 pA obtainable now. Moreover, a booster such as the one now being
constructed at the AGS will increase the useable polarized beam intensity by an additional factor of
about 25. High-intensity currents (1 mA) will be necessary to construct a beam of 10' polarized protons
in order to produce a reasonable total number of events/year for most of the scattering processes of
interest.

The main concern when accelerating a polarized beam to high energy is to avoid depolarization
resonances, so let us outline how this phenomenon occurs. We consider a circular accelerator in which
vertically polarized particles are kept on their orbit by a vertical magnetic field; in that case each
particle will precess about the vertical axis, and thus the vertical projection of the spin vector is
preserved; as a resuit no depolarization occurs. However, in order to maintain particles close to the
calculated orbit focusing fields are necessary, in particular horizontal magnetic fields; consequently the
spin precesses out of the vertical direction, inducing a depolarization. It is shown that depolarization
becomes important when the spin precession frequency of the particle is equal to an integer multiple of
the frequency with which the particle sees horizontal magnetic fields as it circles the accelerator with the
cylotron frequency. If such a condition is realized then a depolarizing resonance occurs; in fact, after
each turn a small precession around the horizontal axis adds in phase with those of the previous turns
[RUTS84].

One distinguishes two major types of depolarizing resonances: the intrinsic depolarization reso-
nances, which are caused by the horizontal magnetic fields of the quadrupole magnets, and the
imperfection depolarizing resonances, due to misalignments and imperfect magnets. The number of
resonances a particle has to cross in an accelerator of 20 GeV is about 30; this number increases to 200
for an energy up to 100 GeV and in the case of the SSC there will be around 30000 imperfection
depolarizing resonances to correct in each ring!

For low-energy accelerators like the ZGS and the AGS intrinsic resonances are destroyed by the
technique of ‘‘resonance jumping” using fast quadrupole magnets; in the case of imperfection
depolarizing resonances, correction dipole magnets are applied to the beam. All these techniques work
well up to energies of 30 GeV; their extension to higher energy seems inappropriate because one has to
deal with hundreds of resonances. A solution to the problem of depolarizing resonances was invented
by Derbenev and Kondratenko [DER77]; this solution is known as the “Siberian Snake”.

The basic idea of a Siberian Snake is to use a string of six to ten magnets which precesses the spin by
180° around the longitudinal direction after one turn around the accelerator and at the same time yields
no net orbit deflection (the magnets give an important beam motion so the orbit follows a twisted path
like a snake). During the circulation of the beam any spin rotation which occurs after the first turn is
then canceled by the identical rotation which occurs during the second turn. There are different
possibilities to combine several Siberian Snakes; for instance, one Snake rotates spin by 180° about the
longitudinal direction (type I Snake), while another one rotates it by 180° about the horizontal direction
(type II Snake). In that case the precession frequency is 1/2, but the equilibrium spin is now up in one
half of the accelerator and down in the other, the main advantage of the Siberian Snake technique
being that the effect is energy independent. Let us notice that for the SSC a number of 50 Snakes are
probably required in each ring to maintain a well-polarized beam. An experimental model of the
Siberian Snake is presently being tested at the IUCF proton cooler ring [KRI87, TERS88].

In conclusion, accelerating a polarized proton beam up to 20 TeV seems feasible at a reasonable cost
(a few percent of the cost of an accelerator with unpolarized beams), provided one confirms that the
Siberian Snake technique works experimentally.



C. Bourrely et al. | Spin effects at supercollider energies 327
3. Parton distributions and luminosities
3.1. Unpolarized and polarized parton distributions

A high-energy proton beam is an unseparated beam of constituent partons and all fundamental
hadronic interactions, which are probed in pp collisions by testing the Standard Model or by producing
new particles, involve the collisions of quarks and gluons at short distances. As an example, let us
consider the hard scattering hadronic process

atb—c (or jet) + X, 3.1

which is described in terms of two to two parton subprocesses as shown in fig. 3.1. In the QCD parton
model, the corresponding inclusive cross section, provided factorization holds, is given by

dota+boctX)= 3 i [ dr,dx, (£ (r, 0)F" (0 0) + ()] ds, (32)

i

The summation runs over all contributing parton configurations; the parton distribution f®(x,, Q) is
the probability that hadron a contains a parton i carrying a fraction x, of the hadron’s momentum. It
represents the parton flux available in the colliding hadron, which is universal, that is, process
independent. Clearly the partpn distributions play a crucial role because they allow the connection
between hadron-hadron collisions and elementary subprocesses. dgy; is the cross section for the
interaction of two partons i and j, which can be calculated perturbatively. The total energy of the
partons in the subprocess center of mass frame is

Vi=VIEs, (33)

where 5 denotes the total center of mass energy of the initial hadrons. Finally Q° which is defined in
terms of the invariants of the subprocess, characterizes the physical momentum scale. The distributions
f(x, Q%) are extracted from deep inelastic data at low Q° and their Q° dependence, which is
logarithmic, is predicted in perturbative QCD by the Altarelli-Parisi equations [ALT77] based on the
renormalization group. For supercollider energies the relevant Q° range is 10° < Q° <10° GeV> The

Subprocess

Fe—————- 4

Fig. 3.1. Parton model representation of a hadron-hadron collision at short distances.
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distributions fall rapidly with x at fixed Q° and for increasing Q°, f,(x, Q%) become very important at
small x, where more and more partons can be produced. If we want to detect a small invariant mass,
say 100 GeV, one sees from eq. (3.3) that we also need small x values, say x < 107> for v5 =40 TeV; so
at supercollider energies the hadron energy is less efficiently used and one should keep in mind that the
kinematic region of interest is 107> < x <10~". These small values of x, even at low Q°, are not probed
by current experiments, which only extend to x >107% However, this present limited knowledge is not
so critical because uncertainties are reduced for higher Q° Following recent studies [GRI83, COL84]
we will take for granted that, modulo some reasonable approximations, the small-x behavior of the
parton distributions at large Q° can be safely obtained analytically from perturbative QCD.

Rather than referring to any of the various numerical solutions available in the literature, we will
provide our own set of parton distributions in terms of a simple parametrization of their x and Q°
dependences, already used in [BOUS87]. For the gluon distribution we take

xG(x, §) = K(S) exp[12V/(876) In(1/x)] (1 - x)°, (3.4)
with
K(S) = 50.36[exp(S) — 0.957] exp(—7.597V'S)

and ¢ =In(Q¥A*) with A =200MeV and S(Q?) =In(t/t,), where t, corresponds to the initial momen-
tum value Q2 =5GeV> As usual b =33 — 2N, N, being the number of quark flavors. This expression,
except for the factor (1 — x)° related to the large-x behavior of the distribution, was originally proposed
in [RALS6]. It gives an excellent approximation up to x = 0.1, to the solutions provided by EHLQ in
[EIC84]. Similarly by using the results quoted in [EIN86] for the valence u-quark distribution we will
take

xu,(x, §) = K'(S) exp[4V2V/(S70) In(1/x)] x* (1 — x)°, (3.5)
with

K'(S)=2VS exp(—1.55).
For the valence d-quark distribution we will take

xd,(x, §)=0.5(1 - x)xu,(x, S). (3.6)
By comparing eq. (3.4) and egs. (3.5) and (3.6) we see that the gluon distribution dominates over
valence quark distributions at small x, because gluons carry a large fraction of the proton momentum
due to the high probability of emission of soft gluons. This fact will have strong consequences for the

evaluation of the production rates as will be discussed later.
For the sea u-quark distribution, following [RALS6] we will take"

xu (x, S) = 3[(8/b) In(1/x)]'*xG(x, §), (3.7)

Y The factor V3 in eq. (2) of [BOUST] is a misprint.
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and like EHLQ we assume that the sea is isosymmetric, that is, u; = d,. One can also find heavy quarks
inside a proton with a probablhty which becomes s1gn1ﬁcant at hlgh Q For a heavy quark of mass m,,
fix, 0%)=0 unless Q°> m and for very high Q7 above all mass thresholds, we will simply take

xqy(x, S) = qxux, S), (3.8)
with

us;iciboit,=1:082:0.33:023:0.14.
A better determination of heavy quark distributions will be needed for a description of interactions such
that heavy flavor couplings are enhanced, e.g. for Higgs production (see section 5).

So far we have ignored the spin of the initial protons, but if we consider the case of polarized beams
one can define correspondingly polarized parton distributions. For a given parton (quark, antiquark or
gluon) we denote by f,(x, Q°) the parton distributions in a polarized nucleon either with helicity
parallel (+) or antiparallel (—) to the parent nucleon helicity. As usual, we define the unpolarized
distribution f=f, + f and the parton helicity asymmetry Af=f —f_. Let us recall that for the
inclusive reaction (3.1) with both initial hadrons longitudinally polarized, the double helicity hadron
asymmetry A, , defined as

do, (1 )o+) = A0cam- )

3.9
(= do, ey TAuayni) (3:9)

is given by
A do= Z m[dx dx, [Af®(x,, 01 A (x,, Q) + (i )))d], d6,, (3.10a)

Aff

assuming the factorization property, where do is glven by eq. (3.2) and ayy denotes the subprocess
double helicity asymmetry for initial partons i and j*. The explicit expressions of these quantities for
various subprocesses are given in section 4. To get a rough estimate of A;, one can use the following
approximation:

Ap~ 2 (AFIEY(ARIf Yl (3.10b)

in terms of the average of the parton polarizations defined as Af,/f,. This shows that, even if at the
parton level 4/, is as large as =100%, it is expected to be diluted twice at the hadron level since, as we
will see below, the parton polarizations are much less than one in the relevant kinematic region.

Our experimental knowledge on the quark helicity asymmetries Ag, comes from deep inelastic
scattering of polarized charged lepton beams from polarized targets. One measures the virtual
photon—nucleon asymmetry defined as

% Here we have assumed parity conservation for the parton distributions, namely the probability for a parton with a given helicity (+ or -)
inside a polarized nucleon with a given helicity (+ or —) is the same if both parton and nucleon helicities are reversed.
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Z:i e? Aql(x)
L e?qi(x) '

In fig. 3.2 we show the data on A, versus x for polarized protons from a SLAC-Yale experiment
[BAUS83] and from the recent EMC experiment [ASHS88] in the limited Q° range (Q® <70 GeV?). This
graph also shows the results of some theoretical calculations. The dotted curve corresponds to a model
based on the three-quark SU(6) wave function [BAB79]. In this case the helicity of the proton is carried
by its valence quarks and the gluon does not contribute. The solid curve, in better agreement with the
data, corresponds to the model of Carlitz and Kaur [CAR77] introducing SU(6) breaking effects based
on the idea that valence quarks carry most of the proton helicity only at large x values. In this case the
gluon carries 25% of the proton helicity. The dashed-dotted curve corresponds to a model [CHIS85]
which generalizes the Carlitz—Kaur model and leads to a closer consistency with the data near x = 0 due
to a larger contribution of the gluon to the proton helicity. Finally the dashed curve is the prediction of
the MQM/QGD approach [GIAS85], where the gluon is believed to play no role, which gives a fair
description of the data both at small and large x. These new EMC data have generated a large number
of theoretical papers [SOF87a, GLU88, LEA88, PRES8, CLO88, BRO88, EFR88], most of them
devoted to the discussion of the validity of the sum rules [ELL74, BJO66] one is able to test by using
the data (see appendix A). The interpretation of these low-Q° data is controversial and remains to be
clarified by the measurement of A, on polarized neutrons, which will indeed be very crucial. A better
knowledge of the strange sea quark polarization [PRE88] and of the gluon polarization [GUIS88] is aiso
essential. In spite of these uncertainties, if one adopts a conservative attitude, it is possible to give at
high Q* a consistent set of parton helicity asymmetries, which will be used to evaluate hadron helicity
asymmetries.

For the gluon helicity asymmetry the small-x behavior has been derived in [EIN86] and by fitting the
numerical results of [CHI87] we obtain the simple expression

A= (3.11)
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Fig. 3.2. Data on A, versus x from [ASHS88], with various theoretical calculations (see text).
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x AG(x, §) = K"(S)x exp[4(10 + V64— 6N,) 2/ (S/b) In(1/x)] (1 - x)°, (3.12)

with K'(S) = exp(—4.5V'S).
For the valence quark helicity asymmetries we will use the approach introduced in [CHI85] as model
I. So we take

Au,(x, §)=cos26, u(x,S)— %cos26,d,(x,S),

(3.13)
Ad,(x, S)=—}cos26,d,(x,S),
which are directly expressed in terms of the unpolarized parton distributions by means of two dilution
factors cos 26, and cos 26, given by the following simple formulae:

cos26, =1+ Hy(1-x)’vx]™', Hj=0.09-0.045,
(3.14)
cos26,=[1+Hy(1-x)/vx]™", Hj=0.03-0.01S.

In this model the sea quark helicity asymmetry remains positive and it increases with larger x and higher
Q> For the u sea quark it can be parametrized as follows:

Au(x,8)=(0.7+0.5In S)xu(x, S), (3.15)

while the other flavors are obtained by using the same rules as for the unpolarized parton distributions.
These parton helicity asymmetries are required to satisfy important constraints like the Bjorken sum
rule at the level of parton model [BJO66, BJO70] or with a QCD correction [KOD79] and also various
new sum rules established recently [EIN86, BOU8Ta], as a test of their correct Q° evolution. These
requirements, which help to reduce the theoretical uncertainty, are indeed fulfilled by egs. (3.12) to
(3.15).

The resulting parton polarizations versus x are shown in figs. 3.3 to 3.6 for u-quark, d-quark, gluon
and sea quark for Q° =10° GeV” and 10° GeV>. They are positive except for the d-quark as a direct
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Fig. 3.3. u-quark polarization versus x for Q> =10* and 10° GeV> Fig. 3.4. d-quark polarization versus x for Q° =10 and 10° GeV>
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Fig. 3.5. Gluon polarization versus x for Q0° =10* and 10° GeV>. Fig. 3.6. Sea quark polarization versus x for Q0° = 10° and 10° GeV>

consequence of eq. (3.13). They all grow with increasing x and slowly increase with larger values of Q°.
The u-quark polarization is the largest one, being over 50% for x =0.1.

3.2. Parton-parton luminosities

The parton distributions derived above will be used to compute differential cross sections and helicity
asymmetries for various reactions of interest at supercollider energies. We have checked that our
unpolarized distributions (eqgs. 3.4-3.8) follow the numerical solutions provided by EHLQ within 10 to
15% except for Q° as low as 10 GeV?, so they lead to a reasonable determination of hadronic cross
sections. Event rates given by EHLQ should be reliable to a factor two or better and we expect the
same uncertainties for event rates with polarized beams, but they should be smaller in helicity
asymmetries, which are cross section ratios. To evaluate these hadronic cross sections let us consider a
convenient quantity introduced by EHLQ), the differential parton-parton luminosity, defined as

’df 1+5 X

ij

T [ B 0 e, ) + )] (3.16)

It represents the number of parton i—parton j collisions per unit of 7 with subprocess energy squared
§ = 7s. Thus the differential cross section with respect to the scaling variable 7 for the reaction (3.1),
using egs. (3.2) and (3.16), is given by

—27 il 6 (3.17)
if

By dimensional analysis one has &, = k/$, with coupling strength k, so the quantity (7/§) d%,/d7, which
has the dimension of a cross section, can be used to estimate the total number of events/year N, for a
given subprocess,

N;=Lk(r/$)dZ,/d7 , (3.18)
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knowing k and the hadron-hadron luminosity L, , which is typically 10*’ cm™> at SSC*. This notion of
parton luminosity can be generalized to the case of a hadronic reaction with one or two polarized beams
by replacing in eq. (3.16) one or two unpolarized distributions f by the corresponding parton helicity
asymmetries Af. Therefore we define the following two useful quantities, namely the singly polarized
luminosity

1
dZy; f dx | @ e ®gy
5 =7 5 AP OV (i, 5) (3.19)

T

when hadron a only is polarized, and the doubly polarized luminosity

1

dZ,.,. d

P2 T [ g0 6 A0, §) ¢ )] (320
iy T

when both initial hadrons a and b are polarized.

We show all these parton luminosities for gluon-gluon interactions at v§ =40 TeV in fig. 3.7a and at
V5 =10TeV in fig. 3.7b. Clearly for higher energy all parton luminosities increase and one should note
at small V/§ a strong reduction of the (singly or doubly) polarized luminosities. We also show various
parton luminosities for several other parton—parton interactions in figs. 3.8 to 3.13. By comparing fig.
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Fig. 3.7. The quantity (v/§) d.#/dr (in nanobarns) versus V3 for gg interactions in pp collisions (a) at V5 = 40 TeV, (b) at V5 = 10 TeV. Solid curve,
unpolarized gluon distributions; dashed—dotted curve, singly polarized gluon distributions; dashed curve, doubly polarized gluon distributions.

* Throughout the paper we will give event rates assuming this luminosity for the SSC with polarized beams.
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Fig. 3.10. Same as fig. 3.8 for g interactions. Fig. 3.11, Same as fig. 3.8 for uit interactions.
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interactions in pp collisions at vs =40TeV. Note that the dashed-
dotted curve has been changed in sign because the d-quark helicity
asymmetry is negative.

3.7a and fig. 3.8 we see that gluon-gluon induced reactions will occur more copiously than u-quark-
gluon induced reactions, except at the edge of the accessible kinematic region, but gluons are less
efficient than u-quarks in building up asymmetries. There is a similar effect for d-quark—gluon induced
reactions (see fig. 3.9), but since the d-quark helicity asymmetry is negative, it will reduce the hadron
asymmetries. The luminosities involving sea quarks are even smaller.

By making ratios of the (singly or doubly) polarized luminosity to the unpolarized luminosity, one
can estimate how much a (single or double) subprocess asymmetry will’ contribute to the corresponding
helicity asymmetry in hadron-hadron collisions due to the dilution effect of the parton distributions.
This is more accurate than using the parton polarizations mentioned above [see eq. (3.10b)]. As a
simple example let us consider a reaction with one beam longitudinally polarized, whose cross sections
are do/dr [see eq. (3.17)]; the single helicity hadron asymmetry defined as

_dadr —da'/dr

T lar 1 T

A, (3.21)

can be evaluated by means of these ratios. Let us denote by 4; (4/') the subprocess helicity asymmetry
where parton i () is polarized. If the cross section is dominated by a subprocess induced by the
collision of parton i and parton j and if 4; and 4] are constant one has

Ap=a( ])é',i + a}.(i)[i{f ) (3.22)
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where

1dZ, /dr
— (3.23)

“()=Tag 1ar

represents the polarization of parton i in interaction with the unpolarized parton j. This quantity is not
necessarily related to the single helicity hadron asymmetry and its usefulness will become obvious in the
specific cases we will study in the following sections. Some examples of a,( j) are displayed in figs. 3.14
to 3.17 for two different energies. By comparing these quantities we see that

a,(8)~a,(d), (3.24)
and it rises with V§ in the same way as the u-quark polarization rises with x (see fig. 3.3). Similarly

a(8)~ (@) (3.25)
both are negative and behave like the d-quark polarization (see fig. 3.4), and

a,(d) ~a,(u), (3.26)
which behave like the gluon polarization (see fig. 3.5). Finally we show a;(u) in fig. 3.17, which has a

fast rise at high V3, reflecting the behavior of the sea quark polarization for large x (see fig. 3.6), and
we find

az(u)~az(d). (3.27)
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Fig. 3.14. a,(g) and a,(u) versus V5 for V3 =10 and 40 TeV. Fig. 3.15. a,(g) and a,(d) versus V5§ for v5 = 10 and 40 TeV.
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Fig. 3.16. a,(d) and a,(1i) versus V3 for v5=10 and 40 TeV. Fig. 3.17. a,(u) versus V3 for V5 =10, 20 and 40 TeV.

Clearly double helicity hadron asymmetries will be smaller than single helicity asymmetries due to
the suppression of all doubly polarized luminosities, as shown in figs. 3.7 to 3.13. Some specific
examples will be calculated explicitly in the next section, which is mainly devoted to QCD tests.

4. Hadronic jets and QCD tests

One of the major difficulties for testing QCD is the fact that experiments cannot be performed
directly with the basic constituents quarks and gluons. Hadron-hadron processes are rather complicated
at the level of the constituents because many subprocesses have to be summed over in the evaluation of
the cross sections and the double helicity asymmetries [see eqgs. (3.2) and (3.10a)]. These subprocesses
lead to different cross sections and double helicity asymmetries as we will see below and it might be
possible, in a given restricted range of the large transverse momentum kinematic region, to know which
subprocesses are dominant. This is one way to test QCD and of course the correct knowledge of the
parton distributions is also part of this test. At high energies most of the information at short distances
is contained in hadronic jet physics, which has already exhibited some simple aspects at the CERN
SppS collider. Jet production will be very copious at the SSC and with its expected luminosity there will
be about one event per second yielding at least one jet with transverse momentum larger than 1 TeV/c.
Therefore event rates will be very high and jets will be the main source of conventional background to
new physics, so it is essential we understand as well as possible both their cross sections and their
helicity asymmetries. By reaching enormous values of transverse momentum it will be possible to probe
very short distances and, for example, to detect some evidence for quark compositeness, which leads to
a definite signature in single helicity asymmetries resulting from the presence of an axial coupling which
violates parity (see section 7). In this section, since we assume that parity is preserved, we will compute
only double helicity asymmetries, which are expected to be small as explained previously. Although
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direct photon production has a much lower cross section, it will be also considered because it is simpler
and allows a direct probe of a smaller number of specific hard scattering processes.

4.1. Single-jet production

The invariant cross section for the production of a single jet of energy E (or rapidity y) and
transverse momentum p, reads after a simple phase space integration

1

d’c 1 J 2 XX, < ) doy o )
— =2 = ———\f , — +
E g =2 e, ) O 7 Bt U 00 09 G 6 D) ()
’ N (4.1)
_2pg % XaXce

Xy = X, = - X, = s
T Vs 0 2-xe?’ b 2x, — x€”

For large enough E the jet will be produced in the pp c.m. system at an angle 6, such that
y =Incotg 6, /2. The subprocess cross section for initial partons i and j" giving different final states is
(dg;/ df)($, t, ). Their Born expressions, with all possible exchanges in the three channels are recalled
in table 4.1 in terms of the Mandelstam variables at the parton level

Table 4.1
List of the asymmetries 47, and corresponding Born cross sections in perturbative QCD. A factor of wa’/5” has been
factored out of the purely strong interaction cross sections and -;re:aturs/s‘2 out of the single-photon cross sections,
where e, denotes the quark charge (1 for u and —{ for d)

Process al 6*=m/2 Cross section *=a/2
(82 = @)/ + (7 - )1t - 357 4 (§2 +@ £+ 2 sz)
W2N E AR em P V7 YT T3gm 326
gg:gg] (- #)/(F + i) 06 §E + )P 22
q3—q'q -1 $(2+ i)/ 0.22
L (8 = @)E ~ (P 4 07)J5° + 3asi 4 (§2 N az)
et =037 A=t - 2.59
19~ G+ @YF+ (P +a)) /s - st \FTETTE T3
q3—gg -1 B(E+ &) af - §(F + i )§ 1.04
qg-qg @ -@)IE+ i) 0.6 (F+ a5 - 88+ @y a5 6.11
gg8—qd -1 A+ 8y - 3@+ 687 015
-3+ 2870t + wll§ 9 ( sa i af)
S - 0.77 -5 -5-5 30.4
B 3= SaIf — §HIE - IS IVTETRT?
Lin g
92— qy (- @)/ + i) 0.6 -3 (5. + 5.) 0.83
N u
; B i )
qq—g -1 9 \3 + i 1.77

" Clearly the permutation (i <>/} in eq. (4.1) implies the interchange (i > &) in the cross section.
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A s A 12
§=xx5, t=-31-cos8*), d=-35(1+cosb*), (4.2)

where 6* is the c.m. scattering angle, which can be expressed as

y y
xe ' —xe
cos 0* = _B__‘_b_ 43

xe— +x.e’ (4.3)

The scaling variable Q° which oceurs in the parton distributions f,(x, Q) and in the running coupling
constant a,(Q?) is taken to be Q* = p%/4, which is a reasonable approximation suggested from a recent
analysis of QCD radiative corrections [ELL86] This choice is not unique and leads to some uncertainty
in the calculation of the cross sections, which is also related to subtleties associated with next-to-leading
order contributions [OWES7]. From table 4.1 we see that elastic processes give the main contributions,
gluon—gluon scattering being largely dominant followed by gluon—quark and quark—-quark scattering. A
comparison with the single-jet production data obtained by UA1 and UA2 [ARN86, APP85] leads to a
fair agreement with the predictions of lowest-order QCD [EIC84, OWER7]. So we expect that at future
collider energies gluon—gluon scattering will dominate up to p. =1 TeV/c, then gluon—quark will take
over up to 5 TeV/c or so, where we start to reach the quark—quark regime.

The double hehc1ty asymmetrles follow from eq. (3.10a) and the explicit use of eq. (4.1). The
expressions of the 4/, are also given” in table 4.1 and are represented in fig. 4.1. According to a basic
property of perturbative QCD, a quark and antiquark of a given flavor can annihilate into a gluon only
if they have opposite helicities. It follows that all processes with qq either in the initial state or in the
final state lead to 4/, = —1 as shown by curve E in fig. 4.1. For all the other cases 4, is found positive
and corresponds to one of the four different curves A, B, C and D shown in fig. 4.1, where the
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Fig. 4.1. The double helicity asymmetries @/, versus 8* at the lowest order in perturbative QCD.

? They agree with [CRA83] but not with [BALS1] for qg— qg.
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maximum effect near 90° occurs for gg—gg. So A, is expected to be positive in spite of the small
contribution from the d-quarks, which have a negative helicity asymmetry Ad as we have seen in section
3. The result of our calculation for a jet produced at zero rapidity is shown in fig. 4.2 versus p; for three
different energies. The effect is of the order of a few percent, in agreement with a rough estimate based
on eq. (3.10b) [SOF85]. Even for p, <1TeV/c, where gluon-gluon scattering dominates, A, is small
because gluons are less efficient than quarks in building up polarizations (see figs. 3.14 and 3.15). A,
decreases with increasing energy due to the rapid growth of the single-jet cross section with energy
driven by the small-x behavior of the gluon distributions. A;; rises with larger p; because of the
decrease of the cross section, which represents less and less background in this kinematic region, thus
making it easier to detect new physics, which might also give signals in A;, (e.g., see section 8). The
curves in fig. 4.2 were not extended above p, values for which the cross section drops below
107*° cm®/GeV, corresponding to slightly less than one event per hour per TeV/c of p;, which is still
measurable.

4.2. Two-jet production
In the physics of hadronic jets one can also consider the production in the final state of two jets with

rapidities y, and y, and with equal and opposite transverse momentum p.. The differential cross section
can be written as

d’o 2 ( o, ..o ) s
m 1+5 f(xa,Q )f(xb’Q ) ‘ (S,t,u)+(l<—>]) . (4 )
If we define
Y*=1(01752)s  Voeox =3V T V2)s (4.5)
we have
x,=vrehen g =vFe e 1= 4pT cosh® y*,  sing*= L (4.6)
coshy*
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Fig. 4.2. Predictions for the double helicity hadron asymmetry A,, in pp— jet + X at y =0 versus p,. for three different energies.
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So we see that large values of y* correspond to the forward and backward directions at the parton level,
where the dominant differential cross sections are strongly peaked. Therefore, to avoid overestimating
the event rate, we must restrict ourselves to the central rapidity regions, that is

-Y=y,y,=Y, (4.7)

where Y is of the order of one. For y, = —y, =1 one has y* = 1 corresponding to 8* ~40°. For y* fixed
around zero and for a given p,, if one increases y,, ., then since x, increases and x, decreases, the
cross section will fall due to the fast decrease of the parton distributions at large x. Gluon-gluon
dominates at small y, .., whereas gluon-quark dominates at large y, ... A larger cross section which
can be obtained from eq. (4.4) after integration over the jet rapidities, is the invariant jet-pair mass
distribution do/dM. The jet-pair mass is given by

M =2p, cosh y*, (4.8)

and the invariant mass distribution reads

Y Ymax
da_M3f J' 1 ( " , 46, _ )
dM 2 2 dyly ' dyzé: (1 + aij) COSh2 y* f;‘(xa’ Q )f;‘(xb’ Qo ) di (S, Z, u) +(l(—)]) s
" (4.9)
where
Ve =min(Y, ~10g7=y,),  yp =max(~Y,log7~y,), (4.10)

which reduce essentially to Y and —Y for low mass values. The double helicity asymmetry A, versus
the jet-pair mass is shown in fig. 4.3 at three different energies and it is even smaller than for single-jet
production.

Finally we would like to remark that the magnitude of these asymmetries in hadronic jet production
is related to the smallness of the gluon polarization, but they would be zero if the gluons were not
polarized. They were found positive and recently the importance of this sign has been stressed
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Fig. 4.3. Predictions for the double helicity hadron asymmetry A ;| for two-jet events in pp collisions versus the jet-pair mass for three different
energies.




342 C. Bourrely et al. | Spin effects at supercollider energies

[RAMSS] for the evaluation of the jet contribution to the total cross section and the corresponding
double helicity asymmetry,

Aoy = 0, (P(+), p(+)) = 00 (p(+), p(-)) - (4.11)

This quantity was measured at very low energy at the Argonne ZGS [AUE77] and was found negative.
According to our calculation the jet contribution is expected to be ~+1pub at v5=0.02TeV, the
energy range of the Fermilab polarized proton beam” [MIL88], ~+10pub at v5=0.5TeV and
~+25 ub at vs =10TeV.

4.3. Direct photon production

Direct photon production at high p, is also a useful probe of the underlying parton—parton
interactions. Since the photon originates in the hard scattering subprocess and does not fragment, the
cross section is also given by eq. (4.1). In the QCD parton model, in the absence of photon
bremsstrahlung contributions, direct photons are produced via the quark-antiquark annihilation
subprocess qq—yg and the quark-gluon Compton subprocess qg— qy, whose cross sections and
double helicity asymmetries are recalled in table 4.1. The Compton subprocess has a positive 4, (curve
C in fig. 4.1), whereas for the annihilation one has d,;, = —1 (curve E in fig. 4.1). We have calculated
the unpolarized cross section at 90° and for different values of the c.m. production angle and we found
consistency with the results of [OWE84]. Event rates are very small and for example one has
d’o/dy dp, =4 x 10™* cm*/GeV for p, =1TeV/c and §,,, = 90°. As it is well known, away from 90° the
Compton subprocess dominates largely over annihilation except at very large p;. The results we
obtained for the double helicity asymmetry are shown in fig. 4.4 for 6, = 45° and 90°. In both cases A, ;
is positive, which reflects the dominance of the Compton subprocess. However, u-quark-gluon and
d-quark-gluon lead to opposite sign effects, which reduce the magnitude of A, . We also see that A
scales with x. (eq. 4.1), but since the cross section does not, the measurement of A, at fixed x will be

10
pp — ¥ + anything

0., =45°

cm =

ALL (0/0)
a -

6., =90°

i ' —_ 1 L X N — a

: . .
0,05 01 015 0.2 0.25 0.3 0.35
X

T

Fig. 4.4. Predictions for the double helicity hadron asymmetry A, in pp— X versus x, at very high energies (Vs = 10 TeV), for two different
values of the c.m. production angle 6, =45° and 90°.

* At V5 =0.02 TeV, we have small Q7 values so there is no reason to claim that a leading-twist calculation is reliable and to believe this sign for
Ag;.
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easier to measure for vs = 10 TeV than for vs = 40 TeV. At 45° A || rises with x.., whereas it is flatter at
90°. This is due to the fact that at 90° the positive Compton asymmetry is reduced by the contribution of
the negative annihilation asymmetry, which becomes more and more important for increasing x;. A,
becomes negative for x. =0.6, where the cross section is not measurable at vs = 10 TeV, but this sign
change is not predicted by much lower energy calculations [BAL81, CRA83].

In conclusion of this section and to summarize, we have seen that pure QCD processes lead to small
double helicity asymmetries and any deviation in their measurements will give us a clear signal for some
new physics. By measuring double helicity asymmetries with all spin configurations, one also gets for
free single helicity asymmetries A, . These single helicity asymmetries vanish for single-particle (or jet)
inclusive production but not in the case where one observes at least two particles (or two jets) in the
final state. They then involve a correlation between the transverse momentum and the angular
distributions of the two objects produced. We have not calculated them but they are expected to be
small compared to the A, ’s related to the existence of a parity violating interaction at the subprocess
level. Therefore pure QCD processes do not give any appreciable background to these single helicity
asymmetries, which get large contributions from electroweak interactions as we will see now.

5. Spin tests of standard electroweak interactions

In this section we will study on the TeV scale spin phenomena associated to the Standard Model
description of electroweak interactions [GLA61, WEI67, SAL68] based on the SU(2), X U(1) gauge
symmetry broken by the minimal Higgs mechanism. The three quark and lepton doublets are assumed
to interact through the charged left-handed vector bosons W* and the neutral vector boson Z°,
experimentally found at the CERN SppS collider [ARN83, BAN83, BAG83], and a scalar Higgs boson
H which remains to be discovered. One should emphasize here that one of the major physics goals of
the next generation of hadron supercolliders is indeed to establish the existence of the Higgs particle.
At SSC with =10 cm™*s™", one will be able to produce every second about 60 Z*s and 200 W*’s,
so these impressive production rates will also be of great interest because, the standard production
mechanism being known, they will allow a precise calibration of the parton distributions [CHA86]. In
addition to gauge boson pair production it will be possible to study the influence of the three gauge
boson couplings, which is a characteristic of non-abelian gauge theories. For example, approximately
one thousand W* W™ pairs per day will be produced at SSC and this rate, which is a direct consequence
of the damping effect of the Z° contribution, is an obvious test to perform Another feature of the
standard model is the fact that gauge boson production at small angles is rather copious and will
constitute the main background for an additional yield through a production mechanism involving new
heavy particles.

The use of polarized beams will also lead to a reliable calibration of the polarized parton
distributions. We will see that with the set previously proposed one expects large single helicity
asymmetries, some of which are simply expressed in terms of parton polarizations a,( j) defined in eq.
(3.23). Several characteristic aspects of these asymmetries will be discussed and in particular the effect
of the three gauge boson couplings. One should also mention that all the corrections due to
next-to-leading logarithm contributions [BAR8S], which are usually discussed in terms of the so-called
“K-factor”, are expected to be less important for helicity asymmetries, which are cross section ratios.
ThlS is the case for the Drell-Yan mechanism [RAT83] and it is also known that in
e’e” —qq— hadrons the single helicity asymmetry is insensitive to higher-order QCD corrections,
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which preserve parity [LYN87]. We will treat successively massive dilepton production, single gauge
boson production, pair production of gauge bosons and Higgs boson production.

5.1. Massive dilepton production
Let us consider the reaction
pp— ¢ ¢ +anything , (5.1)

where the production of high-mass ¢"e” and w’ ™ pairs occurs through the lowest-order Drell-Yan
mechanism qq—vy, Z— ¢ ¢”. Unlike the processes we have studied above, this process does not
involve initial gluons and allows one to measure the q content of the proton. As a consequence, the
expected cross section for the invariant lepton pair mass M in the TeV region is rather low. More
specifically it is of the order of 250 events/year for 0.9 < M < 1.1 TeV/c” at SSC for each charged lepton
species (see fig. 108 of EHLQ). This is minute compared to pure hadronic processes and it can be
simply understood by recalling that the cross section averaged over quark colors, which reads

do _ 8_11'012)1 ( T dg%‘ﬁi)
o~ )3 2K ) 2

is proportional to a” and not to a’ and is directly expressed in terms of quark-antiquark luminosities,
which are much smaller at a given M (or V§) than gluon—gluon or gluon-quark luminosities as we have
seen in section 3.2. Here 7 = M7s is the usual scaling variable and K, contains all the information about
the underlying electroweak interactions. In the Standard Model, from the contribution of the photon
and of the Z we have

K, =e’ —2ea,aM*Re D, + (a> + b3)(a’ + b>)M*|D,|*, (5.3)

where e, is the electric charge of the quark q; of flavor i, a, and b, (a; and b,) denote the vector and
axial vector coupling constants of the lepton (quark i) to the Z boson. We have

4x, — 1 -1
a[=m , br:m for leptons ,
1-8x
~ b ! for up quarks , (5.4)

-1+ 3x, -1

a,= ——_—_TE , b= m for down quarks,

where x,, =sin’ 6, is the weak mixing angle and we will use x,, = 0.226. Finally D, is the propagator of
the Z boson with masss M, and width I,

D,=(M"-M%+iM,I,)". (5.5)
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With one proton beam polarized in order to calculate the single helicity hadron asymmetry A,
defined in eq. (3.21) we need the expressions of the cross sections for q,(h,) + q,(h,)—> ¢ ¢~, where h,
is the helicity of the quark and A, that of the antiquark. The integrated subprocess cross section is

G,(hy, h )— Ve [(1 hihy)K; + (b, — h))N], (5.6)
where
.=—2e.a,b,M*Re D, +2ab,(a>+b>)M*|D,|* . (5.7)

Since a, is very small, the sign of the asymmetry is that of a,b;, i.e. positive for both up and down
quarks, and we sce from eq. (5.6) that polarized quark-unpolarized antiquark annihilation and
unpolarized quark—polarized antiquark annihilation give opposite contributions. We have
dZ dZ,
A
dr M* dr
L ’

Sk (5 )

H

(5.8)

and the results are shown in fig. 5.1 versus M at three different energies. A, is only of the order of a
few percent and this can be understood because it is driven by the u-quark polarization a (u). With
u-quark only, we would have

AL~ (NJ/K,)a (@), (5.9)

and although a (u) is large and grows with M, it is reduced by the factor N,/ K. It is also reduced by
the effect of the d-quark polarization a,, which is negative (see fig. 3.16), and by the subtraction of the

A, (%)

M 20 (Tev/c?)
Fig. 5.1. A_ for Drell-Yan dilepton pair production versus M at Vs = 10, 20 and 40 TeV.
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antiquark polarizations a;(u) and a3(d). This last effect is more important at Vs = 10 TeV because for
higher M, a, increases very quickly (see fig. 3.17)". These are the predictions of the Standard Model
but they could be different in magnitude and sign in the presence of right-handed currents [CHAS85] or
other deviations from the Standard Model as we will see later.
5.2. Single gauge boson production

The differential cross section for the reaction

pp— W~ + anything (5.10)

can be computed directly in the Drell-Yan picture in terms of the dominant quark-antiquark fusion
reactions ud—»W" and ud— W~ and we have for the Standard Model W™ production

daV’ .
T = G.mV2r Mu(x,, M3)d(x,, M}) + (@ b)] +hic, (5.11)
dy F a b
o _
GF:W’ x,=VvTe’, x,=VvTe T=M€V/s.

Here and in the following, hfc means that we include heavy flavor contributions (c§, tb) but since the
mixing angles are small, contributions like us, etc. are largely suppressed. Quark flavors are inter-
changed in eq. (5.11) for W~ production. The y distribution is rather flat for —4<y <+4 at
Vs =40 TeV, corresponding to an angle —2° <6, <+2°, and then it drops very sharply (see fig. 112 of
EHLQ).

In the Standard Model the W is a purely left-handed current, so the single helicity asymmetry in W*
production reads simply

_Au(x,, My) d(x,, M3) — Ad(x,, My) u(x,, M3,)
You(x,, Mi)d(x,, M3) + d(x,, Mi)u(x,, My,) +hic’

(5.12)

assuming that only proton a is polarized. Note that the polarized hfc cancel in the numerator as a
consequence of our proportionality assumption egs. (3.8) and (3.15). This quantity, represented in figs.
5.2a and b for three different energies, is directly related to the u- and d-quark polarizations (see figs.
3.3 and 3.4) and for y ~4 it is dominated by Au/u at x, ~0.1 for W" and by Ad/d at x, ~0.1 for W,
For negative y, x, is small and from the quark polarizations one expects also a very small A, . At fixed y
for increasing energy, since 7 decreases, the magnitude of A, also decreases as shown in the figures.

Py integrating over y one gets higher event rates and the corresponding single helicity asymmetry for
W' is

(1/My)(d %,/ dr = d&,;,/dT)

A = , 5.13
t (rIM3%) d%,4/dr + hfc (5.13)

" The effect of the sea quark polarization has been studied in this process for v5 <1TeV in [RIC86).
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Fig. 5.2. A, (a) in pp— W, (b) in pp—>W", versus y for three different energies.

which becomes, neglecting the heavy flavor contribution in the denominator,

A =a,(d)-az(w) at Vi=M,, (5.14a)
and for W~ by permuting u and d

AL =a,@)—az(d) at Vi=M,, . (5.14b)

The resulting A, are shown in fig. 5.3 and they decrease very slowly with increasing energy consistently
with fig. 3.16. The sea quark polarization a; is very small at this V5§ value and effectively does not
contribute.
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Fig. 5.3. Integrated A, in pp—>W™ and pp— W~ versus V5.

Similarly one can analyze the single-Z° production in the Drell-Yan picture and one finds that the
helicity asymmetry as a function of y reads [see eqs. (5.3) and (5.7)]

- L, 2a,b[Aq,(x,, M7) §i(xy, MZ) = Aq(x,, M3) g,(x,, M3)]
" L (@] + b))4,(x,, M3)q,(x,, M7) + (@< b)]

(5.15)

We show the results of the calculation in fig. 5.4 and we observe that the trend is very similar to that of
W™ because it is dominated by the u-quark polarization, whose effect is reduced by the negative
d-quark polarization and by the subtraction of the sea quark polarization, which was assumed to be

50 T T T T T T T T T

A (%)

20

10}

-4 -2

Fig. 5.4. A, in pp—Z° versus y for three different energies.
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positive. As for the W’s one can consider at each energy the cross section integrated over y and the
corresponding asymmetry is

2 2a.b L dgA ch _ dgAfh“h)
T IMS, E dr dr

A= , (5.16)

d,.
2 _T q.-m)
D

which is displayed in fig. 5.5. In this case the effect, which is at most 4%, much smaller than for W’s,
also decreases with increasing energy.

So far we have assumed that the W’s and Z’s are produced in the Drell-Yan picture, i.e. with a small
transverse momentum p.., but there are higher-order QCD processes where the gauge boson can be
produced with a large p, which is balanced by a hadronic jet. This is similar to the prompt photon
production we have studied above (see section 4.3), but here one should consider the quark—antiquark
annihilation subprocess q,q,—Wg and the quark-gluon Compton subprocess q;g—q;W with i#].
From the decay distribution of the W* produced at large p, it is possible to discriminate between the
scalar and the vector nature of the gluon emitted in the final state [ART84]. By using this method based
on the fact that, unlike the electromagnetic current, the axial current is not conserved, a scalar gluon
was excluded at a 20 level at the CERN collider [STU87]. Hopefully this will be confirmed by
higher-statistics data.

The differential cross section for producing a W with p.. and rapidity y is

g mzh o (0 O €0 S G H D), D)

where the explicit My, dependence appears in all the kinematic variables,

5 T —T —T T T T
pp—2Z°
4# .
—_
.3
-~ 3l J
-
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2 .
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0 20 40 60 80 100 120
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Fig. 5.5. Integrated A, in pp— Z° versus V5.
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A 4 2 - ~ 2 -
§=xxS, (—-My=-xvsme”, G-My=-xVsme’, (5.18)

through the transverse mass m, = (M3, + p3)"’? and where

_ 5 (mVS)e — Myls _ (mglVs)e’ + Myls
T T mvee 0 T 1 (mvs)e !

To get a feeling for the event rates at Vs = 40 TeV, the cross section at y =0 and p, =0.3 TeV is found
to be around 107> nb/GeV with Q% =p2 (see fig. 118 of EHLQ). It is largely dominated by the
Compton diagram and drops very rapidly with increasing p;. For initial partons carrying a given
helicity, let us recall that for annihilation q(,)q(k,)— Wg we have

dé* 27aa, (F— ML) + (- M3)

—_— = = —_ + = A .

di (hy, hy) 9xw§2 (1=h)(1+ hz)a(t) ) a(t) Py ) (5-19)

which is symmetric in  and &, and for Compton scattering q,(h)g(A)—q ;W we have
dé* mao, . .
= ()= ——5 (1= W1 = Ve () + Ao (D]
2w 2 252 242 (520)
N My - My) N 2Au-My)

Cl(t)— $i H "fz(t)_ —_T_ :

For q;(h)g(A)—q,;W the same formula holds but with A— —h and A— —A. The corresponding single
helicity asymmetries are 4; =d; =1 for polarized quarks, d4; = —1 for polarized antiquarks and
d; =1— ¢le, for polarized gluons. This last quantity being rather small on average, the single hadron
helicity asymmetry will be dominated by polarized quarks. The results of the calculation of A; aty =0
versus pp for W and W™ are shown in fig. 5.6 at three different energies”. Here again A, is not
sensitive to the gluon polarization a, and is driven by a, for W' and by a, for W™, At fixed p, it
decreases for increasing energy but it grows substantially for p; in a kinematic region where the event
rates are not negligible.

5.3. Pair production of gauge bosons

The first motivation for considering these processes is to study trilinear couplings in a sensitive
kinematic region. If the gauge sector of the standard electroweak interactions is correctly described,
detailed measurements of cross sections and helicity asymmetries for the production of W*Z°, W™y,
7°Z°, 2’y and W*W™ pairs will also provide us with a good calibration of various combinations of qq
luminosities. In particular we will introduce two universal curves which allow a direct understanding of
the single helicity asymmetry in séveral processes we will consider below and in the subsequent sections.

*) For predictions at lower energies, up to 1 or 2 TeV, see [HIDSI].
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Fig. 5.6. A, in pp—>W™ + jet at y =0 versus p; at three different energies.

5.3.1. The universal curves

Since the W is a purely left-handed current we have seen that the single helicity asymmetry in W™
production has the simple form in terms of luminosities given above in eq. (5.13). More generally let us
consider a reaction dominated by the subprocess

q,q,—>W(M)— any final state, (5.21)

with the production of an off-shell W of invariant mass M decaying into a W and a neutral object. The
single helicity asymmetry as a function of M will be given for W™ by

> o (dgAq,ﬁ, B dffrl i)
+ ij M2 dT d'r
a, (M) = > , (5.22)
s
; M* dr
where q,q; has charge +1. In the same way as for eq. (5.13) one gets
v (dfa ALy )
. M*\ dr dr
ag (M) = (5.23)
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which can be approximated, since ud dominates, by

a; =a,(d)—az(u) atVi=M. (5.24a)
Similarly for W™ by permuting u and d one has

a; =a,(0) —az(d) atVi=M. (5.24b)

The flattening of a; for large M at 10 TeV is due to the increasing effect of a; (see fig. 3.17). The two
universal curves a; (M) as a function of M are represented in fig. 5.7 at three different energies and
they will often be referred to in the following. A straightforward application is the production of ¢*v,
from an off-shell W™ of mass M.

5.3.2. Production of W*Z° and W *y pairs

A substantial yield of these pairs is anticipated at supercollider energies and for example at the SSC
we expect a total number of 4 x 10° W*Z° events/year and 4 x 10* W™y events/year provided that W*,
Z° and v all satisfy | y| <2.5 (see figs. 126 and 136 of EHLQ). Needless to recall that the cross sections,
which fall rapidly with increasing mass of the pair, are dominated by quark-antiquark annihilation

qi(hl)(_]j(hz)-»WiZO or Wry. (5.25)
This process gets contributions from the #- and #i-channel quark exchange and from the §-channel W*

gauge boson exchange, so for W*Z’ it is a probe of the trilinear coupling WWZ fully specified by the
gauge structure of the electroweak interactions [BRO79]. In particular the angular distribution in hard

ar (%)

M(TeV/c?)

Fig. 5.7. The two universal curves 4, (M) versus M at three different energies.
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photon production is highly sensitive to the value of the magnetic moment parameter x of the W
[BRO79a] and deviations from the standard WWZ vertex, even restricted by unitarity, will give clean
signals in WZ production [ZEP88]. A non-standard structure of the WWry vertex can also have direct
consequences in Wy production [BAUS8S]. We will discuss later some theoretical considerations which
lead to anomalous magnetic moments (see section 7).

The cross sections corresponding to eq. (5.25) are

G,(hy, h,) = 6, (unpol)(1-h,)(1+ h,), (5.26)

where the unpolarized cross sections are given in [BRO79a]. From the simple form of eq. (5.26) we see
that the single helicity asymmetry associated to the total yield do/dM with no rapidity cut is clearly
given by the universal curves a; (M) because in the ratio one can drop &, (unpol) which is a function of
§ only. From ﬁg 5.7 we see that for example at \/‘ 10TeV a W Z° (or W*y) pair of mass
M =0.5TeV/c* will have A, =25%, whereas a W~Z° (or W™y) pair of the same mass will have
A, =—10%. Clearly in a reahstnc experimental situation one should make rapidity cuts, which decrease
the expected event rates, but we have checked that these cuts have almost no effect on A, , whose
magnitude is only slightly reduced.

5.3.3. Production of ZZ and Zy pairs
These pair production reactions are useful and with a reasonable rapidity cut | y| <2.5 we expect for
each channel 2 x 10° events/year at the SSC. The production mechanism

q;(h,)q,(h,) > ZZ or Zy (5.27)
does not involve the trilinear coupling and for the integrated cross sections we have
6,(8) =[(1— hhy)K; + (h, — h)N]JIGS) (5.28)

where I(§) can be deduced e.g. from eqs. (4.69) and (4.79) of EHLQ. This has a spin structure similar
to that of eq. (5.6), so the single helicity asymmetry is given by eq. (5.8) with for ZZ

K,=(a’+ b} +4a’b>, N,=dab(a’+b?), (5.28a)
and for Zy
K,=el(a;+b]), N=2¢apb,, (5.28b)

where e, is the electric charge of the quark q; and a;, b, are given in eq. (5.4). The results of the
calculation of A; with no rapidity cut are shown in fig. 5.8 versus M, the invariant mass of the pair, for
three different energies. The polarization of the d-quark is negative, and since a b, is positive, the
d-quark polarization reduces appreciably the polarization of the u-quark to give a rather small positive
A, in the case of ZZ. A, is also positive for Zvy but larger as a consequence of the electric charge of the
quarks, which reduces the effect of the d-quark. In all cases A, decreases with increasing energy. A
possible background for Zvy production is the standard direct photon production (see section 4), which
has a larger cross section, but it does not contribute to A, .
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Fig. 5.8. A, in pp— ZZ and pp— Zy with no rapidity cut versus M at three different energies.
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5.3.4. Production of W' W™ pairs
This process gives the highest production rate and at SSC we expect about 10° events/year with
|yl <2.5 (see fig. 120 of EHLQ). It is dominated by the subprocess

Qf(hl){li(hz)_’w+w— )

(5.29)

which gets contributions from §-channel vy, Z exchange involving the WWZ coupling g, and from
f-channel quark exchange. The cross section to produce a W™ W™ pair of invariant mass M with no
rapidity cut for the W’s is [BRO79]

M \"M
where
K=e+ti+a,

with

do (811'012)121((_7_ dffq,—m)
3 i i M2 dT ’

. 161xj [%é(ff*%*)*@-e)ln”ﬁ]

1-8

the quark exchange contribution,

1
4= [elz +2€iaigZM2 Re D, + (a.Z + b?)gZZM4|DZ|2]ﬂ3(§—2 +t=-t3

the boson exchange contribution, and

==L 2 [(i §___g)_ L 1
li_4xw [e; + 82(a; + b )M ReDz]ﬁ3£2+£ 6 3 e(1+1ie)ln

7

(5.30)
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the interference term, where + (—) is for the d- (u-) quark [BRO79]. Here ¢ =4M3/M* B=VI-¢
and g, = cotg 6,. The integrated cross section corresponding to eq. (5.29) reads

2
47

6,(hy, hy) = —— [(1=hh)K + (h, = h)N], (5.31)
where

N =e+i+a;,
with

a;=(2e,b,g,M*Re D, + 2a,.b,.,g;M“|DZ|2)[;33(i2 4 1)]
: e 3¢ 3t 4
and consequently the single helicity asymmetry A; has a simple expression in terms of luminosities
given by eq. (5.8). The results of the calculation of A versus M are shown in fig. 5.9 at three different
energies. For £ <1 we note that K, ~ N, ~ K, ~ N,, so together with the result £ ; =2, following
from eq. (3.6), we have the very simple approximate expression

A ~3a,@)+ %ad(a) ~ag(q). (5.32)

We also show in fig. 5.9 the resulting asymmetries in the absence of the trilinear coupling, i.e. with
8- =0. In this case

i, =2y, a,=4a,, a,=a;=0, (5.33)
so A, is smaller and flatter because the effect of the d-quark polarization becomes more important.

Clearly it is possible to distinguish between g, =0 and g, = cotg 6, and the perturbation introduced by
the decoupling of the Z is more substantial for M very much above threshold. The asymmetries with a

A (%)

M (TeV/c?)

Fig. 5.9. A, in pp— W W~ with no rapidity cut versus M at three different energies, for g, #0 and g, =0.
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rapidity cut” have been calculated and as already mentioned in previous cases we found the same trend
with the magnitude reduced by 1% or so compared to the case with no rapidity cut. Finally we have
calculated the asymmetry corresponding to the cross section integrated over the pair mass M and the
results are shown in fig. 5.10 for the two values of g,. The effects are smaller and less easy to
discriminate.

5.4. Higgs boson production

The Higgs boson predicted by the standard electroweak theory is a neutral scalar particle whose mass
M,, is not specified. However, according to some consistency arguments one can derive a lower bound
[WEIT76, LIN76] and an upper bound [LEE77] allowing the following range:

7GeV/c® = M, <1000 GeV/c* . (5.34)

One could have M, >1TeV/c® for any model where the electroweak symmetry is broken by a new
strongly interacting sector [CHAR85a] but since the width of the Higgs grows with M,,, it would become
very large, making the Higgs not easy to identify as a resonance®. Higgs production in pp collisions
occurs via several mechanisms, quark-antiquark annihilation, gluon—gluon fusion via a quark loop
[GEO78] and gauge boson fusion [CAHS84].

The first of these leads to the unpolarized cross section

ds,
do'(pp—-)H+X)— 2 B<M2 d:“'), (5.35)

with B, = (1—4m?/M?%)"? which is dominant for heavy quarks because of the factor m’, so we now
need to specify the top quark distribution. It is consistent with that given in the erratum of EHLQ and
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Fig. 5.10. Integrated A, in pp—>W "W versus V5, for g, #0 and g, = 0.

 The expressions for K, and N, with a rapidity cut can be deduced from appendix B.
“) The shape of the Higgs resonance produced at the SSC has been studied in [BENS6).
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following our simple parametrizations of section 3 [see eq. (3.7)] we propose to take for the unpolarized
(top or antitop) distribution

xt(x, S,) = 3[(S,/b) In(1/x)]' *xF(x, S,) , (5.36)
with

xF(x, S,) = a, exp[a,VS,(1 - VS,)] exp[12a;V (S/b) In(1/x)] (1 - x)° ,

S, =In[In(Q%A%)/In(4M?/A* In(1/x))] ,

which takes into account the threshold due to the top quark mass M,; for M,=40GeV/c® this
parametrization is valid for Q2 =7 x 10° GeV> The three parameters a,, a,, a, have been fitted and we
found

2,=495x10"%, a,=14.48, a,=2.75. (5.37)

The smallness of a, reflects the tiny amount of top quark in the proton. The polarized distribution
x At(x, S,) was obtained from xt(x, S,) assuming, as for the light flavors, the universal behavior given by
eq. (3.15). The differential top—antitop luminosities at vs =40 TeV are shown in fig. 5.11 and from eq.
(5.35) we can estimate the event rate it leads to, according to the value of V5§ = M,,. For small V3 the
singly and doubly polarized luminosities are largely suppressed, so for a light Higgs we expect very
small helicity asymmetries from this mechanism.

I'ﬁl"l T T T 1 T
— pp (1D ]
—— pp (t0) %

-
(=]
=3
LAALLL BaULLL

-
(=]
AL

-
(=]
W

LA BRALAALL SRURLRLLL R

(t/8)dL/dt (nb)
8a 3
"[ o

1
V§ (TeV)

Fig. 5.11. The quantity (7/§)dZ/dr versus V3 for tt interactions in pp collisions at v5=40TeV, Solid curve, unpolarized distributions;
dashed—dotted curve, singly polarized (t or t) distributions; dashed curve, doubly polarized distributions.
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Gluon-gluon fusion is also very sensitive to the mass of the quark loop and the corresponding Higgs
production cross section [see eq. (4.90) of EHLQ] involves the gluon-gluon luminosity (see fig. 3.7a,
b). As a result it dominates over direct quark—antiquark annihilation for M,; <700 GeV/c’ or so with
M, =40GeV/c* and v5 =10 TeV. For these two production mechanisms parity is conserved and one
should consider only the double helicity asymmetry A, ;. At the level of the subprocesses one has

=(1-4M}/ML)™" fortt, a,=+1 forgg. (5.38)

Consequently A, resulting from the combination of the two mechanisms is positive and from the
relative size of the two cross sections we expect it to follow the behavior of 4, (see fig. 3.17) for large
values of M,; independently of the value of M,. This i is indeed the case as shown in fig. 5.12, where A,
is represented at v§ =10TeV up to M, =3. 5 TeV/c” just for illustration. At v5=40TeV, A, is less
than 1% and is not worth drawing. It is well known that if M;; <2M,, and if the Higgs decays mainly in
tt due to the enormous background, there is no way to detect it at supercollider energies and we see
that polarized beams would not help. For M, >2M, the WW/ Z7 fusion mechanism dominates over
gluon—-gluon fusion for M,; =300 GeV/c’ if M 40 GeV/ c”; we will come back to this in section 9. In
this mass range the Higgs boson may be observed up to M,, ~ 800 GeV/c” in the decay mode H— ZZ
with both Z’s decaying to e e or p"p, but other expenmental signatures have also been considered
[CAHSS.

Polarized beams might be more useful for associated production of a Higgs boson with a vector
gauge boson W or Z as we will discuss now. They occur by direct formation and decay of a virtual
gauge boson in

q4,~HW", qq,~HZ. (5.39a, b)
The cross section corresponding to eq. (5.39a) has an expression similar to eq. (5.26) and therefore the

single helicity asymmetry A, for HW™ production is given by the universal curves a; (M) (see fig. 5.7),
where M is the invariant mass of the produced HW system. The cross section corresponding to eq.
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Fig. 5.12. A, versus My, for pp— H + anything at v = 10 TeV. The curves for M, = 40 GeV/c® and M, = 100 GeV/c’ are indistinguishable.
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Fig. 5.13. A, in pp— HZ versus M at three different energies.

(5.39b) is similar to eq. (5.28) with
K,=a’+b>, N,=2apb,, (5.40)

allowing a simple calculation of A;. The result is shown in fig. 5.13 at three different energies. Here
again at vs =10TeV, A, is larger and the effect of the d-quark polarization reduces its value for high
M, the invariant mass of the HZ system.

We have seen that the Standard Model of electroweak interactions at LHC and SSC energies leads to
definite predictions for single helicity asymmetries in gauge boson production providing better informa-
tion on the couplings of W* and Z° and a good calibration of the polarized proton structure functions.
We have also calculated some helicity asymmetries in Higgs production from quark and gluon collisions,
but in this situation at least polarized beams do not allow a better identification of the signal for a light
Higgs. We will now study nonstandard scenarios and we will see that polarization may be even
necessary to discover deviations from the Standard Model.

6. Minimal extensions of the Standard Model

The simplicity of the SU(3). ® SU(2), ® U(1), Standard Model is remarkable but its Higgs sector,
which is the least understood, makes it very puzzling. Although the Standard Model works impressively
well at CERN collider energy, something else could be present in the multi-TeV energy range. Many
attempts have been made to enlarge the gauge group; minimal extensions are obtained by the
consideration of new quarks and new leptons, heavier than the usual known fermions, interacting with
new heavy gauge bosons in a similar fashion to the standard electroweak theory. We shall only study a
few typical examples of such minimal extensions to show the relevance of polarized beams to identify a
bump in a cross section. Needless to recall that helicity asymmetries are less sensitive to systematic
errors and allow one to get valuable information on the couplings of these new objects. We will
consider the cases of charged Higgs H* production, pair production of heavy leptons and production of
new gauge bosons.
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6.1. Charged Higgs production

As soon as one adds more Higgs doublets to the standard electroweak theory, it implies the existence
of charged physical Higgs H*, non-standard Higgs bosons". Ignoring all the details of possible versions
for the enlargement of the Higgs sector [LAN82, LAN84, ANS85], we should not forget that, as for
neutral Higgs, the production and the detection of these particles in pp collisions are difficult and
strongly related to their mass. The main production mechanism is the Drell-Yan process
q,(h,)q,(h,)—7, Z—H"H™ whose corresponding integrated cross section, similarly to eq. (5.6), reads
for scalar particles

Gy, hy) = %”7"; %3 [(1 - hhy)K, + (b, — BN, (6.1)
with

K,=e +2ea.g,u-M*Re D, + (a + b*)glurn-M*|D,|?, (6.2)

N,=2e,b,g,+u-M*Re D, +2a,b,g%1-M*|D,|*, (6.3)

where M is the invariant Higgs pair mass, M- is the Higgs mass and 8 =(1—4M>./M*)"">. The
ZH"H" coupling is, in the minimal extension,

1-2x,
8zuta- = W .

(6.4)

The single helicity asymmetry has therefore a simple expression analogous to eq. (5.8) and is
independent of M,;-. The result of the calculation is shown in fig. 6.1 at three different energies. A, is
positive, it has the same trend as in dilepton production (see fig. 5.1) but with a larger magnitude
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Fig. 6.1. A, in pp—>H"H™ versus M at V5 =10, 20 and 40 TeV.

" This is a typical feature of supersymmetric models (see section 8).
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because of the value of g,,+,;- and the absence of the suppression of the vector coupling in lepton pair
production. If the most prominent decay of H” is into a pair of hadron jets, this parity violating
asymmetry will be present in the four-jet cross section.

Another obvious Higgs pair production mechanism is pp— W* (M)~ H*H’, which occurs by direct
formation and decay of a virtual W™, In this case A, is given by the universal curves (see fig. 5.7). If
charged Higgs bosons exist, it is tempting to search them in productxon associated with the standard W*
and Z’. In the Standard Model there are no H*W~Z and H* W™y couplings at the tree level, so they
should be ignored in first approximation. Although they are small the HWZ couplings exist in left-right
symmetric models [GUNS6].

6.2. Heavy lepton pair production

In the absence of a basic understanding of the pattern of the fermion generations, one should be
open to the possible existence of new heavy fermions. From what we learnt in section 4, the production
of heavy quarks is not expected to be strongly affected by the use of polarized beams, so we will
consider only the case of new heavy leptons. Let us consider a new lepton doublet (L, v, ). The mass
M, of the charged lepton is assumed to be such that M, — M, > M,,, where M, denotes the neutrino
mass. The cross sections for the production of heavy leptons at the SSC are rather small and the
relevant mechanism is from qq annihilation via y, Z for a L*L™ pair and via W for a Ly, pair. For
M, =200GeV/c* we expect 10° L*L™ events per year and 5 X 10° Ly, events per year if v, is taken
massless. The L"L~ signal coudd be observed by an excessive W* W™ rate with W' and W~ on opposite
sides of the beam with an unbalanced p,. Gauge boson fusion and gluon—gluon fusion via a quark loop
give larger cross sections for very high values of M; [ANDS88], but here we will restrict ourselves to the
Drell-Yan mechanism q,(h,)q,(k,) =7, Z— L"L", whose integrated cross section is given by eq. (5.6)
with

K, =B{(3 +iB")e] ~2e,a,a,M" Re D, + (ag + b7)(a; + b )M"| D, |’]

+3(M2/M*)[e} —2e,a,a,M* Re D, + (a> — b2)(a’ + b )M*|D,|"]}, (6.5a)
N,=B{(3 + 1B*)[-2e¢a,b,M*Re D, +2a,b,(a’ + b2)M*|D,|*]

+3(M?/M*)[-2a,a,b,M* Re D, +2a,b,(a> — b2)M*|D,|*]}, (6.5b)

where 8 = (1—4M;/M?)"* and M denotes the lepton pair mass. Clearly when M, < M we recover the
standard Drell-Yan expression independent of M, with egs. (5.3) and (5.7). One uses eq. (5.8) to
calculate A, and the result at Vs =40 TeV is shown in fig. 6.2 for different values of M, , where we also
recall the result for the standard A, from fig. 5.1. The effect is small and probably very hard to observe.

6.3. New gauge bosons

There are many proposals to incorporate the standard electroweak gauge group SU(2), ® U(1)yin a
larger framework. One possibility, assuming that parity violation is a low-energy phenomenon, is to
construct left-right symmetric models [MOHS83, SEN84] based on SU(2), ® SU(2), ®U(1) in which
one recovers parity invariance at high energies. In this case one predicts the existence of two new
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Fig. 6.2. A, in pp—~L'L" versus M at V5 =40TeV for M, =0.2, 0.6 and 1.0 TeV/c” (dashed curves). The solid curve is A, for light lepton pair
production.

bosons Wy, associated to right-handed charged currents, and one additional new neutral gauge boson.
The mass of W is at least 300 GeV/c” and if one requires the production of 10° events in the rapidity
range | y| < 1.5, one year running of SSC would be capable to discover W with a mass up to 6.5 TeV/c’
as reported in EHLQ. These heavy W would have a pure V + A coupling to quarks and leptons; if we
assume for simplicity that the SU(2), and SU(2), couplings are equal, then the signature of new W’s is
extremely clear: it leads to obvious predictions for A, in pp— WX given by the universal curves (see
fig. 5.7), that is —a; (M) for W of mass M and —a, (M) for W because of the sign change of the axial
coupling. Therefore the use of polarized beams in this situation is one excellent method allowing a
complete study of the couplings of new charged bosons. This is also true, as we will see now, for new
neutral gauge bosons, whose characteristic couplings to ordinary quarks and leptons are far from being
uniquely constrained. In addition to left-right symmetric models, grand unified and superstring theories
lead us to expect additional neutral weak currents. We have chosen to examine the corresponding new
bosons which are suggested by the phenomenology of the so-called E( superstring inspired models
[PEC86]. Superstrings in 10 dimensions may, after compactification, lead to a four-dimensional E
gauge group of strong and electroweak interactions. Since E, has rank 6 and the standard gauge group
SU3)®SU(2), ®U(1), has rank 4, it contains two extra U(1)’s orthogonal to U(1),, whose
corresponding Z bosons are called Z,, and Z,. Their mass eigenstates are any linear combination

Z(a)=Z,cosa+ Z sina, (6.6)

and the orthogonal state. The mixing angle a specifies a particular model and clearly a =0°, 90°
correspond to pure Z,, Z . As usual, weak bosons acquire their masses through spontaneous
breakdown of the symmetry and if E, is broken to a rank-5 subgroup at the Planck scale, a is uniquely
determined [LAN84a, LONS86] and has the value a = arctg(\/?/%) = 37.78°. The corresponding boson is
denoted Z' and the boson orthogonal to Z' associated to a = —arctg(V5/3) = 127.78 is called Z,. The
effective neutral current Lagrangian for such a model is
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F=eA I +g(1-x,)"°Z,05+ ¢ Z(a), Vs , (6.7)

uem

where
Jew= 2010 Te=2 e - bn)f
are the standard electroweak currents and
o = 2 fy*(a} ~ o) (6:8)

is the new neutral current. g is the SU(2), gauge coupling related to g, the U(1), coupling, as usual,

e=g (x,)"*=g,(1-x,)""" and g’ is the new U(1) coupling, which takes the value
g =V53e(1-x,)"?, (6.9)
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Fig. 6.3. A, (a) in pp—Z', (b} in pp—Z,, versus M at three different energies.
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normalized such that in the E, symmetry limit, when x, =3/8, g’ is equal to g, . We have

_ a_g_’(cosa sina)
a,=0, b, 5 \/5+\/Tﬁ for up quarks,

, | (6.10)
g S\I;I_C_I be = gz_ g\/s?a - %) for down quarks .

An extra Z must be sufficiently heavy in order not to give rise to departures of avallable neutral current
data and accordmg to experimental limits [GEE86] we will take M. >200 GeV/c’. SSC would be an
excellent source” for producing Z’ and according to reasonable estlmates [BARS7] we expect 2 X 10°
events per year if M,. = 500 GeV/c” and ten times less if M,. = 1 TeV/c”. The production mechanism is
the Drell-Yan process and clearly the single helicity asymmetry A, is given by eq. (5.16) using eq.
(6.10). The results of the calculation are displayed in fig. 6.3a for Z’' and in fig. 6.3b for Z,. Since a; =0
in all cases, the size of the numerator in eq. (5.16) is determined by 2a3bg, which is negatlve for 7’ and
positive for Z,. Moreover for Z, u-quarks decouple and we have a pure V— A coupling to the d-quarks
giving a much larger magnitude for A, . We see that these asymmetries can be used at SSC and LHC to
probe the couplings of these new bosons probably more accurately than with forward-backward
asymmetries in " p.” pair production [ADE86, ROS87].

7. Compositeness

Compositeness is one of the approaches to the outstanding problems left unanswered by the
Standard Model. It supposes that all or at least some of the particles considered up to now as
elementary and point-like, are in fact composite and extended objects [PES81, HAR84, PES85].

The idea that leptons could be composite is as old as the discovery of the muon, whose “raison
d’etre” is not yet understood. Later on the lepton—quark analogy and the proliferation of quarks and
leptons has strongly supported this hypothesis. The mass generation problem, i.e. the origin and the
mechanism for the wide spectrum of lepton, quark and gauge boson masses, has led to the proposal that
the Higgs boson could be composite. This is the technicolor idea. Finally the peculiar gauge symmetry
breaking which distinguishes the massive W™ and Z° from the massless photon and gluons might lead us
to the assumption that W™ and Z° are composite objects satisfying a global SU(2) symmetry and
mediating weak interactions appearing as residual effects of the underlying substructure.

Presently there is no experimental indication of compositeness in any of the three sectors mentioned
above, which is not very encouraging. In spite of this, very interesting mechanisms have been proposed
for the understanding of the intriguing aspects of the lepton and quark spectrum and the properties of
composite intermediate vector bosons. Although several scenarios appear to be appealing, no model
has yet been fully satisfactory and this is the reason for the development of phenomenological studies
whose aims are, on the one hand, the search of the possible experimental signals for compositeness
effects (new particles and interactions) and, on the other hand, the description of the processes in order
to establish limits on the magnitude of the parameters measuring the interaction scales or the extension
of the expected composite particles. Another aspect, as a consequence of the absence of a unique
composite model, is the “effective” character of the parameters introduced in these phenomenological

% Event rates at LHC from various models are also given in [AGUS7).
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descriptions, their model dependence and hence their limited significance. Therefore the experimental
limits obtained from the various processes cannot be numerically compared without ambiguity and one
needs to establish a complete set of limits in order to test various possible compositeness effects.

We will follow the strategy often used which consists in separately treating the effects coming from
the three sectors, establishing a hierarchy in compositeness: composite Higgs bosons (technicolor),
composite vector bosons (alternative models), composite quarks and leptons (substructure).

7.1. Technicolor

In this approach the spontaneous gauge symmetry breaking with the Higgs mechanism is replaced by
a dynamical symmetry breaking. The existence of a whole spectrum of new fermions pertaining to a
new gauge group G, is assumed [WEI76a, WEI79, SUS79]. The chiral symmetry associated to the
peculiar assignments of these fermlons is broken at an energy scale A, of the order of 1 TeV. As a
consequence, among the various J° fermion—antifermion bound states, called the technimesons, whose
masses are in principle of the order of A,., there appear some massless ob]ects the technipions
(J®=0""). Three of them (w;,wy), coupled to the gauge bosons W*, Z° by weak interactions,
provide the degrees of freedom necessary to form the longitudinal states and generate the mass terms.
The resulting W™, Z° properties are then totally identical to the standard ones. The best test of this
basic technicolor idea is the observation of massive technimeson states like techni-rhos (p;,p7),
techni-omega (w;) etc. These vector states can be especially produced by the Drell-Yan mechanism,

q,(h,)q;(h,) >, Z—’pOT ) Qi(hx)(_Ij(hz)_’Wt_)p; ) (7.1)

. . s 0
whose corresponding integrated cross sections are therefore for py

2

Gilhy, ho) = 3 M4 % (M - m (1~ hihy)K, + (hy— h)N], (7.2)
with
K = .efgipT + 2e,.a,.nggZpTM2 Re D, + (a’ + bf)g;pTM“]DZ|2 , (7.3)
N,=2eb,g, M*Re D, +2ab,g7, M*|D,[*, (7.4)
and for py
&7 (hy, hy) =2(1= hy)(1+ hy)ga, 2— 3, 6(M2 m, )|Dw|*, (7.5)

where m or is the mass of the techni-rho and

mz 1= 1
(8yor> Bzopr Bwor) = g = (L 2x1/2(i-_ xw )72 2x1/2) . (7.6)
prw w w w

The normalization of these couplings by mf,T/ 8, 1s Only relevant for the calculation of the production
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cross sections and here we have used vector dominance with the natural assumption that the usual
coupling pmm is the same for the corresponding technimesons. Production rates in the case of
unpolarized beams have been given in EHLQ; from pS (p;) one expects a small enhancement of the
W'W™ (W*Z) cross section in a kinematic region where the standard rate is only a few hundred events
per year at the SSC. Polarized beams might then help to extract a convincing signal. For example, it
allows one to distinguish the production of a neutral Higgs, H’—W*W ", which has A, =0 (see section
5), from that of a neutral techni-rho, p>—W*W~, for which A, is not zero. For p; production, as a
consequence of eq. (7.5), A, is given by the universal curves a; (mpT) (see fig. 5.7) and for p7, by
comparing eq. (7.6) and eq. (6.4), we see that A, can be read off from fig. 6.1 with M =m_. All these
asymmetries are sizeable in the mass range of interest here, that is, above 1 TeV/c> They are mainly
related to m_but not directly sensitive to the value of Aqc.

This minimal technicolor mechanism has been extended in order to generate also mass terms for
leptons and quarks. This is done by assuming the existence of a larger gauge group G, containing
G, involving gauge bosons which couple leptons and quarks to technifermions. The resulting lepton
and quark masses are then of the order of

m= A Agrc (7.7)

and to generate all mass terms the chiral flavor group must be rather large. In the Farhi—Susskind
model [FAR79] one starts with the symmetry SU(8), ® SU(8), ® U(1),, which is spontaneously
broken down to SU(8), ® U(1), leading to 8 —1 massless technipions. There are 32 color-octet
quark-antiquark bound states P, Py, P; and P§, 24 color-triplet quark-lepton bound states P,
sometimes called leptoquarks, and 7 color singlets of which three (w;, w3, 77) become the W, Z°
longitudinal states, the remaining four being denoted P*, P’, P~ and P”. Except for the s, all these
states should then acquire small masses (as compared to A,.) from radiative correction effects of
electroweak, strong and ETC interactions. Initially it was expected that they could be light enough so
that they could be observed at PEP or PETRA energies. Present lower limits [ADES85] are now of the
order of 20 GeV/c?, still consistent with ETC models. In fact, one of the serious problem of ETC
models is the prediction of unacceptably large flavor changing neutral currents and so far attempts to
cure this difficulty led to modify the model in a rather unrealistic way.

From a purely phenomenological point of view one may still assume that this is solved and that it is
worthwhile to search for such technipion states. A detailed review of the production processes has been
given by EHLQ (see also [EIC86]). For single production of technipions the most important process is
the production of the neutral technipions P* and Pj via gluon—gluon fusion. Pair production of
color-triplet or octet technipions can occur through both quark—antiquark annihilation and two-gluon
fusion, the second process being dominant. In all these cases parity is conserved so there is no single
helicity asymmetry and the double helicity asymmetries are small due to the smallness of the gluon
polarization (see figs. 3.7a and b). However, color-singlet charged technipions can be produced in pairs
PP~ by the Drell-Yan mechanism and in this case there is a single helicity asymmetry, which is the
same as for charged Higgs (see fig. 6.1) regardless of the mass of these P* objects.

7.2. Composite W= and Z bosons
7.2.1. Anomalous magnetic moments

Compositeness of W, Z bosons could manifest itself through several types of anomalous properties
(mass shifts, form factors, anomalous couplings of various kinds and existence of composite partners
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and excited states). One class of anomalous couplings which has received much attention is the one
concerning the vector boson trilinear couplings YW W™ and ZW*W™ (and also the four-linear
couplings, which we will not discuss here). In the general case one expects [GAE79] ten different types
of trilinear couplings to exist; restricting ourselves to CP conservation and to pure spin-one currents,
the only ones that can contribute in processes involving light leptons and quarks (for the case of heavy
quarks see [CHAS87]) leaves only four types of couplings. For simplicity we will also restrict ourselves to
dimension-four, parity and charge conjugation conserving terms (the most conservative cases of
departure from the standard situation), which means two types of couplings, the charge one and the
magnetic one. For yW W, the charged coupling constant is fixed to e, and the magnetic moment « is
left free. For ZW W~ both the charge coupling constant g, and the magnetic moment «, are a prnorl
left free. In the standard case g, = cotg 6, and «, = «, = 1. In a purely phenomenological way one can
vary these three parameters independently and observe the effect on various experimental observables
with unpolarized beams [BRO79a]. As soon as one departs from the standard values of the coupling
constants, one observes an increase in the cross section as a consequence of the loss of the cancelations
among the various d1agrams a typical feature of the standard gauge model. In general the single
helicity asymmetry is also affected by such departures as we will see now in some detail”. The
subprocess cross section q,(k,)q,(h,)>W W™ was given in section 5.3.4. Clearly the exchange
contribution e is unchanged but 4, 2} and i are generalized as follows. For the annihilation terms we
have now

4= eizfA(Ky’ ‘y) +2ea ngA(Ky’ Kz)M2 Re D, + (alz + b?)g;fA(KZ7 KZ)M4|DZ|2 ) (7.8)
=2e,b,8, fo(x,, K )M* Re D, +2ab,8; f (i, k,)M*| D, [, (7.9)

with

e ) =B (22 + 0+ ) + A )1+ 7), @ b=.Z

The interference term becomes

=1
=i [eifI(Ky) +g,(a,+ bi)Mz Re D, fi(x,)], (7.10)
with
2 5+4
fle)=p(3 %+ T - — = de) i+ ) el EEL amyz.

We have assumed no rapidity cut for these expressions but they are given with a rapidity cut in
appendix C. Then we can calculate N, and K; from eqgs. (5.30) and (5.31) and use eq. (5.8) to obtain
A, . In the standard case, as explained in section 5.3.4, for M*> > M3, i.e. e<1, the y+ Z conspiracy
leads toa W’ amphtude with purely left couplings to the initial quarks, so N, ~ K and the subprocess
asymmetry 4, is almost 100%. This is also the case if g, = (x./x,) cotg 6, for any k, and «,. The
standard A, for W*W™ pair production is recalled in fig. 7.1a at V5 = 10 and 40 TeV together with the

" Another way to test the structure of the trilinear couplings and possible deviations from the Standard Model is to measure the angular
distribution of the density matrix elements of the gauge bosons [CHASS].
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Fig. 7.1. (a) A, in pp— W' W~ versus M, the invariant mass of the pair, for different values of «, and «,, at Vs =10TeV (dotted curves) and
V3 =40TeV (solid curves). (b) A, in pp— W W~ versus M with the constraints (7.11) and «, =2 at three different energies.

results obtained using arbitrary values of x, and k, and holding g, =cotg §,. We see that the
measurement of A, appears to be an interesting way to discriminate among several possibilities with
anomalous magnetic moments. However, there exists a special class of models [KUR87, NEU87]
characterized by specific constraints among ., k, and g,. The following constraints:

K, — X, k(1-x.)
gzzm, K, = . (7.11)

were introduced in [NEU87] in order to kill the A* divergent behavior” of the boson loop contribution
to the W, Z mass shifts, when anomalous couplings are considered. For M> > M3, these constraints
preserve approximately the purely left y+ Z combination; therefore A, stands very close to the
standard value although the cross section is strongly modified. For illustration we show in fig. 7.1b the

* A is the ultraviolet cut-off interpreted as the mass scale at which new physical phenomena set in.
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result corresponding to «, = 2, giving «, =0. 876 and g, =4.297. By comparison with fig. 5.9 we see that
A, is very much the same for M above 1 TeV/c’, but for low M the Z propagator effect breaks the y + Z
consplracy and A, differs from the standard result.

7.2.2. Contact terms in W' W™ production

Another possible consequence of the composite nature of W*, Z bosons is the appearance of residual
interaction terms (for example due to subconstituent rearrangements) in the process qq—VV where V
stands for a vector boson. Such effects have been studied in detail for the case e*e” —>VV [MERS7,
MERSS]. Here we will only illustrate the possibility of a residual term involving longitudinal vector
boson states, which would be a strong signal in favor of anomalous dynamics i m the vector boson sector
(and not in the quark sector). Taking for definiteness the residual amplitude™

/’/

RY =5, T v(tI) (c—dy)u(q)e'-pe-p’, (7.12)

with the chirality structure ¢ — dy, normalized to ¢* + d” = 1 and the effective compositeness scale A. g
is usually taken to be g’ =4, p and ¢ (p' and ¢') being the momentum and polarization vector of the
W™ (W7). The subprocess cross section q;(k,)q,(h,)—>W*"W™ has now the following expression:

G,(hy, hy) = 67" (hy, hy) + 67 (R, by) (7.13)
where ;" (h,, h,) is the standard integrated cross section given by eq. (5.31) and &'(h,, h,) is the
contact term integrated cross section, which reads

550, ) = 27 ({01~ )+ )+ 20l ~ By)IC,

+(1-hhy)l(ac+ bid)C324 +e,cCy]+ (hy,— hy)[(ad + bic)c‘it +e,dCy,]

+ % (1—h1h2+h2—h1)(c+d)CE4). (7.14)

The coefficients C,, C1,, CZ and Cj, are given in appendix D with a rapidity cut, but here one has to
take them with z, =1 since there is no rapidity cut in eq. (7.14). We show in figs. 7.2a and 7.2b at
VS =40TeV the sensitivity of A, to the choice of A and to the chirality structure of the interaction.
Pure vector (c =1, d =0) and pure axial (c =0, d=1) lead to the same A, as shown in fig. 7.2a, and
when A increases departure from the standard A; (A=) to A, =0 occurs for larger values of the
invariant mass of the pair. Figure 7.2b shows the case of a right-handed interaction (¢ = ~d). Clearly if
the contact interaction is left-handed we do not expect any serious difference with the standard A, . The
results at v5 =10 and 20 TeV have the same trend with a slightly larger magnitude.

A similar study of contact terms for other gauge boson pair production processes could be done and,
for example, the effects on the cross section in yZ° production have been reported in [RYZ87, KNES7].

% Note that from dimensional arguments we have the fourth power of the scale as compared to the second power in the four-fermion case [see
below eq. (7.17))].
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Fig. 7.2. A, inpp—>W W™ versus M at Vs = 40 TeV, (a) with different values of the (axial or vector) contact interaction scale A, (b) with different
values of the (right-handed) contact interaction scale A.

7.2.3. Y and Z* bosons

In composite models, by simple analogy with the known hadron spectrum it is natural to expect
besides the isovector triplet W', W7, W?>, a weak isoscalar vector boson Y. Phenomenological
consequences associated to the existence of such a new state have been studied in [KURSS5] for e*e”
collisions at LEP or SLC. We would like to describe some implications in pp collisions with polarized
beams at much higher energies. The Y boson can be produced by qq annihilation through the
Drell-Yan mechanism and once more we will see that A; provides a direct measurement of the Yqq
couplings. Following [KURSS5] we will assume that the Y boson couples to quarks according to two
different models, either the isoscalar couples to the full hypercharge current (model A) or it couples to
its left-handed part only (model B), in analogy with the left-handed isovector. However, these basic
properties, in both cases, are spoiled by the mixing between the photon and the weak bosons in the
same way as the W’—y mixing produces the Z boson with left- and right-handed couplings depending on
Q, and sin” 6,. The physical Yqq couplings now depend on additional mixing parameters and their
general expressions are given in [KUR85, BAUS87]. In the absence of a precise quantitative prediction
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for the mixing we will consider two extreme cases [BAU86] with either weak or strong mixing. In the
weak mixing case we have

a,=g,(e,— 1)), b,=-g,1;/2 (model A), (7.153)
a,=b,=4%g,(e,— 1)) (model B), (7.15b)

where g, is the basic weak hypercharge coupling constant and I} is the third component of the quark
isospin. We will refer to the choices of eqs. (7.15a) and (7.15b) as model 1 and model 2, respectively.
The value of g, determines the size of the production rate. Assuming a similar strength for the weak
isovector and hypercharge couplings, one estimates at the SSC the number of events per year in € e~
decay mode to be of the order of 10° for M, = 0.5 TeV/c* [BAUS6)]. The corresponding asymmetry A,
is given by eq. (5.16) with M, replaced by M,, and by using egs. (7.15a,b) we obtain the results
displayed in figs. 7.3a, b. Clearly A, is independent of g, and for model 1 it is negative and large
whereas for model 2 it is positive and has the typical behavior of a purely left-handed object. For high

o} T Y T T T T T T
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Fig. 7.3. A_in pp—Y versus M, (a) for model 1, (b) for model 2 (see text) at three different energies.
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M, at v5=10TeV the magnitude of A, decreases in both cases due to the effect of the d-quark
polarization. In the strong mixing case Y decouples in model A and becomes purely right-handed in
model B, where we have

a,=—b=—-1gye,. (7.16)
The result for A, is similar to that of model 1.

In the case of an excited weak boson [BAUS87a] one starts with a triplet of excited W* coupled to
left-handed fermion doublets with a specific coupling constant gy,. Again this purely left structure is
spoiled by the W’-W*’—y mixing leading to the physical Z* with left- and right-handed couplings
depending on ratio gy/gy, as well as on a new mixing parameter Ay,. So a priori it seems difficult to
predict the typical chiral structure y*(c — dy”) for the Z* couplings to qq states. For these reasons we
restrict our illustration to large values of M,., say above 1TeV/c’, for which the mixing is expected to
be small [BAUS87a). In this case one has to deal with a purely left-handed object, so the asymmetry A,
will be similar to the above model 2 (see fig. 7.3b). Therefore A, allows a distinction between such an
excited boson Z* and, for example, a new gauge boson Z' as considered in section 6 (see fig. 6.3a). The
measurement of A, gives valuable information on the qq couplings to new objects and thus constitutes
a severe test for current models.

7.3. Composite quarks and leptons

The composite nature of quarks and leptons could reveal itself through anomalous properties in a
way very similar to those mentioned above in the case of W, Z bosons (anomalous magnetic (g — 2) or
electric dipole moments, form factors, residual interactions) as well as through the discovery of new
states (excited leptons or quarks, exotic states like colored leptons) which cannot be assigned to any
standard multiplet.

Many lower limits have already been given for effective scales or masses of new states from various
sources, in particular the value of the electron or muon (g — 2), the absence of flavor changing neutral
currents (FCNC) like p— ey, the absence of a departure from standard predictions for e e~ and qq
collisions, and the absence of a signal for any new state. Expectations of new limits accessible at SLC,
LEP or HERA have also been obtained [TRE87, RUC87]. It appears that there is still much room for
improving these limits in a very fruitful way at pp supercolliders. Only special constraints have appeared
to be required in a quasi-unavoidable way. FCNC seem to be forbidden up to very high scales
(10° TeV), thus already setting important restrictions on subconstituent dynamics. Chirality plays a very
important role in the magnitude of the lower limits obtained for the effective scales, for example, in
(g —?2) factors, in p—>ey or in the search for excited leptons. The less model dependent limits on a
possible non-zero extension of quarks and leptons come from the search of four-fermion residual
interaction terms. At pp colliders one will have access to (qqqq) and (qq¢¢) contact terms giving
deviations from standard predictions for lepton pair, direct photon and hadronic jet production, which
we will examine in turn. We will emphasize the advantages of polarized beams as was already pointed
out in [ALB84].

7.3.1. Lepton pair production
If leptons and light quarks have common constituents, contact interactions will modify lepton pair
production. Under this assumption we will add to the usual amplitude describing q,(k,)q,(h,)— € ¢",
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the four-fermion residual amplitude®
2
R = (%) 2 00y (L= (€ )i @)y, (1= m'%)e(d) (7.17)

and since the chirality structure is not known we will consider two extreme cases: n=7'=1 left-left
(LL) coupling and n=7%"= —1 right-right (RR) coupling. The integrated cross section reads as eq.
(5.6) with

K=K"+K*, N=N"+N", (7.18)
where K;" and N;" are the Standard Model K, and N, given by egs. (5.3) and (5.7), and
K& =2M°C[-e,+(a, + b,n')(a,+ b,n)M* Re D, +2M°C],  N{'=nK:; (7.19)

with g° = 47 one has C =1/4aA>

Modifications in the lepton pair cross section due to this new interaction have been reported in
[CHI88] and EHLQ and, for example, if the compositeness scale A is of the order of 10 TeV, then for a
pair mass M =2 TeV/c” the event rate at /5 =40 TeV is a factor four higher than the Standard Model
rate. The single helicity asymmetry obtained from eq. (5.8) will be also strongly modified with respect
to the standard model result (see fig. 5.1). The results for A; are given in figs. 7.4a and b at
V3 =40 TeV for different values of A. Here one important remark is in order. From the simple relation
between N;' and K{' in eq. (7.19) we see that RR (LL) coupling will mimic a purely right- (left-)
handed interaction producing the lepton pair. As a result, for small Az, i.e. 1 TeV, which is probably
not very realistic at SSC, the contact interaction dominates at large M and we recover the universal
result of a purely right-handed interaction (see, for example, A =1TeV in fig. 7.2b) and similarly for
small A, the universal result of a purely left-handed interaction (see, for example, A =« in fig. 7.2b).
For very large values of Ay or A, A, tends to the Standard Model result.

7.3.2. Direct photon production

Direct photon production at high p; is also an interesting probe for the presence of subconstituents
and the sensitivity of the cross section at the SSC, which has been investigated in [OWE84], shows that
one can get access to compositeness scales of about 5 TeV. As we recalled in section 4, direct photons
are produced via quark-antiquark annihilation and quark-gluon Compton scattering. In the presence
of contact terms, the amplitude for q,(k,)q,(k,)— gy can be written as (see appendix E)

A

R(4)=R"(A)(1+ T i), (7.20)

A

where R;™(A) is the Standard Model annihilation amplitude, and the cross section becomes

* The relative sign of this amplitude with respect to the standard one is unknown and + () refers to destructive (constructive) interference. We
will take the + sign.
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dg; 8welaa, . . ..
EL (hy, hy) = —9§'2__ (@/e+ed)[(1- h1h2)(Ci2 + Dzz) +2(h,— h,)CD)], (7.21)

C,=1+ dic/2e,A*, D,=atd/2eA*.

For quark—-gluon Compton scattering q,(h)g(A)— q,y by crossing symmetry (§ < f) we have

A A

us
2e, A

R(C)= R(O)(1+ 25 (e~ an)) a.2)

and the cross section reads
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dé: 2
d‘;' (h, A) = ’;63%‘; (@ +8)(C2+ D2 -2C, D) - M@ - P)(C+ DHh-2CD]) . (1.23)

For q;(h)g(A)— q,y the same formula holds but with #— —h and A— —A. We recover the Standard
Model results given in table 4.1 for A=c. Here also the chirality structure is arbitrary and for
illustration we will take a left-handed interaction ¢ = d = 1/V/2. The resulting A, are shown in figs. 7.5a
and b at v5=10 and 40TeV versus p, for different values of A. As usual the effect is larger in
magnitude at Vs = 10 TeV and except for A =1 TeV, which is not very realistic, a clean signal is present
up to A=10TeV or so, whereas A, vanishes for A =%. A; changes sign with a right-handed contact
interaction since d— —d.

7.3.3. Hadronic jet production

High-p, jet production can also give signals for compositeness and the influence of a contact
interaction in quark—quark scattering producing an additional yield in the p; distribution of a single
outgoing jet has been studied in EHLQ and also in [BAR86]. It was shown that compositeness
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Fig. 7.5. A, in pp—y versus p; (a) at V5 =10TeV, (b) at V5 =40TeV, with different values of the left-handed contact interaction scale A.
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dominates over other exotic physics at the SSC, which may be sensitive to a compositeness scale as
large as 20 TeV. Here we will examine this influence on the single helicity asymmetry, which is zero in
the Standard Model (see section 4). The four-fermion residual amplitude is analogous to that used
above for lepton pair production [see eq. (7.17)] and we assume a common axial coupling constant 7.
The differential cross section for quark—quark scattering now takes the form

dg; ma’ , ,
F{ (hl’ hz) = _§2_ [(1 - hth)Xl + (hz - h1)X2 + (1 + hth)Xl + (hz + hl)XZ] ’ (7~24)

and we have listed in table 7.1, where we should use C =1/a, A’ the expression of the X; for the seven
different processes”’. Clearly for A = we recover the standard results given in table 4.1. The single-jet
pr distribution is obtained from eq. (4.1), whose explicit use allows the calculation of A, which is
shown in figs. 7.6a and b at y=0 for v5=40 and 10TeV. We have taken a left-handed contact
interaction (n = +1) and the solid curves correspond to three values of A.

As we have seen in section 4, quark—quark scattering dominates jet production only at large p; and a
substantial part of the cross section comes from gg— gg and gq— gq scattering. Gluons are considered
as elementary so there is no contact interaction in gg—> gg, but this is not the case for ggq—gq or
gg— qq. These last two contributions, which were ignored in EHLQ, have been calculated here®. Due
to dimensional arguments, since we have two boson and two fermion fields, the residual amplitude goes
like A™* and the effects should die off faster than for qq— qq when A gets larger. The effect from
gg—qq on A, is negligible and the effect of qg— gq is important only at vs=40TeV for A of the
order of 1 TeV or so (see fig. 7.6a). At 10 TeV, to see an effect one should take A smaller than 250 GeV.

Table 7.1
List of the coefficients X; entering in the cross section eq. (7.24) for various processes

X X X X

48 o 48 2
43,2049, gEtaC 37 inC 0

4 45 L. o
49,94, 6 7 § F +35°C 0 s ‘I)C2
S 43 48 4. .
q4,—~q,q; 6 ? 6 ? +§C 0 Sz'r]C2

4(,22 :”‘) 4[,2<1 1) 2 §2] g2 3,2(1 1) P
9.9, 9.4 \FTE gif\zt )3zl t¥C 0 “8 7 g nC - 8C
I 4(122 F) 4[&(1 1) 2 §2] 2 5,2(1 1) 2
49, q.4; 5 ?—+P si\zt3)-35 +3§C* 0 8=+ nC + §§°5C

4 <u2+¢‘2 i 2 ﬁz> 44 . 2(1 1) 2 2
Chad'h 3 =z 5= s +5mC+ C 0
W~ g\TF tF 3G 37 Sa 7 mC+ i

+§ﬁ2(i+l)c
§ 1
_ 48+ 7
9,9,—49,9; 9 - Azt +24°C* 0 20 C*? 0
5

% For the unpolarized cross sections given by X, + X we disagree with egs. (8.13) and (8.15) of EHLQ for the C” terms, some of which do not
satisfy the i <> ¢ crossing symmetry.
® Polarized cross sections are given in appendix E for completeness.
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Fig. 7.6. A, in pp—> jet + anything versus p, (a) at Vs =40TeV, (b) at Vs =10TeV, and y =0 with different values of the left-handed contact
interaction scale A. The dashed curve in (a) includes gg— qq and gq— gq contact terms.

We have discussed some deviations to be expected from QCD predictions if quarks and leptons have
internal structure with a characteristic size of A™". Although some uncertainties remain in our estimates
we believe that polarized beams would increase notably our sensitivity to the manifestation of
compositeness.

8. Supersymmetry

The idea of supersymmetric (SUSY) theories was proposed several years ago [GOL71, VOL73,
WES74] but has become very popular more recently. Motivations for these theories have been reviewed
in many places [FAY77, HABSS, NIL84] and a lot of studies have been devoted to search for
supersymmetric particles (sparticles) at present [ELL88] or future hadronic colliders [EIC84, BARS86a,
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SAV87, BAT87, MANS7, BAT88] as well as e “¢ ™ machines [LEP86, D1087, DIO87a, CHES8]. SUSY
implies the existence of partners of ordinary particles which differ from them by half a unit of spin.
Thus in any minimal SUSY extension of the Standard Model, one finds scalars ¢, (QL,QR)
associated to each hel1c1ty state of a lepton ¢ (or quark q): spin 1/2 gluinos (g), photinos ('y) winos
(W ) and zinos (Z ), the partners of gluons, photons and the electroweak gauge bosons, respectively.
Higgsinos are also present, as fermions associated to the two Higgs doublets which are now necessary to
give masses to all particles. Experimental lower limits obtained up to now on the masses of these
hypothetical sparticles lie in the range of a few tenths of GeV/c® (for more precision see [WUS87,
BATS8]) but these limits are not very relevant for the Supercollider energies considered here.
Concerning a possible upper bound, let us just recall that the hope to solve the naturalness or hierarchy
problem is a strong motivation to expect sparticles lying below the TeV range. For the experimental
detection it is well known that, due to R-parity conservation [FAY75, SAL75], sparticles will be
produced in pairs, each sparticle decaying by a cascade to the lightest sparticle (LSP) which is neutral
and turns out to be the photino in many phenomenological models. Interacting very weakly with
ordinary matter, the LSP will escape detection: this implies that the production of sparticles is always
characterized by missing energy-momentum events. In spite of experimental progress, there is no
doubt that such events, as in the recent past [HALSS], will remain difficult to interpret. We will see
that, as in the case of ¢ e interactions [CHI85a, CHI8Sb, SCHS5], polarization could help to identify
the nature of these events.

8.1. Strongly interacting SUSY particles

Gluinos and squarks should be copiously produced at Supercolliders, even in the case when their
masses are quite high [EIC84, DAWSS5, SAV87, BAT87, BAT88]. For example, with an integrated
luminosity of 10*’ cm™, one gets 107 gluino pairs at the SSC and ten times less at the LHC for
my; = 400 GeV/c”. This rate reduces to 10* pairs if m; = 1.5 TeV/c” at the SSC or if m; =1 TeV/c” at the
LHC.

In case of direct decay to the LSP, the signatures for squark and gluino production are very similar:
multi-jets plus missing transverse momentum. The most 1mportant background is due to semileptonic
decays of heavy quarks with energetic neutrinos and also Z°— vv decays. Note that, in the case of very
massive squarks and gluinos, decays involving winos and zinos tend to dominate if allowed [BATSS].

Since parity is conserved in the production of these new strongly interacting particles, we will only be
concerned with double helicity asymmetries ALL as in section 4. For the subprocesses where a pair of
sparticles is produced in the final state: gg— gg, qg— qg, gg— qq, qq—4qq, . - - , the 4/, are —100% in
the limit of massless squarks and gluinos [CRA83, CRA83a] due to helicity conservatlon This contrasts
with the standard case where all the dominant 47, were positive and smaller in magnitude (see section
4). The invariant cross sections and the corresponding A, , in the case where only one SUSY particle is
detected through one jet plus missing energy, can be calculated using eq. (4.1) and the subprocess cross
sections, which can be found in EHLQ or in [CRAS83]. For illustration, in the case of light sparticles, we
display in fig. 8.1 A, versus p;, calculated at zero rapidity by adding the dominant gg— gg and
qg—> qg contributions. As expected it is negative and larger in magnitude than in the standard case (see
fig. 4.2). For heavier sparticles, using the formulas which can be found in [CRA83], we have checked
that this pattern survives mass effects, apart from a slight decrease in magnitude.
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Fig. 8.1. The double helicity hadron asymmetry A, , in the production of one light strongly interacting sparticle at y = 0 versus p.; for three different
energies.

8.2. Non-strongly interacting SUSY particles

8.2.1. Slepton pair production

The eclementary reaction is a simple generalization of the usual Drell-Yan process: qq—v,
Z°— ¢7¢". If we assume the decay ¢ — ¢*¥, the signature for such events is given by the production
of a lepton pair plus missing energy. Production rates can be found, e.g., in EHLQ. The integrated
cross section for the production of a ¢; ¢; or ¢y ¢, pair of invariant mass M is given by eq. (5.6) with

K, = 1Bl + zeiaigL,RMz Re D, + gi,R(“? +b))M|D,|’], (8.1)
N, = 4ﬁ3[28ibigL,RM2 Re D, + 2aibigi,RM4|DZ|2] ) (8.2)

where g, (gg) is the coupling of the Z° to a pair of left-handed (right-handed) sleptons. These couplings
are given by

g=—(a,+b,), gr=—(a,~b,), (8.3)

with a, and b, defined in eq. (5.4), 8 = (1 — 4m%/M*)"'? as usual. Note that, for a given process (£; ¢,
or ¢ b ¢ =), B’ disappears in the ratio when calculating the single helicity asymmetry, which consequently
is independent of the slepton mass. In case of degenerate ¢; and ¢, from the above equations it is easy
to see that, if we sum the two indistinguishable combinations, we recover the standard A, for
Drell-Yan pairs shown in fig. 5.1. The two different asymmetries for the production of a left-handed or
right-handed slepton pair are displayed in fig. 8.2. Thus, in case of non-degeneracy, once a signal for
scalar leptons is discovered, A, should allow one to distinguish between left-handed and right-handed
pair production. .

Another process is q;q j—>Wt — ¢, where v is the scalar partner of the neutrino. Again, since the
W is a purely left-handed current, the asymmetries are given by the two universal curves displayed in
fig. 5.7.



380 C. Bourrely et al. | Spin effects at supercollider energies

20 L T N T

10 TeV
20 TeV 1
40TeV

M;. ;- (TeV/ c?)

Fig. 8.2. The single helicity asymmetry A, for pair production of a scalar lepton for three different energies (top curves left-handed, bottom curves
right-handed).

8.2.2. Electroweak gauginos

This sector is characterized by a large model dependence, due to the various possible mixings which
can occur between pure gaugino and pure higgsino states (charged or neutral). Those mixings are
related to the SUSY breaking mechanism (see e.g. [HABS5]), which complicates the issue. Production
mechanisms and possible signatures have been reviewed in EHLQ and more detailed investigations
have been performed for SSC [DAW84, UKE86] or LHC ]MANST7] energies.

The first process we consider is charged wino pair production arising from the subprocess
q3— W W~ with left-handed squark exchange and annihilation through vy and Z’. Production rates are
typical of an electroweak process (e.g. W' W™ production) provided the masses are not too high.
Moreover, the magnitude of the cross section and decays are very model dependent, according to the
possible mixings and also to the spectrum of the other sparticles. Concerning spin effects, as in the
standard W* W™ case, due to the purely left chiral structure of the exchange diagram and due also to
the y—Z° conspiracy in the annihilation diagram, the subprocess single spin asymmetry turns out to be
almost 100%. Consequently A, for this process can be read from fig. 5.9 (upper curves), where now M
is the invariant mass of the wino pair. For the above reasons, like in the e "¢ case [CHI85b], A, is not
very sensitive to a particular choice of wino-higgsino mixing. For completeness, and to allow any
elaborate estimates taking into account detection cuts, we give in appendix F the polarized differential
cross section for this subprocess. . oo

Next processes involving winos are q,q,—>W™4 and q,q j—>W:Z°. As they go through left-handed
squark exchange and annihilation via a W™ propagator, each subprocess gives an asymmetry of 100%
and the resulting observable asymmetries are given by the universal curves defined in section 5 (see fig.
5.7). L

We now turn to the production of a pair of neutralinos qq— vy, YZ, ZZ, which proceeds by
left-handed and right-handed squark exchange. Note that one should not forget to antisymmetrize the
two diagrams due to the Majorana nature of these neutralinos. Again, rates are model dependent and
detection will be rather tedious. In particular the observation of the ¥y mode seems hopeless. Formulas
for differential polarized cross sections can be found in appendix F. For illustration, we display the YZ
case in fig. 8.3 for vVs=10TeV, at higher energies A, is smaller, as usual. Again the choice of
zino—neutral higgsino mixing model is not crucial. In the extreme cases where one type of squark is very
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Fig. 8.3. The single helicity asymmetry 4, in pp—-)ﬁi versus M at V5 =10TeV. my >m; (dashed curve); m, > m, (dashed-dotted curve);

mg, = mg (solid curve).

much heavier than the other (m; >m, orm, > m; ) the subprocess asymmetries take their maximal
(positive or negative) values. Then dilution effects give the upper and lower curves shown in ﬁg 8.3.1If
now m; =mg we get the intermediate curve resulting from the weighted zino couplings to q, and Gy
(see appendlx F) In the ZZ process, we have the same pattern with smaller absolute magnitudes.

Flnally, electroweak gaugmos can also be produced in association with a squark or a gluino, like,
e.g., in q,q; —W* g and qg— W™ . Indeed, rates for these processes are enhanced roughly by a factor
a/a. The chagrams are the SUSY analogs of those entering in W™ + jet production described in section
5. Consequently the asymmetries A; turn out to be very similar to those shown in fig. 5.6.

9. WW collision processes

A new class of collision processes will be provided by very high energy pp (and also e*e” and ep)
colliders: quasi-real vector boson-vector boson collisions [CAH84 DAW84a, KAN84, DAWSSa,
CHAB8S5a, DUNS86], where vector boson (V) means W*, W7, Z° or . They generalize the well-known
vy collision processes [BUD75] observed ate”e colhders They will constltute a new tool for exploring
the deep properties of electroweak interactions, the true nature of W™, Z° bosons, the origin of gauge
symmetry breaking and the still unknown scalar sector. Typical channels to achieve this goal are: vector
boson fusion into Higgs, higher vector boson or technimeson, vector boson-vector boson scattering
processes and new fermion (or boson) pair production. Several works have already been devoted to
V-V collisions at pp supercolliders [SNO86].

The effective vector boson approximation treats the intermediate vector boson as a real parton inside
the proton. One starts, with the definition of vector boson distribution functions inside the proton
f.1p(x) obtained by convoluting vector boson emission by quarks f,, (z) with quark distributions inside
the proton g( y). One then defines luminosities for V-V collisions as in section 3.2 by convoluting vector
boson distributions inside each of the colliding protons. This is done separately for each helicity
combination of the V,-V, pair and invariant mass distributions do/d7 for pp—> X+ -+ with =M 2ls
are then obtained by products of V-V luminosities with cross sections for V,~V, subprocesses [see eq.
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(3.17)]. The validity of this approximation depends on the off-mass-shell behavior of the vector boson
dynamics. Several assumptions about its effect have led to different forms for vector boson distributions
and luminosities [KAN84, DAW85a, LIN87a, CAP88]. They mainly differ in the low-x, x = E,,/ EP, and
low-7 regions. An additional uncertainty about these processes comes from the possibility of producing
the same final state X without going through V-V collisions or from the presence of a huge background
simulating the same configurations. Because of all these features, detailed amplitude analyses will be
required in order to extract reliable information about vector boson dynamics. For this purpose beam
polarization should be particularly fruitful.

Firstly, monitoring V-V collision processes will certainly be mandatory, i.e., a test of the V-V
luminosities to be used for measuring cross sections for subprocesses should be performed. This
requires the use of a reaction for which the theoretical uncertainties and the experimental uncertainties
are minimized. This may be partly realized by some of the VV—>VV scattering processes (like
YW—yW, ZW— ZW) where the Higgs boson is absent or negligibly contributing. One may also expect
that SLC and LEP will substantially constrain the W™ and Z properties so that a reasonable prediction
can be made for such channels.

Secondly, disentangling of V-V processes from the background and of V-V processes among
themselves will be provided by helicity asymmetries, which contain some signature of the type of vector
boson (y, Z, W) that is exchanged.

We now give a summary of the description of V-V collisions followed by a few typical examples of
polarization effects.

9.1. Vector boson distributions inside protons

One first starts by vector boson emission from quark lines, q;—q; + V. A helicity decomposition of
vector boson exchange diagrams for example in quark~proton deep inelastic scattering, g, + p—>q; + X
[CAP8R] leads to the definition of three different vector boson distributions inside quarks (or leptons)
an averaged transverse f, 4(2), a longitudinal f3, o(2) and a parity violating transverse fy viq(2), where 2
is the reduced boson energy, z = E/E_. This last distribution, introduced in [CAP88], has often been
neglected in the literature [K AN84, DAW85a LIN87a]". The various forms which have been proposed,
assuming some off-mass-shell behavior for vector boson interactions, essentially agree in the limit of the
effective W approximation (LEWA),

a 1+(1-2z)

fuel2)=(ai + b —2ab ) 5— ———1L, (9.1)
Fi1a ()= (@ + 6 =2 h)‘”;z, 92)
foa(2)=[2ab,~ (@} + bDA) - (2= )L, (9.3)

where 4 is the quark helicity, a, and b, are the standard Vqq vector and axial couplings and in the
LEWA limit L —log(4E fh/M 2) for E > M, and z < 1%, Vector boson distributions inside protons are

" However, see [RAL86a) for an alternative description in terms of left and right vector boson distributions.
? For a massless photon the mass M, should be replaced by mg.
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then obtained by convoluting these qu,.(z) with the quark distributions inside protons given in section
3. For unpolarized beams we have

FiT = f 23 4T, 94)

where x = E\/E, and the sum extends over all quark flavors inside the proton which can couple to the
vector boson V, an average over quark helicity being understood. The cross section for g, + p—q; + X
where none of the quarks or proton helicities is observed, is expressed in terms of

do . . . i A
ax = le/p(x)‘TT + fl\}/p(x)o.L + fj\;/p(x)o'T ) ‘ 9.5)

where &y | ; are simply related to the three cross sections 6(+), (0), 6(—) for the process V+p—X
with helicity +, 0, — of the vector boson, as follows:

6r=3[6(+)+6(-)],  6.=6(0), &r=31[6(+)-6(-)]. (9.6)

In the case of polarized proton beams, the interesting quantities suitable for computing polarization
effects are

AT ()= f LS aq(0) 67557 x), ©7)

where Agq; is the quark helicity asymmetry given in section 3.1 and
ANt =S g (h==1) = g (h=+1)]. (98)
The resulting single helicity asymmetry with polarized protons emitting a vector boson V then reads

Afyiox) 67+ Af5, (x) 6 + Af Yy, (x) 67
f;r//p(x)&r +f:‘//p(x)&L +f3/p(x) Oz

ay(x) = (9.9)

This asymmetry will give the driving effect for hadron asymmetries in proton collisions going through a
vector boson subprocess.

All these distributions f;"" (x) have been computed from eq. (9.4) with the LEWA expressions eqgs.
(9.1), (9.2), (9.3) as well as w1th the complete expression given in [CAP88], where the results are fully
reported. As an example, the photon distributions are shown in fig. 9.1 in order to give a feeling about
the order of magnitude of these distributions as well as about uncertainties in the theoretical
predictions. The relative magnitudes of y, Z, W* and W™ distributions follow from
- the mass term entering the leading log factor L,

— the magnitudes of the electroweak couplings a; and b,,
— the stronger probability of finding a u-quark (allowing W* emission ) than a d-quark (allowing W~
emission) inside a proton.

T,L,T
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Fig. 9.1. Photon distributions inside a proton (E, =20TeV). Complete expression (solid curve) and LEWA (dashed-dotted curve) for ff,p(x).
Complete expression for Af :,p(x) (dashed curve).

In fig. 9.2 we have plotted the polarization asymmetry factors Af,, /fy,, separately for T, L and T,
which can be compared to the parton polarizations obtained in section 3 (see figs 3.3 to 3.6). This allows
us a priori to appreciate, independently of the subprocess considered, the spin dilution effect in the
p—q—V cascade. These asymmetry factors turn out to be large enough, in particular for the Z and
W cases” for high x values, to generate observable polarization effects.

9.2. Boson-boson and boson-parton luminosities in pp collisions

The first predictions were given in [KAN84, DAW85a, LIN87a] and a complete analysis has recently
been provided in [CAP88] by generalizing the results previously obtained for yy processes in e e~
collisions [BUD75, CRA83]. Again one starts by considering processes at the quark level, that is, a
quark—quark collision q +q'—>q+q' + VV' where each quark emits a soft vector boson followed by
the process VV'— X.

In general there are nineteen independent luminosity factors to be defined, which, however, reduce
to nine where one considers cross sections integrated over the azimuthal angles of scattered quarks. For
a given subprocess VV’'— W the invariant mass distribution do/d¢ (with £ = M5/ S40') Teads

do R R R R A
aE = i=21,9 Z(£)0, = LGy + L1 6y + Ly Oy + Z 161 r

+ Lr101r + Lrpbrp + Lppbpp + L 07 + L1017 (9.10)

¥ Note that Af7,,/f3,, exceeds one near x =1 as a consequence of the large factor (a} + b})/2a,b, [see eq. (9.3)].
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Fig. 9.2. Polarization asymmetries in Z, W* distributions inside a proton (E,=20TeV). Af"/f" (solid curves), Af"/f" (dashed curves), AfTIfT
(dashed-dotted curves). (a) Z, (b) W™, (c) W™ (note the minus sign).

where the ¢’s are cross sections for the various VV' helicity combinations, five parity conserving ones
(6rr) GpL, Or, Oy 1, Opp) and four parity violating ones (&g, Opr, Oy, O.1), defined in appendix G.

The nine luminosity factors Z,(£) can be explicitly computed from the square of the amplitude
corresponding to the VV’ exchange diagram with full integration over the final qq' phase space
[BUD75, CRA83, CAP88]. A simpler approximation, in the spirit of the parton model, consists in
defining %,(¢) as convolutions of single vector boson distributions inside each initial quark,

w(&)=rs1=| L parer); ©.11)
£

so for the nine possibilities considered above in eq. (9.10) we will have
L,=f*f"*, a,b=T,LT. (9.12)

The various approximate forms of f,, mentioned previously lead to luminosities differing one from the
other mainly in the low-£ region. Apart from simplifying kinematical approximations, an unavoidable
model dependence associated with the off-mass-shell behavior of the VV subprocesses affects the
definitions of these luminosities (see discussion in [CAP88]). The leading high-energy (LEWA) forms of
these nine luminosity factors at the quark—quark level are given in eq. (G.3) of appendix G.

One finally gets the invariant mass distribution do/dr (with 7= M5/s) for pp—>X+--- (via
VV’'—X) in the same form as in eq. (9.10), replacing Z,(¢) by ffg"),,,pp(f). These last luminosities can
be obtained by convolution of the above %,(¢) with quark distributions inside protons. An alternative

and simpler procedure consists in constructing 2(\,”;),',,pp(7) directly as convolutions of vector boson
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distributions inside protons f$3p(x) defined in eq. (9.4),
1
@ oy [ B o ) (4 (9.13)
VV’/pp(T) - 7 fV/p(x)fV’/p(T x) ’ :
using the appropriate ff,;[[;‘T distributions appearing in the definitions given in eq. (9.12) and where
symmetrization is understood when necessary. This is done in a similar way as for the parton—parton

luminosities introduced in section 3. When one proton beam is polarized, nine asymmetries factors can
now be formed with

1
AL ()= | L 810,00 £, (013, (0.14)
using the Af \T,’,LP’T defined in eq. (9.7)*. Corresponding asymmetries with two polarized proton beams
have also been given in [CAP88] together with the computation of many of these boson—boson
luminosities for vy, ¥Z, ZZ, yW', ZW* and W'W". In fig. 9.3 we reproduce a sample for yy
luminosities at Vs = 40 TeV, which have been calculated by convoluting the complete expressions of the
photon distributions. They are the largest compared to any other VV' pair but still several orders of
magnitude smaller than the parton—parton luminosities of section 3 (see figs. 3.7 to 3.13) as well as the
corresponding cross sections.
One can also consider single beam asymmetry factors defined as ratios

aP(V')=AL9) 12D, (9.15)

similar to the parton polarizations considered in section 3 [see eq. (3.23)]. In fig. 9.4 we give some

(a) a, (2) {b) ay. (w7)

PRt
R
4 RiPad
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T |
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T T 1
Fig. 9.3. vy luminosities in pp collisions at V5 =40TeV. 7. (solid Fig. 9.4. Asymmetries ay (V') in pp collisions at V5 =40TeV. (a)
curve) and A7 (dashed curve). a3 (Z) (solid curve), ay'(Z) (dashed curve), a3 (Z) (dashed-dotted

curve). (b) ali (W) (solid curve), ags(W™) (dashed curve),
a%+ (W) (dashed-dotted curve).

“'1t is understood in the notation of eq. (9.14) that V is emitted from the proton which is polarized.
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examples of these for a’(Z) and a{2(W™). These asymmetries also have a universal character
associated to Z or W" emission from a polarized proton beam. They differ from the ones established in
section 5 from qq— W or Z because of the different kinematics defining the scaling variable 7, in the
present case involving a two-step process. -Finally, if we want to study subprocesses involving
boson-parton scattering, one has to construct boson—quark and boson-gluon luminosities [LIN87,
CAPS88] by considering

1
dx F
20 = [ & Tk, (0.16)

where c stands for quark or gluon. In the case of one polarlzed proton one has the analog of eq. (9.14)
and the interesting quantities to evaluate are ratios a.(V) or ay(c) (with i =T, L, T) defined as in eq.
(9.15). Figure 9.5 illustrates some of these asymmetries. They all grow in the hlgh-T region and we see
that W' g gives the largest effects. [ay,+(g) is larger than a,(g) (see fig. 3.14) because the emission of a
W™ involves a u quark with a higher x and Au increases with x.]

9.3. Applications

The possible use of these polarized luminosities to study boson-boson subprocesses will now be
illustrated by a few applications.

) 1 1
- 10-3 102 10! 10-2 10~
T T

(c) (d)

a,.(g9)
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1073 10-2 10~ 10-2 10~
T T

Fig. 9.5. Asymmetries a(v) and a,(c) in pp collisions at V5 =40TeV (T, solid curve; L, dashed curve; T, dashed-dotted curve). (a) a’(V)
(V=1,Z,W"), (b) a3(g), (©) aw+(g), (@) —ay-(g)-
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9.3.1. Higgs production

Using standard couplings a heavy neutral Higgs boson can be produced by W*W™/ZZ fusion
[PRO79, JON79, CAH84, DAW84a]. As recalled in section 5 these production processes dominate over
tt and gg fusion as soon as M,, > 300 GeV/c” if M, = 40 GeV/c”. The subprocess cross sections to be used
in eq. (9.10) are [CAP8S]

a1 -
Opp = 031 = 2N, O

§ — IM2)?
N )

where M is the vector boson mass My, or M,, and

2w .
N= "V g\ZIVHa(s - Mlzi) ’
2 _1a_ a2 = e_All = _-__eﬂw__
K'=3-M",  gwwn= g 6, 5777 g cos’q,

all other s being zero. It is obvious from eq. (9.17) and from the luminosity factors given in [CAP88],
that production rates shown in fig. 9.6 are dominated by LL contributions as soon as My >2M,, and
much larger than those from gluon—gluon fusion considered in section 5. Polarization asymmetries are
then typical of pure W"W ™ or ZZ fusion processes as given in fig. 9.4 and they could be very useful to
disentangle the background, which may be important [GUNS87]. In a similar context, let us recall that it
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Fig. 9.6. Cross sections for Higgs or Z' production from W'W™/ZZ fusion in pp collisions at v5=40TeV versus My, ,. (or 7= M3 ,/5).
W'W™ > H (solid curve), ZZ—H (dashed curve), W'W™ —Z' with ¢ given by eq. (9.20) (dashed-dotted curve), W*W~Z with [sin ¢| = 0.1
(dashed—double dotted curve).
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was also shown [DUNBS86a] that, to establish the existence of a Higgs of several hundred GeV, in
pp— H— ZZ, the determination of the polarization of one final Z is useful. A Z from the background
pp— qq— ZZ is almost purely transverse where a Z from H decay is purely longitudinal.

9.3.2. Heavy Z' production
A new neutral gauge boson [ROB82, LEU82, ROB84, CAN8S, WIT85] associated to an additional
U(1) gauge group can couple to W* W™ through Z,~Z; mixing and the standard Z,W* W~ Yang-Mills
couplings [COHS85, ELL86a]. Defining
|Z') =|Z}) cos ¢ +|Z,) sin ¢ , (9.18)

the cross sections for the subprocess W* W™ — Z' read according to [CAPSS]

. . 3 A A 4k’
UTT=UTT=%N(S_4M\2N)7 UTL=ULT=NM_27
w
= 2 (6~ AM3)6 ~2M3) + KM ), (9.19)

w

(2m)e’ cotg’ 9, sin’
4kVs

The production rate is dominated by LL contributions as seen from eq. (9.19) and it depends essentially
on the value of the mixing angle. Illustrations are given in fig. 9.6 using the mixing angle of [COHSS5,
ELL86a],

AL

E—ML), K=1i5-M5.

My, (3/v) -4
WV M - M: (o)’ +1°

ltg ¢| = (9.20)

taking for deﬁmteness the ratio of vacuum expectation values to be v/v =0.5. We see that in this case
for M, > 400 GeV/c’ the mixing angle is very small (~1°) and decreases for larger values of M,.. The
production cross sectlon is rather small, say 107 events/year for M,,. = 500 GeV/c’, and the 1dent1ﬁcat10n
of Z' will be difficult®. The situation is much better with a constant mixing angle, for example
|sin ¢| = 0.1 (see fig. 9.6). In any case polarization asymmetries are typical of W™ exchanges (see fig.
9.4b) and much bigger than the asymmetries obtained in section 6.3. In addition to obvious differences
between Z' and H production processes, there are also differences in the decay processes since Z' does
not couple to ZZ and Z' couplings to fermion pairs are not related to fermion masses like for the Higgs
couplings.

9.3.3. Boson-boson scattering

In the standard model the various VV—VV (V=W Z, y) scattering amplitudes are fully predicted
in terms of e and sin’ 4, through Yang-Mills three-boson and four-boson couplings. Only the heavy
Higgs boson coupled to W*W™ and ZZ can modify some of these processes. So these reactions

*) For a discussion of the background see [DES87).
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constitute a unique set of tests of the true nature of W™ and Z bosons, of their structure and of the
origin of mass generation [CHA85a, DUN86]. Having verified to some accuracy the standard behaviour
of Z and W™ bosons these reactions (or at least some of them in well-defined kinematical domains
which should not be affected by additional or anomalous terms) could then be used to monitor the
whole set of VV collision processes, i.e. to measure vector boson luminosity factors at pp colliders.

Helicity amplitudes have been explicitly written down in [KURS87a] for the standard case as well as in
more general models [MAA86, KURS7, BIL88] allowing, for example, for a W™ anomalous magnetic
moment. From them, one immediately computes the sub-cross sections &, 0y, , Gy, O, and Jz5 (all
other terms vanish because of parity conservation) for all VV—VYV processes. In [KUR87a] the effect
of a W* anomalous magnetic moment has been computed in the various subprocesses as well as in their
manifestation in e "¢ collisions. It appears to be very strong and this makes these processes potentially
very fruitful for testing vector boson dynamics. The same study can be done for pp collisions [CAP88]
and we just present in fig. 9.7 the typical example W*W™—W* W~ with different choices of Higgs
masses and of anomalous moment . In [KURS8] it was noticed that a given final state, e.g. W' W,
can be produced by different initial vector boson—vector boson states, €.g. yy, W' W~ and ZZ, and that
by varying the tagging conditions one could perhaps disentangle these various reactions. Obviously
beam polarization, thanks to the different values of the polarization asymmetries typical of y, Z, W™ or
W* exchanges as shown in fig. 9.4, is another way of solving this problem.

9.3.4. Heavy fermion pair production

Boson-boson collisions also constitute an interesting source of new types of leptons, quarks,
leptoquarks or other exotic states. They generalize the classical modes yy—L"L™ or QQ with new
possibilities like W*W~—L*L™, Wy or WZ—UD, ... [WIL85, WIL86, DAW86, DAWS7, LINg7].

o (PP —= W'W~ +.) (pb)

10+ 1073 02 10!
T

Fig. 9.7. Cross sections for W"W™ production in pp collisions via W' W™ — W "W~ versus 7. Standard Model predictions with M, = 0.1 TeV/c?
(solid curve) and M, =1TeV/c” (short-dashed curve). Alternative model predictions with « = 0 (long-dashed curve) and « = 2 (cross-dashed curve).
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Fig. 9.8. Cross sections for fermion-antifermion production via VV collisions in pp collisions at Vs =40TeV versus 7. yy—L"L" (solid curve),
Wy— UD (dashed curve), WZ— UD (cross-dashed curve), Wg— UD (dotted-dashed curve).

One of the most interesting cases appears to be W*g— UD, which has the highest rate in this class of
processes and which seems to be a competitive way of producing very heavy quarks It was mentioned
than the UD mode could be more easily identified than the UU one produced via gg fusion. Rates for
these processes in pp collisions are shown in fig. 9.8. Dominant contributions come from longitudinal W
or Z states, e.g. W, g, — UD. So here also the polarization asymmetry is clearly typical of W,
exchange and already shown in fig. 9.5. It would help for characterizing this process in distinction to
QCD processes giving no such asymmetry.

Vector boson-vector boson collision processes indeed appear to be very powerful for studying the
pure gauge sector and the scalar sector of the electroweak theory. Several processes are very sensitive
to the presence of new particles (Higgs scalars, new gauge or composite vector bosons, new fermion
pairs) or of new interactions (anomalous three-boson and four-boson couplings, residual
interactions, . . .). However, the resulting production cross sections in pp collisions are sometimes
rather difficult to identify and these interesting processes will be hidden in the background. Simulta-
neous use of all the available means to reduce this background or to enhance the signal will certainly be
mandatory. Polarized beams which allow characterization of W™ or Z° exchange by typical helicity
asymmetries (see fig. 9.4) as compared to electromagnetic or chromodynamic processes will constitute
one of these means. If it is associated to special cuts on the final phase space [GUN87], one can hope to
be able to identify and study these new kinds of collision processes.

10. Conclusions

Projects for multi-TeV proton machines are being developed. They are strongly motivated by
standard and new physics aspects which are expected to appear in the TeV range. However, these
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projects have to face an increasing number of difficulties related to the very large number of particles
produced during the collision. The analysis of such experiments will require new strategies, new
methods, new ideas in order to disentangle the signals hidden in this huge background. This report
aimed to answer the question: would polarized proton beams contribute to such a strategy?

We have assumed that longitudinally polarized proton beams will be available in these future hadron
colliders such as SSC and LHC. The feasibility is indeed expected from the work of specialized study
groups and it is based on the following scheme: a high-intensity polarized source and an acceleration
set-up associated with devices such as Siberian Snakes to preserve the beam polarization.

We have chosen a set of spin dependent quark and gluon distributions inside a polarized proton in
order to make predictions for hadron helicity asymmetries coming from a given subprocess. In many
cases these asymmetries are simply expressed in terms of polarized luminosities multiplied by polarized
subprocess asymmetries. The above set of distributions has the appealing feature of being given in
terms of a simple analytical form compatible with our present knowledge of the proton structure. New
developments initiated by the intriguing result of the EMC experiment might improve our knowledge in
this field and yield a more accurate set of distribution functions. In such an event, in order to make new
predictions it will be straightforward to reevaluate the polarized luminosities, keeping untouched the
subprocess asymmetries established here.

A first application dealt with hard QCD processes which are parity conserving and lead essentially to
double helicity asymmetries A, . These A, were found positive and small for jet and direct photon
production and this is a test of QCD and of the spin content of the proton. Jet production will
constitute the main part of the background in the search of new particles, so it will be characterized by
the smallness of these asymmetries.

Single helicity asymmetries A, appear with electroweak processes. Because of maximal parity
violation, they can be large in some cases, in particular in any subprocess going through a W* gauge
boson. The A, ’s are universal quantities defined by simple combinations of ratios of luminosities. We
have stressed that this is one of the best ways to calibrate directly spin dependent distributions in the
kinematic range of interest at future supercolliders. On the other hand, there are several interesting
channels allowing a test of some crucial features of the Standard Model, especially the structure of the
trilinear gauge coupling in boson pair production and the existence of the Higgs produced in association
with W*. Here the information one obtains by means of polarized beams is rather unique.

We have applied the same method in order to characterize features of minimal extensions of the
standard electroweak model. In this case also polarization should allow us to characterize immediately
the nature of the new gauge boson, W™ right-handed or Z' associated with a new U(1).

If we turn to genuine new physics let us turn first to compositeness. In the fermion sector it is likely
that a residual interaction will involve a specific chiral structure, which will lead to spectacular effects in
helicity asymmetries. We have illustrated the occurrence of strong departures from Standard Model
predictions in lepton pair production, direct photon production and jet production. In the boson sector,
A, was shown to be able to discriminate between several models which predict anomalous self-boson
couplings and which yield the same unpolarized cross sections. Composite partners like an isoscalar Y
boson, an excited W* or techni-rhos will be clearly identified in the same way.

Other exotic partners are those predicted by supersymmetric theories. A negative A, is a typical
feature of jets plus missing energy events coming from the production of squarks and gluinos.
Moreover, A, in slepton pair production and also in neutralino pair production is very sensitive to the
mass spectrum of the left- and right-handed scalar partners.

A new class of processes which are accessible at supercollider energies are WW collisions. They have
been advertised for the search of a very massive Higgs boson and for studying the behavior of W, W,
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scattering but recognized as rather difficult to extract from the background. Here also polarization will
help because of the purely left nature of W™ exchanges compared to other gauge boson exchanges.

Polarization gives access to new observables A, and A, , which contain a definite signature of the
underlying dynamics. They provide an elegant way to reduce the background and to clarify signals for
new physics. Polarized proton beams will undoubtedly be very useful and they may turn out to
constitute key tools for the next generation of hadron supercolliders.
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Appendices

Appendix A. The EMC effect, its various interpretations and consequences

In the parton model one introduces the spin dependent structure functions defined in terms of quark
and antiquark helicity asymmetries as

80 =3 2 lAq(x) + AZ ()

i

= &[4 Au(x) + 4 Ai(x) + Ad(x) + Ad(x) + As(x) + As(x)) (A1)

for protons and similarly g7(x) for neutrons, obtained from g7(x) by the substitution u<>d. The total
amount of the proton spin carried by quarks and antiquarks is

A =Au+Ad+As, (A2)
where
1
Ag,= [ dx [aq ) + G 0] (a3
0

Clearly the gluon helicity asymmetry and parton orbital angular momentum can also contribute to the
proton spin with the obvious constraint

1=31AY+AG+(L)). (A.4)

Through the light cone operator product expansion the Aq; are related to the matrix elements of the
quark axial-vector currents between longitudinally polarized protons. By making use of the SU(3)
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flavor symmetry, good to a level of 10%, they can be evaluated in terms of the F and D axial
parameters which describe the B-decays of the baryon octet, so we have

Au-Ad=F+D, (A.5)
Au+Ad—-2As=3F-D, (A.6)

with F=0.477+0.011 and D =0.755+0.011 [BOU83]. The recent experimental result in polarized
deep inelastic scattering obtamed by the European Muon Collaboration, over the kinematical range
0.015=x=0.7and 1.5=< Q% <70 GeV’ and shown in fig. 3.2, yields a very precise value for the integral
of g"(x, Q%) [ASHS8, HUGSS],

1

fdx g (x, @%)=0.116 + 0.009 (stat) = 0.019 (syst) , (A7)

0

and it is essentially Q° independent. By combining (A.5), (A.6) and (A.7) one finds

Au=0.72+0.08, Ad=-0.51+0.08, As=-0.23+0.08, (A.8)
so that
AY=-0.02=0.24. (A.9)

It is very surprising to find As so large and it is even more striking to be led to the conclusion that the
proton spin is not carried by the quarks. At this stage it is interesting to recall that one can write

a(Q)

fdxgl(xQ)—m(wF D)- (3F+D))+ As=(0.189+0.005) + L As,  (A.10)

which is known as the Ellis-Jaffe sum rule [ELL74] in the absence of the QCD correction and assuming
As =0, in strong disagreement with eq. (A.8).

Several interpretations of the result (A.9) have been proposed including the possibility that the
experiment is wrong, which we will ignore. First it has been suggested that the small-x extrapolation
was incorrectly done [CLOS88] and this could lead to a much larger value of AY, but this argument is not
very serious. Second, one mlght assume [ANS88] a rapid Q° dependence of the integral in eq. (A.7)
which has to be negatlve at Q° =0 due to the Drell- Hearn—Geras1mov sum rule, but the EMC data
have no significant Q° dependence down to the lowest Q° values. According to another speculation, the
result (A.9) is in perfect agreement with a skyrmion model based on the 1/N_ expansion and chiral
symmetry [BRO88] and more recently [ELL88a] it was argued that AG =0 [see eq. (A.4)] so
(L,) =1/2 and the orbital angular momentum is essentially carried by the quarks. This possibility of no
gluon polarization is certainly at variance with the consequences of another suggestion related to the
anomaly of the axial-vector current. According to this observation first made in [EFR88] and
reexamined later in [ALT88, CARS88], the Aq; appearing in the naive parton model should be replaced
by
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aS
Agi=Agq; 7 AG. (A.11)
From this interpretation one can restore the agreement between eq. (A.7) and eq. (A.10) where As is
replaced by As’ provided As =0 and AG ~ (0.23) X 27/a,. As a consequence one should expect a new
phenomenology of spin effects at short distances driven by this sizable gluon polarization (i.e.,
AG ~ 6-7), which also implies that a polarized proton has a significant amount of rotation since (L) is
very large. However, by using the available experimental data on the strange quark content of the
proton it was shown that the measured As [i.e. As' in eq. (A.11)] is bounded and one has [PRESS]

|As| <0.052" 005, (A.12)

which implies
f dx g%(x, 0%)>0.18370%7 (A.13)

Clearly the EMC experiment has to be redone both on protons and on neutrons because the knowledge
of g1(x, Q) would enable us to check the Bjorken sum rule [BJO66], that is eq. (A.5) usually written
as

[ (80 - gi@lx= (-GG, (a14)

which is predicted to be badly violated according to the approach considered in [GIAS85]. There are
several projects either with a conventional polarized target and a muon beam at CERN or by using a
polarized jet target [DIC88] inside a polarized electron ring at LEP or at HERA, which is a new
attractive possibility.

We will end this appendix by making a few remarks on the significance of having a polarlzed proton
beam at HERA The main phys1cs issues [BJO82] include the measurement of g°(x, Q°) in the small-x
region (x ~107") for large Q7 values and the access to the new structure functlon g2(x, @), which
requires transversely polanzed protons. From the two weak processes e“p—vX one can separate
Au(x, Q°) and Ad(x, Q%) and of course in the high-Q® range, if right-handed charged currents are
found, it would be nice to learn more about their proton couplings from the use of polarization
[CHI8S]. Finally there are exciting possibilities of future polarized ep collisions with polarized LEP and
polarized LHC up to an energy of 1.8 TeV [CORS7].

Appendix B. Standard W W™ pair production with rapidity cuts

The unpolarized cross section to produce a W™ W™ pair of invariant mass M such that both W’s lie in
the rapidity interval (=Y, Y) is given by

3—1('4= —2 f Y05t [4:(X0r M*)G,(x,, M*) + (a > b)]6(2o, M?), (B.1)
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where y, ... = 7 In(x,/x,) is the rapidity of the parton c.m. frame with respect to the overall c.m. and

Zp

G2 W W), (B.2)

_— = éi —_— = i -1 —_
dZ B 2 di‘ ’ Z(] mln(ﬂ tanh(Y |yboost|)’ 1) .
In the polarized case, it is straightforward to replace in (B.1) the unpolarized distributions by the

polarized ones and to get the equivalent of eq. (5.8). K, and N, defined in eqs. (5.30) and (5.31) are
now functions of z, and we have

(20) = {(2—8)%+Bzo<é+i 15 (1 g (1- z)2—4ﬂzfg]_l)}, (B.3)

3e € €
i(zy) = [e + g,(a; + b, )M Re D,]
IR S z<_1 1 L)]_E( E)}
x{ﬁzo[ =it atal-gt g —3a)] 75 U+ gL (B.4)
alz,) = [e] +2eagZM Re D, +(a; + b)giMY D, |
B320
X Y Be+ i +1-12(Ge - e+1)]), (B.S)
al(zy) = [ze'b‘gzM2 Re D, + 2aibig;M4|DZ|2]
(B2 per e 41 sie e ) (B6)
where
L_h(E_X1_B%). (B.7)

Appendix C. W*W ™ pair production with anomalous magnetic moments and rapidity cuis

The functions f, and f; defined in egs. (7.9) and (7.10) become functions of z, (defined in appendix
B) and read

Fulb 0 20) = B2 22 T30+ k) + 3k ¥ )]+ 3
- 20<K6:b — (14 %) T3 ! %)] (C.1)
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k, 3+2k, kK, 2x,+1 1
fl(Ka’ZO)=ﬂZO[?+ e - ”—%8+23<_352+T_8)]

—te(1+k,+4e)L, (C.2)
L being defined in eq. (B.7).
Appendix D. Contact terms in W* W~ production

The coefficients entering eq. (7.14) are given by
- contact term:

2 2 A4
§
c=(£s) S5 a-oia-e- 18, (0.1)
— interference between the contact term and the annihilation through a vy or a Z°:
2 1 3;3
cu=E5 1 (S a-90-e-1g7), (D2)
g2 §3 5
C%= g, ReD (2 (1- o)1 - o~ 1872)), (D3)
A'e 8¢
- interference between the contact term and the quark exchange term:
() pa- (s er 2o 4)+ 5 (14 L) B (5, 16)]
Cey = 7\ 12 §(2 s)3+£+£ = + T I+Bzo + 3+£2 , (D.49)

where 2z, and L are defined in appendix B and g, = cotg 6. The above formulas are given in the case of
rapidity cuts; then eq. (7.14) has to be inserted in eq. (B.1) to get the cross section and the asymmetry
in an obvious way.

Appendix E. Contact terms in processes involving photons or gluons

The most general set of contact terms for two-fermion—two-vector-boson processes has been given in
[MERS87]. We have to restrict ourselves to the case where the vector bosons are true gauge bosons (y
and g). In this illustration, from the several forms of contact terms which are allowed we will choose the
one with the lowest dimension and a spin structure which leads to strong interference with the standard
amplitude. It is called R3; in [MERS7] and is defined with an effective compositeness scale A and a
chiral structure ¢ — dv,. It is also assumed that the color structure among quarks and gluons is the same
for the contact term and for the standard amplitude.

In the case of qq—yg and gq— +yq the complete amplitude is given in the text [see egs. (7.20) and
(7.22)]. We give below the complete expressions for the cross sections in cases involving two gluons.

q(h,)q(h,)— gg:
dé _ (d&)sm . 4mal(@® + 1)

di  \di —3ni=

[(1- h,h,)(C*+ D*+3C) + (h, — h,)(2CD + 3D)]; (E.1)
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dé (d&)““ mal(@’ +1 )( , @7 )
- =\ —= _ + + d
7 =\5) e (- HCE DY - (W -0 o 2(D+3CD)
(E-2)
where we have taken f = (ps— 2%
q(h)g(A)—qg:

dA dn sm o 2
E(iz=<d_(ir) gy (@ +$)[3(C' - D'h)+ C* + D> = 2C'D'h]

+(@ = $NHD' = C'h) +2C'D" = (C”* + D™)h]} . (E.3)

For q(h)g(A)—qg, change h— —h and A—> —A.
In all the formulas, the corresponding standard cross sections (dG/df)*™ can be deduced from table
4.1 and we have defined C = dfc/A*, D = dtd/A*, C' = i§c/A* and D' = 4§d/A".

Appendix F. Production of gaugino pairs

We give in this appendix the polarized differential cross sections dg/d{2 for the subprocesses

q;(h,)q,(h, )»W* W, ZZ, yZ. The corresponding unpolarized integrated cross sections can be found
in EHLQ (table IX) or in [DAWS5] and in view of the simple structure described below, it is
straightforward to obtain integrated cross sections in the polarized case. Cross sections for the processes
q,G;—~ WZ, Wy, where the subprocess asymmetries are 100%, can be found in the same references.
The general form of dg/d{2 for the above reactions can be written as

e =210~ hh) X, + (b )X, (F.1)

F =[5 (M + M) - (M- )
M and M’ being the masses of the two outgoing gauginos.
(i) 9.4, >W'W:
X =etati, (F.2)
X,=et+a'+i; (F.3)
- exchange term:

e= 4 CLIG - M3/ —m? )] (F.4)
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— annihilation terms:

a=13G,(1+ B% cos’ 8) + G, B cos 8 + G, M5/$,

a'=1G,(1+ B% cos’ 8) + LG, By cos 8 + G, M%/5

2 ;m\1/2

where By = (1 —4M5/5)"* and

G, = e +2e,aa48 Re D, + (a; + b} )(ag + £65)5°|D|*
forj=1,3 with g, =—¢,=1,

A a2
G;=2¢,CS§Re D, + D

D,,

for j=2, 4, 5, 6 with
C,=bbg, D,=dabagzbg,
C,=basg, D,=2ab[a5+b}),
C,=aby, Dy=2agbg(al+bl),
C,=C,, D, =2ab,(aj — b%);

- interference between annihilation and exchange:

2

C e .
1= g7 (M= MY+ M)

+(a;+ b,)§ Re D, [(ag, — by)(f — M§) + (ag + bg)M5S]} .
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(E.5)

(F.6)

(E.7)

(F.8)

(F.9)

(F.10)

In the above formulas, e, is the charge of quark q; and 4, and b,, the standard couplings of quarks to the
Z°, are defined in eq. (5.4). C, is the coupling of the quark-squark-wino vertex occurring in the
exchange term, ay, and by, being the vector and axial couplings of the Z° to the W* W™ pair. The values
of these supersymmetric couplings are model dependent. Some illustrations, following extreme cases of
mixing, can be found, e.g., in [CHI85a]. In case of pure wino production one gets for example

agy, =—cotgl,, by=0, (.= §_, .

(i) q,.q,.—>22, "92
Xi=gtegtgtegtiti,

X,=q gt —egti—i;

(F.11)

(F.12)

(F.13)
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0eZ7:
e = $CLRl(E— M2)/(F- mgm)]2 , Gr=ggwithied, (F.14)
M3$
. 1 4 Z
pr="2CLr 7 2 . p ; (F.15)
(t - m‘iL R)(u - qL,R)
oYZ:
GrR= e?Ci,R (- p)(l - pYIE- méL,R)z ,  qpr=egwith tod, popi, (F.16)
MsM_5§
1,2 2 277y
pr="26 Cir 2 - 2 ) (F.17)
(¢ = mg, Y —mg, )

where /. and /! are the momenta of the initial quark and antiquark, p, and p{ being those of the outgoing
gauge bosons The dot denotes here the scalar product. In the pure zino case the couplings at the vertex
q,-qy, R—Z are given by

=—(a;+b), Cr=—(a;-b)). (F.18)

Appendix G. Collection of definitions and technical expressions for WW collision processes

As we mentioned in section 9.2, the invariant mass distribution do/d¢ for q+q'—=q+q' +VV’
involves 9 terms [see eq. (9.10)]. The nine sub-cross sections occurring in eq. (9.10) are simply related
[CAP88] to the nine cross sections ¢(+ +), 6(+—), 6(+0), 6(0+), ¢(0-), 6(00), (- +), o(——),
&(—0) for the process VV'— X with all possible helicities for the two vector bosons. The five parity
conserving sub-cross sections are

Grp = 4[0(+ H) + 6(- )+ 6(-+)+(+-)], 6, =6(00),

3[6(+0) +6(=0)], 67 =13[6(0+)+6(0-)], (G.1)

o+ +)+ 6(==) = 6(=+) = 6(+ )],
and the four parity violating ones are
= {[6(++) = 6(= =)~ 6= +) + 6(+ )],

= 4[6(++) = 6(-—) + (= +) - 6(+ )], (G.2)

=3[6(+0) - 6(-0)], 6z =3[6(0+) - G(0-)].

We also need the corresponding luminosity factors, which can be obtained in the LEWA limit by using
egs. (9.1), (9.2), (9.3) in eq. (9.11). They read
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Go= A4, (%,) L@+ 67 10g(1/8) - 21 - )3+ OILL,

[2(1+ £)log(1/€) - 3(1 - €)(T+ §)IL',

%..=B,B, %T [(4+ ¢)log(1/¢) —4(1 - £)]LL" (G.3)
= By 2) L0 - £+ 4+ ) log 1L,

=B (f) LB £)+ 50+ DlogeILL,

% = B,A, “722)21[3 26— £2+4¢log £]L

%= A,B] (“2) [3-2¢— &2 +4¢log €L,

where we define A, = a* + b° — 2abh and B, =2ab — (a’ + b*)h; h (h’) the helicity of the initial quark
q (q'); a, b (a', b ) the standard Vqq (V’ q') vector and axial couplings; L—>log(4E2/M ) and
L’-—>log(4E /M2 ).
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