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We have developed a new event generator SUsYSM to simulate the production of squarks and gluinos
at hadron supercolliders including all the cascade decays as given by the minimal supersymmetric model.
The simulation incorporates final-state hadronization and fragmentation effects for the decays of heavy
flavors. We have used this to compute the rates for E& events, same-sign dilepton events, n& =3, 4, and 5

isolated-lepton events, and single or double Z +Ez events from squark and gluino production at the
CERN Large Hadron Collider (LHC} and the Superconducting Super Collider (SSC) for cuts inspired by
the Solenoidal Detector Collaboration. We have identified and estimated several backgrounds to the
various event topologies and shown that it should be possible to extract signals in several channels both
at the LHC and SSC. We have shown that after accumulating one year's worth of design luminosity, it

should be possible to identify a gluino with mass up to 2 TeV at the SSC, while the corresponding reach
of the LHC is 1.2—1.7 TeV, depending on the luminosity.

PACS number(s): 13.85.Qk, 14.80.Ly

I. INTRODUCTION

Although the standard model (SM) has been spectacu-
larly tested [1] in experiments at high-energy colliders,
the top quark and the Higgs boson, two essential in-
gredients of the SM, have yet to be discovered. While the
experimentally measured properties of the b quarks
strongly suggest [2] the existence of an isodoublet partner
(the top quark), there is no comparable evidence for the
existence of a scalar particle sector that is necessary to
implement electroweak symmetry breaking. The intro-
duction of elementary scalars makes the SM (technically)
unnatural since scalar-boson masses are not protected
from the large radiative corrections by any symmetry of
the SM Lagrangian. Within the SM framework, these
corrections make the Higgs boson much heavier than the
perturbative unitarity limit [3] unless the input parame-
ters are fine tuned to uncanny precision [4]. These large
corrections can, however, be compensated by introducing
new degrees of freedom not included in the SM which
must then manifest themselves in particle collisions at an
energy E ~ l TeV. The exploration of physics at the TeV
energy scale and the elucidation of the mechanism of
electroweak symmetry breaking is the primary goal of the
next generation of colliders such as the Superconducting
Super Collider (SSC) in the United States and the CERN
Large Hadron Collider (LHC) in Europe.

Supersymmetric particles (sparticles) are an attractive
candidate for the new degrees of freedom that can
ameliorate the unnaturalness of the SM. Within this
framework [5], there is a spin-zero supersymmetric
partner, the sfermion, f, for each of the chiral fermions

f, (i =L,8 ) o.f the SM. Also, for each of the
SU(3) X SU(2) XU(1) gauge fields of the SM, there is a
Majorana spinor field (the gaugino) with the same gauge
quantum numbers as the vector bosons. Finally, the
symmetry-breaking sector of any supersymmetric model
consists of at least two doublets h and h' (whose vacuum
expectation values (VEV's) v and u' give rise to a mass for
T3 =

—,
' and T, = —

—,
' fermions, respectively) together with

their spin- —, Majorana partners, the Higgsinos h and h '.
Like the gauginos, the sfermions and the Higgsinos have
the same gauge quantum numbers as their SM partners
so that their interactions are fixed by supersymmetry
(SUSY). The relevant eFects of SUSY breaking are
parametrized by the inclusion of soft supersymmetry-
breaking mass terms for the scalars and the gauginos.

Unfortunately, the situation is not quite so simple be-
cause after SU(2)XU(1) breaking the particles with the
same spin, color, and electric charge can mix to form the
mass eigenstates. The mixing between ft and fR is pro-
portional to the corresponding fermion mass so that, un-
less tanP=v/v' is very large, these can be considered
mass eigenstates for all practical purposes (except for the
scalar top system which we do not consider in this paper).
If we further assume that they have a common mass at
the unification scale, the masses of the squarks and slep-
tons at TeV energies are essentially fixed by a single pa-
rameter which we can take to be the (average) squark
mass. The gluinos are the only color-octet spin- —,

' parti-
cles and so do not mix. This leaves us with the elec-
troweak gauginos and Higgsinos which can mix once
SU(2)XU(1) is broken. Their mixing patterns are gen-
erally model dependent. We work within the framework
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of the minimal supersymmetric model (MSSM) which, by
definition, is the extension of the SM with the minimum
number of new particles and interactions. Within this
framework, the gaugino-Higgsino mixing results in two
charginos S' and 8'+ and four Majorana neutralinos
Z, (i =1, . . . , 4) labeled in order of increasing mass. As-
suming as usual [5] that there is a common gaugino mass
at the unification scale, the masses and mixing angles of
the charginos and neutralinos are fixed in terms of just
three parameters which we may take to be (i} the gluino
mass, m (ii) the supersymmetric Higgsino mass,
2m

&

= —p, and (iii) the ratio tanP of the VEV's of the
Higgs fields of the MSSM. Together with the squark
mass m and the charged-Higgs-boson mass (which

determines the Higgs sector of the MSSM [6], these pa-
rameters fix the masses and the couplings of all the SUSY
particles. An assessment of the prospects for searching
for SUSY at the SSC and the LHC forms the subject of
this paper. We focus on the search for squarks and
gluinos as these have the largest production rates at had-
ron colliders.

Within the framework of the MSSM, there is a multi-
plicatively conserved quantum number R which is +1
for ordinary particles and —1 for sparticles, so that spar-
ticles can only be pair produced by collisions of ordinary
particles. The cross section for the production of squark
and gluino pairs is fixed by QCD in terms of m and m .
As a result of R conservation, the squarks and gluinos
can only decay into lighter sparticles which then decay
into even lighter sparticles until the decay cascade ter-
minates with the production of the lightest supersym-
metric particle (LSP) which is stable. A stable LSP is
then unlikely to have strong or electromagnetic interac-
tions since otherwise LSP's produced in the early
Universe would have combined [7] to form exotic iso-
topes of atoms or nuclei which have been excluded [8] for
the range of sparticle masses that can be used to stabilize
the SM Higgs-boson mass. Thus, the weakly interacting
LSP behaves like a neutrino in that it escapes detection in
the experimental apparatus which is the reason why miss-
ing transverse energy (Er) is generally regarded as the
characteristic signature for supersymmetry. Within the
MSSM, the sneutrino and the lightest neutralino Z, are
the only possibilities for the LSP. In what follows, we
will assume that the Z& is the LSP since the sneutrino is
disfavored by the CERN e+e collider LEP data com-
bined with astrophysical considerations [9].

The cascade decay patterns [10]of squarks and gluinos
have been extensively studied in the literature: it has
been shown [11—14] that if the gluino or ql are heavy
enough to decay into the charginos, these decays dom-
inate their decay into neutralinos; for large values of m

and m, the branching fraction for the direct decays to
the LSP can be 10% or smaller so that it is essential to in-
corporate their cascade decays in any analysis of their
signals at hadron supercolliders. In contrast, q~ (which
does not couple to the charginos except via the corre-
sponding quark Yukawa coupling which is negligible ex-
cept for t squarks) can only decay into neutralinos so that
for most values of SUSY parameters, it dominantly de-

cays to the LSP [13,14] although its decays to heavier
neutralinos may also be important. Finally, we note that
radiative decays of the gluino which are mediated by qq
loops can also be significant [14,15], especially if the t
quark is heavy as it now appears is the case [16]. The
daughter charginos and heavier neutralinos produced in
gluino or squark decays rapidly decay into the LSP and
W, Z or Higgs bosons (which may be real or virtual) as
discussed in Ref. [17]. The production of heavy quarks
or gluinos at hadron supercolliders thus results in compli-
cated events with several jets accompanied by leptons
(from the leptonic decays of the W or Z bosons or the
three-body decays of W; or Z, } and missing transverse en-

In this paper, we focus on experimental signatures via
which it may be possible to isolate signals for squark and
gluino production at the SSC or LHC and to estimate the
SM background to these signals. We have performed our
computations of the signal within the framework of the
MSSM which we use as a guide to masses and mixing an-
gles. Since the decay patterns of t squarks may differ
significantly [18] from those of the other squarks, we
have conservatively included only five squark flavors in
our calculation of the SUSY signal. The cross sections
for the various events topologies are then fixed by the six
parameters (m, m, p, tanP, m +, m, ) as discussed above.

The signatures we study are [19]: (A) events with large
Er and at least four jets, (B) events with hard, like-sign
isolated dileptons+ jets+ Er [19,20]; (C} events with
n =3, 4, or 5 isolated hard leptons+jets+Er [19]; (D)
events with a high prZ +Er+jets [19,21] possibly ac-
companied by an additional lepton [11]; and (E) events
with two high-pz. Z 's+jets+Er [11,12,19,22]. We have
also pointed out several sources of SM backgrounds to
the signals B -E which have, to our knowledge, not been
considered in the literature. We have also attempted to
assess the importance of these backgrounds in order to
see whether or not isolated multilepton events are a vi-
able signature for supersymmetry.

The Er signal A which is the classic signature of
SUSY as well as the relevant backgrounds have been
carefully studied during the 1990 Snowmass Summer
Study [23,24]. These studies, which include a simple rep-
resentation of the Solenoidal Detector Collaboration
(SDC) and EMPACT detectors conclude that it should be
possible to detect a gluino with a mass as small as
250—300 GeV via the search for Er events. It has also
been shown that heavy gluinos (m = 1 TeV) can be
detected by hardening the Ez. requirement. Similar con-
clusions have been reached [25] for gluino detection at
the LHC at the LHC Workshop held in Aachen last year.
Because detailed studies already exist and because the vi-
ability of the Ez. signal is crucially dependent on the
simulation of tails of SM backgrounds (which in turn are
sensitive to the detector simulation), we will focus pri-
marily on the multilepton event types B-E in the
remainder of this paper.

Gluino pair production is a copious source of like-sign
isolated dilepton pairs [19,20]. Since gluinos are Majora-
na particles they decay with equal likelihood into chargi-
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nos with either sign so that half of the gluino pairs in
which both the gluinos decay via the chargino mode con-
tain like-sign charginos; if these charginos both decay
leptonically, a like-sign dilepton+multijet+Ez- event re-
sults. If squarks are not much heavier than gluinos, qzg
and qL ql production can enhance the signal cross section
by a significant factor [19]. The dominant SM back-
ground to like-sign dilepton production comes from the
production of tt pairs where t~blv and t~bqq with
b~clv. Generally speaking, the secondary lepton from
the decay of the b quark is soft and often not isolated.
Using a parton level simulation, it has been argued that it
is possible to reduce this background to an insignificant
level by imposing suitable lepton Ez and isolation re-
quirements and by requiring at least four hard jets in the
events. Since a parton level simulation of the background
leads to, at most, four jets and also represents a rather
simplistic simulation of the lepton isolation requirement,
we have reevaluated this background using FYTHIA [26)
to generate tt events. This would allow for the possibility
of additional jets due to QCD radiation as well as give a
better simulation of the lepton isolation. We have also
estimated backgrounds to like-sign dilepton events from
several other SM sources: these include

pp ~tttt+X,
pp ~t%tb+X,

pp ~bbbb+X;

pp ~Wtt+X,

pp —+ Wbb+X;

pp —+ WW8'+X,

pp —+ W —W +—+X,

(2)

(4)

pp ~WWZ+X,

pp ~WZZ+X,

pp ~ZZZ +X;
pp ~Ztt+X,
pp ~Zbb +X,

(6)

as well as from the production of four vector bosons [28].
It should be noted that the bulk of multilepton events

where the leptons come from the decays of the heavy
quarks or the W. It is worth noting that although the to-
tal cross section for the production of four tops is consid-
erably smaller [27] than that for tt or r&tb production, the
leptons from top decays are hard and isolated so that the
cuts which were instrumental in removing the tt back-
ground [20] would be rather ineffective here. Also the rttt
events naturally have a higher-jet multiplicity and so may
closely mimic the gluino signal. The same is, of course,
true for ttW events.

The leptonic decays of the heavy quark and the Wbo-
son in the processes (1}—(3) also result in SM sources of
isolated multilepton events. We have estimated back-
grounds from these sources together with those from

from SUSY sources do not contain a real Z boson [19]so
that the processes (5) and (6) can be distinguished from
the signal provided it is possible to identify leptonically
decaying Z bosons at supercolliders. These processes
would, of course, be a background source for the SUSY
signals (D) and (E}above, for which the dominant physics
background comes from the production of WZ and ZZ
pairs in association with jets and from ttz production,
where one of the t's decays leptonically. In addition to
these, there are other backgrounds, e.g., tt production
(where the leptons from t decays accidentally reconstruct
the Z} or Z production in association with jets (where the
Er comes from mismeasurement of energies or from neu-
trinos from the decays of charm and bottom hadrons)
which can fake Z+gr events while ttZ production can
potentially mimic the ZZ signal if the leptons from t de-
cays reconstruct the Z mass. A reliable estimate of these
nonphysics backgrounds is difficult to obtain as the rate
for such events is sensitively dependent on the details of
the detector. For this reason, we will mainly focus on the
like-sign dilepton and multilepton signatures, (B) and (C),
in this paper and only briefly consider the prospects for
detecting SUSY via high-pr Z and Er+multijet events.

The rest of this paper is organized as follows. In Sec.
II we survey earlier work on SUSY signals at supercollid-
ers and describe the improvements we have made on ex-
isting computations of the signals. We also describe our
calculations of the various backgrounds discussed above.
We present the results of our calculations of the signals
and backgrounds in Sec. III. We also suggest two novel
strategies by which it may be possible to confirm any sig-
nal in the gr or same-sign dilepton channel as being due
to SUSY. We conclude in Sec. IV with a summary of our
results and a brief comparison of the SSC and LHC. For-
mulas for the widths for the decays, g ~tbW; and

g ~ttZ, , including all terms involving m, as well as the
couplings to the Higgsino components of the chargino
and neutralino, are given in the Appendix.

II. DESCRIPTION OF CALCULATIONS

As discussed in the Introduction, there is a wide
variety of potentially interesting signatures via which it
may be possible to search for squarks and gluinos at had-
ron supercolliders. As most of these analyses have been
performed within the MSSM framework which we also
use in this paper, we will, for brevity, confine our discus-
sion to the refinements that we have made on existing cal-
culations and refer the reader to the literature for details
about earlier work.

In order to incorporate the experimental cuts and
detector resolutions, the cross sections for the event topo-
logies under study are usually computed using Monte
Carlo techniques. Gluino and squark pairs are generated
using matrix elements determined by QCD; the squarks
and gluinos are then decayed into charginos and neutrali-
nos which, in turn, further decay until the decay cascade
terminates in the stable LSP. The decay patterns are
model dependent; within the MSSM, they are determined

by the six parameters discussed in Sec. I. We have
developed a set of programs which evaluate the partial



45 MULTILEPTON SIGNALS FROM SUPERSYMMETRY AT HADRON. . . 145

widths of all the decay modes of the gluino, the squarks,
the char ginos, and all but the radiative decays,
Z,.~ZJ+y, of the neutralinos which occur [29] via
gauge or matter loops [30]. These routines, which will
collectively be referred to as SUSYBF, must be interfaced
with an event generator for the production of sparticles
to obtain the final state which may consist of quarks,
gluons, leptons, and photons or, if fragmentation and
hadronization is included, of real particles. We will re-
turn to the description of our event generator shortly.

SUSYBF improves on earlier calculations of gluino de-
cays in two respects. First, the radiative decays of the
gluino [14,15] (g~g+Z;) which can be important for
certain ranges of SUSY parameters have been incorporat-
ed. These two-body decays result in obviously different
event topologies from the usual [10] three-body tree-level
decays of the gluino. Also, for certain ranges of parame-
ters, the radiative decay to Z4 dominates the radiative
decays; since Z4 can decay into a real Z and a lighter
neutralino, the radiative decays can result in a significant
contribution to the high-pT Z signal [21]. Second, we
have done a new, exact calculation of the decays g ~ttZ, -

and g ~the'~. The partial widths for these decays, un-
like those for light quarks, receive substantial contribu-
tions from the h-Higgsino component of the chargino or
the neutralino which couples to the t-t system via the
top-quark Yukawa coupling. This is potentially impor-
tant since the leptonic decays of the top quark can con-
tribute substantially to the isolated multilepton signal.
The formulas for these widths, including all terms involv-
ing m, are given in the Appendix. We have numerically
checked that our results for the branching fractions for
gluino decay are in agreement with the recent paper by
Bartl et al. [14].

In order to compute various signals from the produc-
tion of squark and gluinos, we have developed a new pro-
gram SUSYSM which, for any set of input values of the six
MSSM parameters, generates gg, qg, and qq events
keeping track of squark type and flavor (this is important
as the decay patterns of q depend on the type of squark
while the decays and fragmentation of the daughter
quarks depend on their flavor, which is the same as that
of the decaying squark) and interfaces with SUSYBF to
generate various final states as given by the MSSM. The
fact that SUSYSM, has the cascade decays built in is an ad-
vantage over a program like ISAJET [31] which does not
discriminate between L and R squark type so that the
cascades can only approximately be incorporated via de-
cay tables generated using, e.g. , SUSYBF. SUSYSM also
uses the standard common block convention to keep
track of event histories and a standard particle labeling
scheme [32]. SUSYSM has been interfaced with the JETSET
routines of Sjostrand [33] to incorporate final-state string
hadronization of quarks and gluons, and also the frag-
rnentation and decay of heavy flavors. Finally, a soft
scattering event as generated by PYTHIA [26] has been su-
perimposed to simulate the underlying event.

Our main rationale for incorporating an underlying
event and hadronization into the event generator is to
better simulate lepton isolation in multilepton events
from supersymmetric sources. This is rather important

because a parton-level generator in which final-state
quarks and gluons are identified with jets, is more likely
to lead to isolated leptons, and hence, to an overestimate
of the multilepton signal. That a realistic simulation of
lepton isolation is necessary may also be judged from the
fact that in the parton-level simulation of Ref. [19],about
half the trilepton events from the pair production of a
400-GeV gluino were found to have one of the leptons
coming from the decay of a b or c quark; it is important
to check whether or not the final-state hadronization
effects lead to a different conclusion. We also mention
that in a parton-level generator, the hadronic debris from
fragmentation of heavy flavors is generally not correctly
calculated. This contribution can affect both lepton isola-
tion and estimates of ET in SUSY events and has been in-
corporated via the SUSYSM interface with JETSET.

In our simulations we are guided by the cuts used by
the (SDC) [19,23]. We represent the SDC calorimeter by
cells of size 0.05 in both hei and b,P, extending out to
~rial=4. 5. We assume a hadronic energy resolution of
50%/+ET. We further require the following.

(i) ET(jet) & 50 GeV.
(ii) For isolated leptons, pT(lepton) &20 GeV, ~r)(lep-

ton)
~

& 2.5 and no hadronic activity exceeding 5 GeV in a
cone with b,R =Nb, ri +hP =0.3 about the lepton direc-
tion.

(iii) For the ET signal (A) we require ET &150 GeV,
Qj t

~ 4, and transverse sphericity ST ~ 0.2. We veto
events with isolated leptons, to reduce backgrounds from
8'and heavy favor production.

(iv) For the signals (B—E), we require ET & 100 GeV.
(v) For the like-sign dilepton signal (B), we veto events

with additional hard, isolated leptons —these events can
contribute to the multilepton signal (C).

(vi) We have assumed that a high pT Z is always
identifiable when it decays to e or p pairs; i.e., we have as-
sumed that the lepton daughters essentially always satisfy
the criteria (ii).

The rates for the various event topologies will be dis-
cussed in the next section. Before that, we briefly de-
scribe the backgrounds to these signals as they have been
discussed in the literature, and also the refinements that
we have made on these existing calculations.

We begin with the cross section for like-sign
dilepton+multijet+ET events which was first studied by
Barnett et a1. [20] using a parton level Monte Carlo pro-
gram. They concluded that, by requiring at least four
hard jets and suitable isolation and pT cuts on the lep-
tons, it would be possible to discover the gluino via this
signature over the whole range, 180 GeV(m (2000
GeV. That a low-mass gluino can be seen above back-
ground at supercolliders is very significant since it is im-
portant that there should be no window of gluino masses
in which the gluino can escape detection at both the Fer-
milab Tevatron and the SSC/LHC. This conclusion criti-
cally depends on the assumption that top-quark pair pro-
duction is the only relevant background, and that it can
adequately be simulated by a parton-leve1 Monte Carlo
program. The point is that in a parton-level simulation
of tt events where one of the tops and one of the daughter
bottoms decays leptonically (recall that this is how like-
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sign dileptons events are obtained), there can be at most
four quark jets in the event —three from the hadronic de-
cay of the tops and the charm jet from one of the leptoni-
cally decaying b quarks. Then, the requirements
ET(lepton) & 20 GeV and ET(jet) & 50 GeV are almost in-

compatible with the lepton isolation requirement (ii) dis-
cussed above so that the cross section is very strongly
suppressed.

In view of these stringent cuts, it is imperative to check
that allowing for QCD radiation (which could result in
the fourth jet) does not lead to an observable background
from top-quark pair production, when the lepton from b

decay is isolated because the c quark is accidentally soft.
Toward this end, and to better simulate the lepton isola-
tion, we have recomputed this background using tt events
as generated by PYTHIA. In addition, we have also es-
timated backgrounds from processes (1) and (2) discussed
in Sec. I, by generating events at the parton level, and
again interfacing with JETSET for heavy Aavor decays and
hadronization. We have estimated backgrounds from (1)
by convoluting the squared matrix element for ttg pro-
duction with a gluon splitting function as in Ref. [34].
We have compared our result for the total cross section
with the recent paper of Barger, Stange, and Phillips [27]
which uses exact QCD matrix elements and find total
cross sections within a factor of 2 for all the various four
heavy-quark processes, which is within the inherent
theoretical uncertainty of such calculations due to varia-
tions in renormalization and factorization scales, and the
particular functions used. We have renormalized our to-
tal cross section to agree with the exact results of Ref.
[27]. We have performed an independent calculation of
the cross section for the background from (2), including
the correlations from the leptonic decay of the O'. We
have checked that our result reproduces the total cross
section as calculated by Kunszt [35]. Finally, we have es-

timated the background from the electroweak production
of three vector bosons and also from the production of
same-sign 8'-boson pairs.

The processes that we have just discussed are also the
leading backgrounds to the supersymmetric multilepton
signals. These backgrounds have been computed essen-

tially as described above. Finally, for reasons already dis-

cussed in Sec. I, we have not attempted to simulate the
backgrounds to the Z signal from either the physics pro-
cesses such as (6) or the detector-dependent nonphysics
backgrounds. The results of our computations of the sig-
nal and backgrounds are contained in Sec. III which we

now turn to.

III. NUMERICAL RESULTS FOR SIGNALS
AND BACKGROUNDS

We begin with a discussion of various supersymmetric
signals obtained via the decays of gluinos and squarks us-

ing the SUSYSM program described in Sec. II. Since the
incorporation of the refinements discussed in Sec. II con-
siderably lengthens [36] the time it takes to generate a
reasonable number of SUSY events, it is impractical to
exhaustively scan the six-dimensional parameter space of
the MSSM. In our computations of the signals, we have
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FIG. 1. Total cross sections for g g, g q, and q q production
at the SSC (&s =40 TeV, upper curves) and at the LHC
(&s = 16 TeV, lower curves) assuming five degenerate flavors of
L- and R-type squarks, for (a) m =2m, and (b) m =m . We

have convoluted with the EHLQ set 1 parton distributions

evolved in Q up to s.

fixed the top-quark mass at 140 GeV, the central value
obtained [37] by a fit to all available data. Assuming that
m, & 89 GeV [16] so that it decays into a real W boson,
the main dependence of the multilepton signals on the
top-quark mass comes from the variation of the gluino
decay patterns with m, . This has been studied in some
detail in the literature [14,15] and will not be repeated
here. We have also fixed the ratio tanP= U/v'=2. For a
reasonable range of values of this parameter, we expect
[11—15] that the ET and multilepton signals depend only
weakly on this choice except for those values of tanP such
that new decays of the gluino or the heavier chargino or
neutralinos become kinematically accessible. This is ela-
borated upon in our discussion of Table II below. Final-
ly, we have fixed the charged-Higgs-boson mass (which
fixes the Higgs sector of the MSSM) to be 500 GeV. Our
results are relatively insensitive to this value as long as

m&+ &&M~. We are thus left with the dependence of
the signals on the parameters m, m, and p.

The two parameters m and m can be used to deter-
q

mine the total cross sections for squark and gluino pro-
duction. We show in Fig. 1(a) the total cross section for
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g g (solid, g q (dashed), and q q (dot-dashed) for both SSC
(&s =40 TeV) and LHC (&s =16 TeV) energies, versusI, where we have fixed m =2m . We have assumed

five flavors of degenerate squarks, and convoluted with
the Eichten-Hinchliffe-Lane-Quigg (EHLQ) set 1 parton
distributions [38], evolved to Q =s. In Fig. 1(b), we
show similar curves for the case of m =m&.

The expected cross sections at the SSC for the various
SUSY signals [(A)—(E)] as obtained using sUSYSM with the
cuts discussed in Sec. II are shown in Fig. 2 versus (a) m,
for ltt= —150 GeV and (b) p, , for I =750 GeV. In this

figure, we have fixed m =2m, so that the various event

topologies dominantly come from the production and
subsequent decay of gluino pairs. The corresponding
rates for the LHC are shown in Fig. 3 for the same values
of input parameters. The curves were obtained by gen-
erating 20000 Monte Carlo events for each set of SUSY
parameters using the computer codes described in the last
section. The curves labeled gz and SS correspond to
cross sections for the ET signal (A) and the same-sign
dilepton signal (B), respectively. The dashed curves cor-
respond to the high-pz Z signals (D) and (E) as labeled.
The solid curves denote the cross sections for (C), the
n&, „„=3or 4 signals. Finally, we have denoted the level
of the 5-lepton signals by the label 5 in those (100 GeV)

310 I I

I

I I I I

[

I I I I

I

I

102 Vs =40 TeV

10'

bins where 5-lepton events are obtained from the 20000
event run. It should, however, be remembered that these
events are very rare so that only a few of these events are
present in each bin; for instance, for the 750 GeV gluino
case shown in Fig. 2(b), a cross section of 1 pb corre-
sponds to about 235 events in our simulation. This can
be seen by comparing the signal cross section to the total
cross sections for gluino and squark production shown in
Fig. 1(a). In those bins where there is no entry, no 5-
lepton events were obtained in our simulation, although
such events could possibly be picked up in a higher-
statistics run.

We see from Figs. 2 and 3 that there is an observable
rate for the SUSY signals (A)—(E) for a wide range of pa-
rameter values. It should, however, be noted that the
cross sections at the SSC are between a factor 5—10 (for
low values of m ) to over a factor 100 (for very high

values of m&) larger than those at the LHC. It is interest-

ing to see that for a 1-TeV gluino, the cross section for a11

the SUSY channels is about a factor of 25—30 larger at
the SCC so that even if for an order of magnitude larger
integrated luminosity at the LHC, the annual event rate
for SUSY production at the SSC is about three times
higher. Taking into account the higher design luminosity
of the LHC, we see that SUSY events are produced at
comparable rates (at least for the cuts described in Sec.
II) at the two machines provided m =500 GeV. Of
course, the prospects for the detection of SUSY via any
of the signals under consideration depends crucially on
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the SM backgrounds, a subject to which we shall return
shortly.

At this point, it is instructive to compare the results of
our calculations with the corresponding [19] computa-
tions performed using parton-level Monte Carlo pro-
grams. We have found that the cross section for ET
events is only slightly altered [39] whereas the cross sec-
tion for signals with isolated leptons presented here is re-
duced from that in Ref. [19]by a factor between 1 and 4.
This is, in part, due to the more stringent isolation re-
quirement on the lepton that we have imposed. We have
also checked that, unlike as in Ref. [19],in our simulation
almost all the isolated leptons come from the decay of
heavy particles; i.e., leptons from decays of b and c
quarks generally fail to pass the cuts.

We should emphasize that the rates for the signals
shown (A—E} may be somewhat diff'erent from those
shown in Figs. 2 and 3 if the squarks are lighter than
2m; in this case, the contributions from q q and, more

importantly, g q production will be considerably larger so
that the event rates are enhanced. For values of m sub-

stantially larger than Mz, squarks cannot be much
lighter than the gluino; otherwise renormalization-group
evolution drives [40] m to negative values before the

unification scale leading to color and charge breaking
minima of the scalar potential unless new Yukawa cou-
plings are introduced into the model. In order to illus-
trate the contribution of q q and g q processes to super-
symmetric signals without doing another time-consuming
scan of the parameter space, we have shown the same
cross sections as in Fig. 2 for ~m

—m ~=20 GeV in

Table I. We have illustrated our results for m =300,
600, and 1000 GeV for p= —150 GeV and —500 GeV,
with other SUSY parameters fixed as before. From Fig. 1

we see that at the SSC, g g pair production is the dom-
inant source of 300-GeV gluinos whereas g q production
has the largest cross section for m =1 TeV; the two

cross sections are about equal when m =500 GeV. %'e

note the following.
(i} Comparing the results for the m =m +20 GeV

case with the corresponding rates shown for the

TABLE I. Cross sections in picobarns for various event topologies from SUSY events for (a) p= —150 GeV and (b) p= —500
GeV. We take tanP=2, m + = 500 GeV and m, = 140 GeV. Upper entries are for &s =16 TeV, while lower values are for &s =40
TeV.

m
q

m
g

(GeV) (Gev)
ET

(Gev)

SS 31 41

(a)

51 Z Z+1 ZZ

300

300

280

320

580

620

980

1020

6
40

20
150

3
30

7
81

0.2
5

0.4
9

3
14

0.1

0.8

0.3
5

0.01
0.2

0.03
0.5

0.2
2

0.7

0.03
0.3

0.07
1

0.01
0.2

0.02
0.4

0.01
0.07

8x 10
2X 10

2x10-'
7.5x10-'

1x 10-4

1x10 '
9x10 '

0.3
2

0.3
2

0.08
0.8

0.08
0.9

0.02
0.4

0.02
0.5

0.03
0.2

0.02
0.09

0.005
0.07

0.01
0.2

3.5x10 '
6.4x10 '

5x10 '
1x10 '

5�x1-'
04x�-'
2�x1-'
06x�-'
7x10-'

1.5X10

8 x10-'
1.6x10-'

300

300

280

320

580

620

980

1020

4
32

17
140

2.6
29

0.2
3.6

0.5
11

3
18

4
28

0.09
1.0

0.15
2

6x10-'
0.1

0.02
04

2
19

3
24

8X 10
0.1

0.03
0.3

1x10 '
1x10-'

5x10 '
0.13

(b)
0.4
2

0.2
2.5

2x10-'
0

1X10

6�x1-'
09X�

1x10

9x10 '
6.5x 10

1x10 '
1x 10-'

3x10 '
6x10-'

0.01
0.2

3x10 '
1.5x10 '

4x10 '
6x10 '

2x10 '
5x10 '

9x10 '
4x 10

1x10-'
3X10



MULTILEPTON SIGNALS FROM SUPERSYMMETRY AT HADRON. . .

m =2m case in Figs. 2 and 3, we see that the signal
rates are increased by a factor between 1 and 4, both at
the SSC and LHC. Generally speaking, there is a larger
increase for heavier gluinos as may be expected from
changes in the production cross sections for the various
subprocesses. For the same reason, the increase at the
LHC is larger than at the SSC. For these values of pa-
rameters, the decay q ~qg is strongly suppressed so that
all squarks other than dz which only has small hyper-
charge coupling (so that its decays to a gluino can be
significant) essentially decay into charginos and neutrali-
nos; this suppresses the multiplicity of hard primary
quarks and so accounts for the fact that the increase in
the rate for ET events which have the requirement,

n,„)4, is smaller than that for the Z or multilepton
events.

(ii) For m =m —20 GeV, the gluinos essentially de-

cay via g~qq with half the squarks being left handed
and half being right handed. The qz dominantly decay
via qz ~q +Z& whereas chargino modes form a
significant fraction of qL decays. A high-jet multiplicity
is possible only when both squarks are left handed which
happens about one fourth of the time. This is the reason
why the ET cross sections for the m =m +20 GeV case

g
are larger than those for the m =m —20 GeV. This is

0 g
also one reason for the same trend for the same-sign
dilepton cross sections which are mainly produced by the
decays of g and qL pairs into same sign charginos (recall
that only qL

's couple to charginos if Yukawa couplings
are negligible). In addition to this the decays of gluino
into the top-quark family can also give rise to isolated,
same-sign dileptons; if m =m —20 GeV, there is a sub-
stantial branching fraction of the decays g~tbW; and
tt Z; whereas in the case m =m +20 GeV the gluino
only decays into the first five flavors so that tops are pro-
duced only via the chargino decays of the bL squark.

(iii) We see that some of the cross sections are some-

what sensitive to p. The ET cross section is more or less
independent of p, whereas those for Z production gen-
erally fall with increase in i@i. A similar trend appears to
hold for the isolated lepton cross sections except when
m is rather small.

Up to now, we have fixed tanP=2. In order to illus-
trate the dependence of the various signals on tanP, we
have shown the same signal cross sections for a modestly
large (tanP=5) as well as for a small (tanP= l. 1) value of
tanP in Table II. Note that the recent discovery [41] of
large radiative corrections to the mass of the Higgs bo-
sons of the MSSM precludes us from translating the
bounds [42] from the negative results for Higgs-boson
searches by experiments at LEP into a limit on tanP
when the top quark is heavy. We see that while the Er
cross sections are very insensitive to the value of tanP,
those for Z production are quite sensitive to the value of
this parameter. That the Z-boson cross sections increase
with tanP is easy to understand if we remember that the
Z only couples to Higgsino components of the neutrali-
nos, and further, that for tanP=I, only the neutralino
with mass ip~ couples Z to another Z;. For the choice
m =600 GeV, p= —150 GeV made in Table II(b),
imz —150 GeVi (Mz for all the neutralinos so that de-

cays into a real Z are possible only due to small changes
in the neutralino mixing patterns because tanP is not ex-
actly one. In contrast, all neutralino pairs couple to Z
when tanP is sufficiently different from unity; this ac-
counts for the large increase of the Z and Z + l cross sec-
tions in Table II(a).

We now turn our attention to the prospects of seeing
the various signals. This, of course entails a discussion of
the various backgrounds discussed in the Introduction.
Our estimates of the backgrounds to the various SUSY
topologies shown in Figs. 2 and 3 are shown in Table III
for the SSC and Table IV for the LHC. Also shown, for
the convenience of the reader, are the signal cross sec-

TABLE II. Cross sections in picobarns for various event topologies from SUSY events for (a) tanP=5 and (b) tanP= l. 1, with
p = —150 Gev and other parameters as in Table I. Upper entries are for the LHC while lower entries are for the SSC.

m

(GeV)
m

q

(Gev)
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(Gev)

SS 3l 4l sl Z Z+l ZZ
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1200

6
70

3
30

3.4
49

0.4
5

0.2
1.4

0.25
3.4

0.2
3

0.09
0.7

0.13
1.7

(a)
3X10

0.25

3x 10-'
8x 10-'
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0.2

2X10
2x 10-'

3x 10-'

9x10-'
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1

0.08
0.9

0.06
0.8

0.02
0.2

9�x1-'
06x�-'

0.01
0.2

Sx 1O-'
6x 10-'

6x 1O-'
4x 1O-4

6x 10-'
1x10-'
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580

1200

6.5
74

3
33

3.4
49

0.4
4

0.1

1

0.2
3

0.07
1

5X10
8x10-'

0.09
1

(b)
2X10

0.03
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3X10

3�x1-'
02 10-'
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0.04
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6�x1-'

03�x1-'

4x10-4
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TABLE III. SUSY cross sections in pb and various background estimates for leptonic signals at the SSC, for m =300, 1000, and
2000 GeV and p = —150 GeV, and other parameters as in Table I.

Process

g g(300)
g g(1000)

6000
20

10
0.7

31

3
0.3 0.04 9x10-'

z z+I
0.3
0.05

zz

8x10 '

g g(2000)

tttt
ttbb
Wtt
Wbb

ztt
w+-w~

Wz
zz

www
O'WZ
WZZ
zzz

0.25
1.6x 10'

0.5
124

2.1

341
12.5
1.33

80
30
0.4
0.5
0.1

0.04

6x 10-'
& 0.2

7x10 '
& 0.003

0.013
&9X10 4

& 0.02

3X10

3x 10-'

2X 10

& 0.3

&6.4X10 '
& 0.013

&3X10 '
&5X10

5X10

2x10-'

& 0.04

& 1.5X10
&4X 10
&5X10

10-4
&10 '

6X 10
387f
0.05f

3f
0.1f

& 0.75

& 0.65

9X10

0.01f

0.01f
& 0.33

& 0.01

1.5x10 '

3X 10 f'

0.02f

& 0.11

&3X10
&4X10

tions for three values of gluino mass for m =2m,
p= —150 GeV, with other parameters as in Figs. 2 and 3.
Before turning to a discussion of the feasibility of SUSY
searches a few comments about Tables III and IV are in
order.

(i) The potentially biggest source of same-sign dileptons
is the production of tt pairs, where the second lepton
comes from the secondary decay of the bottom. We have
generated 80000 such events using PYTHIA and found no
same-sign dilepton event that satisfied the cuts discussed
earlier. This leads to the bound on the cross section
shown in Tables III and IV. Although we have not ex-
plicitly shown this, the bounds on the multilepton back-

grounds are expected to be even stronger as these are
suppressed by additional factors of leptonic branching ra-
tios.

(ii) We have computed the four top and ttbb back-
ground as discussed in Sec. II and scaled our normaliza-
tion to agree with that of the recent calculation of Ref.
[27]. We have done an independent calculation of the
8'tt and 8'bb backgrounds, maintaining W polarization
information.

(iii) Same-sign W pair production takes place by WW
fusion [43] as well as by processes where quarks exchange
a gluon and radiate a W pair [44]. The SM rates for
same-sign dilepton production shown in Tables III and

TABLE IV. Same-sign dilepton symmetry for various values of squark and gluino masses at the LHC (top) and SSC (bottom).
Cross sections are in picobarns. We have taken p = —300 GeV with other parameters as in Table I.

Process

g g(300)

g g(1000)

g g(2000)
tt

ttbb
Wtt
Wbb
ztt

W —W—
wz
zz

WWW
WWZ
wzz
zzz

0 (tot)

804

0.65

1.7x10-'
3.2x10'

0.03
17
0.65

181
1.75

30
10
0.18
0.15
0.037
0.016

SS

0.015

2.7x10-'
& 0.04

5X10
1X10

3.4x10 '
&5X10

0.034

&9X10 '

31

0.3

8X10

1.2x10-'

2x10-'
&1X10
7.3 x10-'

& 0.05

&2X10 '
&4X10 '
&1X10 '
&2X10

41

1x10 '

5x10- '

1x 10-'

&4X10 '

&5X10
&1X10
&2X10

51

1x10 '

9x10 '

&3X10
&3X10

z
0.25

7x10 '

2x10-'
79f

3x10 '
04f.
0.03f

& 0.07

& 0.22

Z+1
0.03

2x10 '

5x10 '

6X10-'f

3X10 f
&0.05

&0.4

&4X 10

zz
1x10 '

2x10 '

1x10 '

2X 10 'f

& 0.04

& 1 X 10
&2X10 '
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IV have been obtained [45] from the computation of the
I+l+ rate from 8'+8'+ production for the same cuts
( ~gI ~

(2.5, pT& )20 GeV) on the leptons as in the case of
the signal. No isolation of Ez. requirement has been im-
posed so that the background rate shown is an overesti-
mate. We have added in the I l rate to this assuming
that o(W+8'+)/o(W 8' )=1.5 for both the gluon-
exchange process (for which this has been explicitly com-
puted by Dicus and Vega [44]) and the W W fusion
process (which probably overestimates this background).
In the computation, the Higgs boson mass has been set to
1 TeV. The results are insensitive to this choice since the
production of transversely polarized W pairs (which form
the bulk of the cross section) is insensitive to mH.

(iv) The total cross section for Ztt production has been
estimated from both gg and qq initial states. For the
latter, we have retained only those diagrams where the Z
is radiated off the incoming quarks since the contribution
of the diagrams where the Z is radiated off the final-
quark lines is suppressed because the gluon propagator is
—1/m (Ztt) as opposed to —1/m (tt) in the case of
initial-state radiation.

(v) Backgrounds to multilepton events from the pro-
duction of three vector bosons have been estimated by
multiplying the corresponding production cross sections
calculated by Barger and Han [46] by appropriate
branching fractions. Thus the entries in Tables III and
IV are, once again, upper limits on these backgrounds.

(vi) We have also computed the upper limits on the
multilepton production from four vector boson sources
using the total cross sections from Ref. [28]. We find that
these result in —10 same-sign dilepton and trilepton
events per year at the SSC and have much smaller rates
for nI )3. For this reason, we have not listed these cross
sections in the Tables.

We now turn to the prospects for seeing SUSY via the
different event topologies for which the cross sections are
shown in Figs. 2 and 3.

Ez signature

The production of Er events is the most carefully stud-
ied signature of SUSY at hadron colliders. Detailed
simulations [23—25] of the SM background have been
done and it has been concluded that it should be possible
to discover the gluino with a mass up to about a TeV
both at the SSC and the LHC, assuming an integrated
luminosity of 10 pb '. The complexity of the simula-
tions make it difficult to quote a precise discovery limit at
either the SSC or the LHC. It has further been shown
that despite the softer E~ spectrum, it should also be pos-
sible to detect a gluino if m =300 GeV. In view of these
conclusive studies, we have made no attempt to reexam-
ine the viability of this signal: the cross sections shown in
Figs. 2 and 3 are presented only to give the reader an idea
of the number of events of this type that may be expect-
ed, and how these compare with the other signals con-
sidered in this paper.

We note here that SUSY Ez- events may be
differentiated from SM Ez events with multiple jets in
that SUSY events wi11 likely contain a larger fraction of

high-pr 8 mesons. This is due to two reasons: (1) heavy
gluinos, charginos, and neutralinos decay to heavy flavors
with a large rate while standard-model heavy flavor pro-
duction is suppressed relative to light flavor production,
and (2) the charginos and neutralinos frequently decay to
the lightest Higgs scalar, which in turn decays almost al-
ways in the MSSM to bb. Multiple 8 production from
QCD occurs at a large rate [27,47], however, it should be
noted that most of these would be in the beam direction,
and such events would not typically have large Er, in
contrast, 8 mesons from SUSY sources are dominantly
central. Whether the displaced vertices from 8 decays
can be detected is an experimental issue. While such tag-
ging is probably impossible along the direction of the
beams (due to large numbers of tracks), it is conceivable
in the central region. The percentage of events with n
identified 8's is shown in Fig. 4 for squark and gluino
production at the SSC for m =300 and 1000 GeV. We

g
have fixed m =2m, p= —150 GeV and the other pa-
rameters as in Figs. 2 and 3. We have also assumed a
detection efficiency of 50% for each displaced 8 vertex
identification. We see that even for the lower gluino mass
case, 0.2% of gluino events which pass the cuts of Fig. 2
have n& ~4 (corresponding to 3000 events/SSC year)
whereas about 150 events with nI, & 7 may be expected if
m =1000 GeV. The point here is that a given sample of

g
events from SUSY should be unusually rich in the

number of 8's present, relative to a similar sample from
SM background sources. This could lend confidence to
any claim of the existence of a SUSY Er signal. We
should stress, however, that the expected multiplicity of
8's may be quite different from that shown in the figure if
the efficiency for 8 identification differs substantially
from 50%.

Same-sign dilepton signature

As discussed above, top-quark pair production is po-
tentially the main source of same-sign dilepton pairs at
the SSC. Since the second lepton is produced by the de-
cay of a secondary b quark, isolation and p~ cuts dis-
cussed in the last section are very effective [20] in elim-
inating this source of dileptons in the SM. We have
confirmed this result. In our simulation of 80-K top-
quark events at each collider, we find that no events pass
the cuts giving us an upper bound of 0.2 pb (0.04) on the
background, to be compared with a signal cross section
of 0.07 pb (0.015 pb) (for m =1 TeV) at the SSC (LHC).
Of course, the same-sign dilepton production rate from tt
production may we11 be considerably smaller than the
bound in the table. To examine whether the background
is indeed smaller than the signal cross section for 2-TeV
gluinos at the SSC, would require an increase of a factor
of —10 in computer time. Fortunately, however, this is
not necessary, since it is possible to drastica11y enhance
the signal-to-background ratio for very heavy gluinos by
imposing harder cuts on pr(jet) and the total scalar ener-

gy in the event as we will see below.
Turning to the other sources of SS dileptons listed in

Tables III and IV, we see that even after the cuts, there
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are small but observable cross sections from tttt produc-
tion, from W production in association with top-quark
pairs, from the production of three 8'bosons and from
the production of same-sign W pairs. The background
contributions from t%tb and Wbb are negligible after the
cuts; in our simulation of 40—80-K events of each type,
we found no events from these sources at the SSC and
just two same-sign dilepton events from ttbb production
at the LHC. We thus conclude that at the SSC (LHC),
we expect a same-sign dilepton cross section from SM
sources after cuts to select out SUSY events to be smaller
than about 0.15 pb (0.03 pb) which is considerably small-
er than the signal for m =1 TeV even for the heavy-'
squark case at least at the SSC. It should be noted that
the bulk of the background comes from same-sign 8'
events, which should have very different event topology
from the signal, especially for large values of m —in par-
ticular, aside from the two jets with pT-M~, we do not
expect a high-jet multiplicity in these events. Assuming
that this will make it possible to separate the signal from
the leading contribution to the same-sign Wbackground,
we see that the remaining SM cross sections are consider-
ably smaller than the signal from a 1-TeV gluino both at
the SSC and the LHC.

To see whether it is possible to probe gluino masses in
excess of 1 TeV, we have studied the scalar ET, invariant
mass of the event and ET(jet) distributions (for the three
hardest jets). We find that the scalar Ez distribution,
shown by the solid curve in Fig. 5, is the best discrimina-
tor of the SUSY signal against SM backgrounds from Wtt
production (dashed) or tttt production (dot-dashed). We
expect that this distribution is even softer for same-sign
dilepton events from tt production. By making a cut on
the total scalar transverse energy g ET & 1400 GeV, we

expect about 190 same-sign dilepton events per 10 pb

at the SSC even for m =—'m =1.6 TeV with essentially
no background. Over half these events contain a jet with
ET & 600 GeV with the two other jets having ET in excess
of about 200 GeV, while n;„ is typically ~4. We have
checked that at the SSC we expect 50 same-sign dilepton
events per year for m =0.5m =2 TeV after the

g ET & 1400 GeV cut. This rate falls to 11 (1.7) events
for m =0.5m =2.5 TeV (3 TeV). It thus appears that

g
the SSC should be able to probe a gluino mass in excess
of 2 TeV with about a year of running even allowing for a
f'actor 2 uncertainty in our calculations. For the same in-
tegrated luminosity, the LHC becomes rate limited once
the gluino mass exceeds about 1200 GeV while for an or-
der of magnitude larger luminosity, the reach may be in-
creased by about 500 GeV.

Up to this point, our discussion of same-sign dileptons
has focused on the case m =2m . As we have seen in

Table I somewhat different rates are expected if the
gluinos and squarks are approximately degenerate.
Furthermore, if g q production is significant, we expect
considerably more positive dilepton pairs than negative
ones since the proton has twice as many u-type valence
quarks as it has d-type valence quarks. This is illustrated
in Table V where we have separately shown the cross sec-
tions for positive and negative dilepton pairs for m

slightly bigger than m . We have also shown the dilep-

ton symmetry A defined by

tr(++ )
—rr( ——)A=

cr(++ )+0 (
——)

We should note that for m =250 GeV, about 13 SS
dilepton pairs of each sign were obtained in our simula-
tion, so that the results shown may have considerable sta-
tistical fluctuations, whereas for the m =750 GeV case
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FIG. 4. Histograms of percentage of gT events from SUSY
at the SSC containing n identifiable B mesons. We have as-
sumed 50% detection efficiency for resolving a displaced 8 de-

cay vertex. Parameters are as in Fig. 2, except we plot for
m =300 and 1000 GeV.

FKT. 5. Distribution in total scalar transverse energy (g Ez )

in SUSY same-sign dilepton events at the SSC for m =1600
GeV, and other parameters as in Fig. 2. We also show the cor-
responding background contributions from 8'tt and tttt events
for m, = 140 GeV.
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TABLE V. Same-sign dilepton asymmetry for various values of squark and gluino masses at the
LHC (top) and SSC (bottom). Cross sections are in picobarns. We have taken p= —300 GeV with oth-
er parameters as in Table I.
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54 (68) I+I+ and 36 (28) 1 I events were obtained at
the SSC (LHC). We observe that for smaller values of
m, the asymmetry tends to be larger at the LHC than at
the SSC. This is because at the LHC energy the g q and

g g cross sections are already equal for m =m =200
GeV. Notice that we have shown Table V for the case
m & m for which the same-sign dilepton rate is consid-

0
erably smaller (see Table I) than that for the other case.
We have checked though that when m is slightly smaller

than m, the asymmetry is considerably reduced, e.g.,
even for the 1-TeV case, we find an asymmetry of about
0.1. We note that since A is obtained as a difference of
large cross sections, the values shown in the table should
only be regarded as indicative.

Multi lepton signals

We see from Figs. 2 and 3 that there are observable
rates for n& =3, 4, and 5 lepton signals for some range of
gluino masses. As seen from Tables I and II, these rates
do depend somewhat on the model parameters —in par-
ticular, they tend to be smaller if ~p~ is large. Neverthe-
less, there are wide ranges of parameter values where
~ 1000 trilepton events and ~ 100 4-lepton events are ex-
pected per SSC year. The cross sections at the LHC are
1—2 orders of magnitude smaller depending on the value
of m, so that if the anticipated high luminosity can
indeed be achieved at the LHC, a comparable event rate
should be possible except at the highest values of the
gluino mass. We see from Table III that the rates for
trilepton and 4-lepton events from Ztt production at the
SSC can be potentially as large as the SUSY signal for
m =1 TeV, p= —150 GeV, and tanP=2. It should, ofg'

course, be recognized that the background shown corre-
sponds to the total cross section before any cuts. The
production of three vector bosons at the SCC leads to a
total cross section for trilepton (4-lepton) production of
0.02 pb (0.003 pb). It is instructive to note that the back-
ground events either contain a leptonically decaying Z
boson, or have very little hadronic activity (WWWback-

grounds to trileptons). In contrast, by comparing the 3-
and 4-lepton cross sections in Fig. 2 with the correspond-
ing Z+I and ZZ production rates, we see that only a
small fraction of SUSY events contain a real Z boson. By
vetoing events with an identified Z boson, and (for heavy
gluinos) by requiring a large amount of hadronic activity
(as in Fig. 5), it should be possible to separate the SUSY
signal from the SM background. In addition, up to 100
5-lepton events may be expected annually at the SSC.
SM backgrounds to these appear to be negligible. We
conclude that at the SSC, it should be possible to detect
the gluino with a mass up to 1000-1400 GeV using the
multilepton channel, the precise reach being dependent
on other model parameters.

The situation at the LHC is roughly similar. Here, the
Ztt background rate may be more than five times the
trilepton signal for m =1 TeV, whereas multiple vector-
boson production contributes at about the same rate as
the signal. Note also that the fraction of Z events in the
signal is somewhat larger than at the SSC. Once again,
by vetoing events with a real Z boson and by requiring
sufBciently large hadronic activity, it should be possible
to reduce the backgrounds from these sources. Thus
while the identification of a 1-TeV gluino may well be
possible in the multilepton channel (identification of lep-
tonically decaying Z bosons will probably be crucial
though), the small cross sections suggest that the high-
luminosity option wi11 be necessary in order to search for
a 1-TeV gluino via its multilepton signature.

Although we have seen that the physics backgrounds
to the multilepton events from squark and gluino sources
can be reduced to acceptable levels by a judicious choice
of cuts, it is worth pointing out that unusual event topo-
logies can also result if the rate for either (i) hard col-
lisions of two pairs of partons [48] in the same proton, or
(ii) overlay of events from two independent scattering
events within the time resolution of the detector is impor-
tant. The rate for the former depends on the size of the
proton which we have taken to be 15 mb (corresponding
to a radius of 0.7 fm [49]. The chance for two superposed
events obviously depends on the luminosity and the time
resolution ht of the detector. In our estimates, we have
taken b t =100 ns [50]. If better resolution is achieved,
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the backgrounds will be proportionally smaller. Assum-
ing an integrated luminosity of 10 /cm s, we find that at
the SSC (LHC) the total cross sections from these sources
are

o ( W+ W+ ) = 5 pb ( l. 3 pb),

o(Wtt)=1 pb (0. 1 pb),

o(tttt ) =0.034 pb (1.4X 10 pb),

(8)

to be compared with the total rates in Tables III and IV.
We see that the 8'+ 8'+ rate is considerably larger than
the rate expected from 8'+8'+ production in single-
parton collisions. It should be noted, however, that the
8'boson is dominantly produced along the beam pipe in
double-parton collisions so that the lepton pz should ex-
hibit the usual Jacobian peak at M~/2. Furthermore,
these events will have limited jet activity so that we do
not anticipate this background to be a problem. It should
be stressed, however, that double-parton scattering is a
large source of isolated same-sign leptons at supercollid-
ers so that caution must be exercised in the analysis of
the data. We see from Eq. (8) that the cross section from
Wtt production is about half the QCD value at the SSC
though it is small at the LHC. Once again, it should be
possible to reduce this to negligible levels by a cut on the
lepton pz with only a small loss of signal. The contribu-
tion of multiple scattering to tttt production is small. Be-
fore closing this discussion, we note that these back-
grounds may be more significant if the LHC is indeed
operated at a luminosity of 50X 10 /cm s. In this case,
the contribution from event overlay [which makes up
more than half the rate in Eq. (3.2)] would increase by a
factor 50 unless the timing could be significantly im-

proved from the 100-ns figure assumed in our calculation.

High-p& Z+E~ events

The cascade decays of squarks and gluinos can lead to
the production of high-pz. Z bosons in association with

jets together with gz. The rate for Z production is sensi-

tive to the model parameters and may be very small if
tanP is close to unity. There are, nevertheless, substantial
ranges of SUSY parameters where the cross section for
high-pz- Z production, with the Z decaying into an e or p
pair, leads to 10 —10 (10 —10 ) events per 10 pb

' of in-

tegrated luminosity at the SSC (LHC). We also see that
there are about one-tenth as many events which contain
an additional hard, isolated lepton whereas as many as
—10—100 gold-plated events [22] with several jets togeth-
er with two cleanly identified leptonically decaying Z bo-
sons may be expected annually at the SSC or the high-
luminosity version of the LHC.

The dominant physics background to high-pz Z plus
gz- events comes from Z production in association with
another 8'or Z or a t quark pair. The leptonic decay of
the associated vector boson or t quark can then lead to
E~. It may be possible to substantially reduce the back-
ground from 8'Z and ZZ events by requiring substantial
additional jet activity in the event. The more important
background is from Ztt production where one of the top

quarks decays hadronically and the other leptonically.
The leptonic decay of the top quark is essential in order
for there to be a substantial amount of gz (this is neces-

sary to eliminate the background from high-p~ Z produc-
tion which has an enormous cross section). The entries in
Tables III and IV correspond to upper limits which have
been obtained by multiplying the total cross section by
appropriate branching fractions. %'e stress that actual
backgrounds will be somewhat smaller once the

gz & 100-GeV cut is imposed on the events. It is never-

theless worth stressing that these events which have simi-
lar topology as the signal; i.e., several jets (from the decay
of the top quarks) together with Z+gr(+I) have a
background rate similar in magnitude to the signal. Al-
though it may be possible to further enhance the signa1
relative to background by making cuts on, for example,

g Er, it should be kept in mind that the smallness of the
cross sections may preclude the possibility of strong cuts
which substantially reduce the signal. We have made no
attempt to see whether this is possible because of other
detector-dependent backgrounds discussed below.

In our analysis of Z events, we have assumed that Z
bosons decaying via e or p pairs can always be identified;
i.e., we have assumed that any e+e or p+p pair that
reconstructs to the Z mass (within experimental resolu-
tion) will be identified as a Z boson. There are, however,
other sources of e and p pairs which can accidentally
reconstruct to the Z mass and, therefore, be indistin-
guishable from a Z event. The biggest source of these
"fake Z" events is tt production where both top quarks
decay into a lepton with the same flavor and the leptons
accidentally reconstruct the Z. The factor f that
represents the fraction of lepton pairs that reconstruct
the Z boson is both process and detector dependent. Be-
cause of the enormous cross section for tt production, we

see from Tables III and IV that if f is substantially larger
than few parts in a thousand, the tt background becomes
comparable to the SUSY signal, both at the SSC and the
LHC. Furthermore, these events all have a substantial
amount of gr from the two neutrinos. For heavy

gluinos, it may be possible to distinguish these events
from the SUSY signal (from the differences in accom-

panying jet activity) but for smaller values of m this may

be very difficult. We have also listed other sources of
"fake Z" events in Tables III and IV together with our
rate estimates in terms of f. (It should be clear that the
fraction is process dependent although we use the same

symbol for convenience of notation. ) We see that a de-

tailed simulation of several "fake Z" processes (including
the effects of finite detector resolution) is necessary in or-
der to assess the viability of the various Z signals.

SUSY Higgs-boson production by tt fusion, for in-

stance, gg ~tttIcan be yet another source of multilepton
as well as Z+Ez- events if the Higgs boson is heavy and

decays into vector bosons or t quarks, and several of the
final-state particles decay leptonicall. The cross section
for this has been estimated within the framework of the
MSSM by Dicus and Willenbrock [51]. Of course, only

the heavier Higgs scalar (H) and the pseudoscalar (A) can

decay into t pairs or vector bosons, while the light Higgs
boson (h) still decays to bb For m =500 C.xeV and
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m, =100 GeV, these authors estimate the cross sections
to be —10 —10 ' pb at the SSC depending on the value
of tanp. Folding in the leptonic branching fractions, we
see that these processes do not significantly contribute to
the SUSY signal. Two points are worth noting here: (i)
the rate for Higgs-boson production from bottom-quark
fusion (gg~bbH) can be much larger than the corre-
sponding top-quark rates, but the lepton isolation re-
quirement should eliminate these events, and (ii) the cross
section increases by about a factor 5 if the charged-
Higgs-boson mass is 200 GeV so that even if M + is just
large enough for vector-boson decays to be accessible, it
is unlikely that this process will hamper the detection of
SUSY signals from squarks and gluinos (particularly if it
is possible to veto leptonically decaying Z bosons). We
should note that within the SM the cross section for tttI
production is somewhat larger than the SUSY case since
there is no tanp factor in the top-quark Higgs-Yukawa
coupling. Finally, we observe that at the SSC, the cross
section for the related process gg~tWt+8'+ is [52]
smaller than —10 pb for m +=500 GeV so the mul-

H
tilepton rates from this are negligible.

IV. SUMMARY AND CONCLUDING REMARKS

The resolution of the gauge hierarchy problem strongly
indicates that new physics beyond the SM must manifest
itself in collisions of elementary particles at TeV energies.
Although supersymmetry provides [53] an elegant way to
stabilize the gauge hierarchy, it is not the only viable ex-
tension of the SM. However, a recent analysis [54] of the
renormalization-group evolution of the electroweak and
strong-interaction couplings measured at LEP shows
that, unlike the SM, the MSSM allows for a unification of
the strong and electroweak interaction at an energy scale
compatible with the measured lower limits on the proton
lifetime, if the effective SUSY-breaking scale is 1 TeV.
The same analysis excludes SUSY models with additional
pairs of Higgs doublets but, of course, extra singlet
superfields are allowed since, to lowest order, these do
not affect the evolution of gauge couplings. This may be
regarded as further motivation for weak scale supersym-
rnetry, and of the MSSM as the effective theory at low en-
ergy.

In this paper, we have computed the rates for various
promising-event topologies from the production and sub-
sequent decays of squarks and gluinos at the LHC and
the SSC using the MSSM as a guide to sparticle masses
and mixing angles. These event topologies, which are
listed in Sec. I, include E~ events, same-sign dilepton
events, events with n& =3, 4, and 5 hard, isolated leptons
and, finally, events containing one or two high-pz Z bo-
sons, possibly in association with an additional isolated
lepton. We have also listed various SM sources that lead
to the same event topologies and attempted to estimate
the rates from these sources in order to assess whether it
is possible to detect the SUSY signal above the back-
ground.

To compute the supersymmetric signal rates, we have
constructed a new Monte Carlo generator, SUSYSM

which, for any set of MSSM input parameters, generates
g g, g q, and q q events and then decays them via the vari-
ous cascades as given by the minimal model. Hadroniza-
tion has been incorporated by interfacing SUSYSM with
the JETSET routines and the underlying event has been
simulated by overlaying a soft-scattering event generated
using PYTHIA. We use SUSYSM, incorporating SDC-
inspired cuts described in Sec. II, to compute rates for
the various signals. Our computation of the various
backgrounds is also discussed there.

The main results of this paper are the signal cross sec-
tions for the various event topologies shown in Figs. 2
(SSC} and 3 (LHC) for m =2m and tanP=2 and in

Tables I and II for other parameter choices. Our esti-
mates of SM backgrounds to the SUSY signal are shown
in Tables III (SSC) and IV (LHC). Since detailed studies
of the Er background to SUSY already exist in the litera-
ture, we present signal rates for this category of events
only for comparison with leptonic signals, and remark
that SUSY sources of gr events should be unusually rich
in content of 8 mesons as compared to SM gr events.
These B's may be tagged by displaced decay vertices us-
ing a rnicrovertex detector.

We have mainly focused our attention on the same-sign
dilepton and isolated multilepton events from supersyrn-
metry. The SM contributions to these event topologies
are shown in Tables III and IV. After cuts designed to
separate the SUSY signal from the background, the big-
gest source of same-sign dileptons is most likely to be
same-sign 8' production. We have argued that for the
range of squark and gluino masses where the background
is significant, the SUSY events can be distinguished be-
cause they have very large hadronic activity (see Fig. 5}
as well as jet multiplicity. This leaves us with small but
observable backgrounds from Wtt and tttt events. These
backgrounds can be reduced to an insignificant level by a
cut on g Er in the event. We have concluded that even
allowing for a factor 2 uncertainty in the calculation of
the cross section, it should be possible to probe m in ex-

cess of 2 TeV with a year's running at the SSC and about
1.2 TeV (1.7 TeV) at the LHC with a luminosity of
10 jcm s (10 lcm s). If same-sign dileptons are com-
ing mainly from gluino pair production, then the event
sample should be equally divided between + + and ——
dileptons. However, if the squark is somewhat lighter
than the gluino, then an asymmetry may exist, and there
should be more + + than ——events produced, which
can help yield information about the SUSY source of the
dileptons.

We have also seen that for a wide range of sparticle
masses there are observable signals at the SSC in the mul-
tilepton channels even if m exceeds 1 TeV. At the LHC,
it will be dificult to probe considerably larger masses in
these channels unless the machine is operated at the
higher luminosity, in which case there may be additional
backgrounds from multiple collisions during each bunch
crossing. It should, however, be stressed that the signal
is essentially rate limited (after cuts) so that the reach of
these colliders will be somewhat larger if they are operat-
ed for several years. We have also computed the rates for
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high-pz Z+gz events as shown in Figs. 2 and 3 as well
as in Table I—IV. We see that although these rates are
rather sensitive to model parameters, a substantial num-
ber of these characteristic events may be expected for a
large part of the parameter space. Aside from real Z
backgrounds, we have seen that there are other detector-
dependent backgrounds where dileptons of the same
flavor accidentally reconstruct the Z mass (see Table III).
The rates for these "fake Z" events which we have shown
can be potentially large, are sensitive to details of the
detector so that simulations beyond the scope of the
present analysis are necessary to assess the viability of
this signai.

To conclude, we have studied the rates for the produc-
tion of gr events, same-sign dilepton and isolated mul-

tilepton events, and high-pz Z+gz events from the pro-
duction and subsequent decay of squarks and gluinos at
the SSC and LHC. In our computation, we have incor-
porated all the cascade decays as given by the MSSM,
and evaluated signals using SDC inspired detector pa-
rameters and cuts. We have also identified and estimated
several new backgrounds to the above signals and have
shown that it should be possible to identify the signal
above background in several channels, both at the SSC
and the LHC. In the same-sign dilepton channel it
should be possible to probe a gluino mass exceeding 2
TeV at the SSC and 1.2—1.7 TeV at the LHC (depending
on luminosity) after just one year of running. Cascade
decays of squarks and gluinos provide a rich variety of
promising channels in which to search for SUSY signals
at hadron supercolliders; discovery of a signal in any one
channel ought to be verified by the simultaneous presence
of signals in other channels at roughly the expected rates
before a signal for sypersymmetry can be claimed.
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APPENDIX

1—rs &+rs
+d f ~c,Au

w,. 2 w,.
u+H. c. ,

(Al)

where

8
B~ = f„(——1) cosy', (A2a)

~+B~ =f„(—1) +8 sinyz .
+

Here, f„, the up-quark Yukawa coupling, is as given in
Ref. [15]. A~, A~, yL, and y„are obtained by diago-

t

nalization of the chargino mass matrix and can be read
off from Ref. [11]. The mass matrix used in our calcula-
tion differs from that in Ref. [11] in that the signs of all
the oF-diagonal terms are reversed, so that Eqs. (2.6),
(2.7), and (2.9) of Ref. [11] require appropriate
modification. The coupling of the neutralinos to the tt
system are given in Ref. [15]. Once again, the eigenvec-
tor components v;"' may be obtained from the neutralino
mass matrix in Ref. [11]but with the signs of the vacuum
expectation values reversed.

Neglecting the b-quark Yukawa coupling the decay

g ~tb W; occurs via the exchange of tL, bI, or tz
squarks. In terms of their respective amplitudes A, „JR2,
and A3, the partial width for the decay is given by

1 1I (g ~ tb W, ) = ( —'A»+ —'%22+ JN 33(2~)' 2m

+ —,
' JN, ,q+ —,

' JR,3+ —,
' JN, ~3),

(A2)

where

We present formulas for the partial widths for the de-
cays g ~tbW, and g~ttZ- including the coupling of the
h-Higgsino components of the charginos and neutralinos
via top-quark family Yukawa interactions. In the nota-
tion of Refs. [11] and [15], the chargino couplings are
given by
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In all but (A3b), the limits of integration on E, are from m, to (m +m, —m ~ )/2m, whereas
I
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L
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The limits of integration in Eq. (A3b) range from 0 to [m —(m, +m ~ ) ]/2m .
I

The amplitude for the decay g ~tt Z; has four contributions JK; (i = 1, . . . , 4) coming from the exchanges of tL, tL,
t„, nd tz squarks. In the limit of vanishing quark mass, the interference term between the amplitudes involving left
(JN L =Sf,+JK2) and right (JNR=JM3+ JK4) squark exchange vanishes. The partial width for this decay is given by
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The functions appearing above are de6ned as
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In Eqs. (A6), the limits of integration on E, range from rn, to (m —2m, mz —mz )/2m, and
I
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and

m +m, —2m E-, (max}—m
Z(m}=

m +m, —2m E-, (min) —m

g(m E, )—+[p, g 4—p, m, (m +m, —2m E, )]'~
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where (=2m, +m —mz —2m E, and Az and Sz are as in Ref. [15]. Finally, the function A, that appears in Eqs.

(A3) and (A6) is given by A,(x,y, z) =x +y +z —2xy —2yz —2xz.

[I] See, e g , F. D. y. dak, in Proceedings of the Ttoenty Fifth In-
ternational Conference in High Energy Physics, Singapore,
1990, edited by K. K. Phua and Y. Yamaguchi (World
Scientific, Singapore, 1991).

[2] S. Pakvasa, D. P. Roy, and S. Uma-Shankar, Phys. Rev. D
42, 3160 (1990).

[3]D. Dicus and V. Mathur, Phys. Rev. D 7, 3111 (1973); B.
Lee, C. Quigg, and H. B.Thacker, ibid 16, 15.19 (1977).

[4) E. Gildener, Phys. Rev. D 14, 1667 (1976).
[5] For reviews of supersymmetry and the minimal model, see

H. P. Nilles, Phys. Rep. C 110, 1 (1984); P. Nath, R. Ar-
nowitt, and A. Chamseddine, in Applied N=1 Supergravi-

ty, ICTP Series in Theoretical Physics (World Scientific,
Singapore, 1984), Vol. I; H. Haber and G. Kane, Phys.
Rep. 117, 75 (1985); X. Tata, in The Standard Model and
Beyond, edited by J. E. Kim (World Scientific, Singapore
1991),p. 379.

[6] J. Gunion and H. Haber, Nucl. Phys. B272, 1 (1986).
[7] S. Wolfram, Phys. Lett. 82B, 65 (1979); C. B. Dover, T.

Gaisser, and G. Stiegman, Phys. Rev. Lett. 42, 1117
(1979).

[8] P. F. Smith et al. , Nucl. Phys. B149, 525 (1979);B206, 333
(1982); E. Normal et al. , Phys. Rev. Lett. 58, 1403 (1987).

[9] H. Baer, M. Drees, and X. Tata, Phys. Rev. D 41, 3414
(1990);L. Krauss, Phys. Rev. Lett. 64, 999 (1990).

[10]H. Baer, J. Ellis, G. Gelmini, D. Nanopoulos, and X. Tata,
Phys. Lett. 161B, 175 (1985);G. Gamberini, Z. Phys. C 30,
605 (1986).

[11]H. Baer, V. Barger, D. Karatas, and X. Tata, Phys. Rev.
D 36, 96 (1987).

[12]R. Barnett, J. Gunion, and H. Haber, Phys. Rev. D 37,
1892 (1988).

[13]H. Baer, M. Drees, D. Karatas, and X. Tata, in Experi
ments, Detectors and Experimental Areas for the Supercol
lider, Proceedings of the Workshop, Berkeley, California,
1987, edited by R. Donaldson and M. Gilchriese (World
Scientific, Singapore, 1988), p. 210.

[14]A. Bartl, W. Majerotto, B. Mosslacher, N. Oshimo, and S.
Stippel, Phys. Rev. D 43, 2214 (1991).

[15]H. Baer, X. Tata, and J. Woodside, Phys. Rev. D 42, 1568
(1990).

[16]CDF Collaboration, F. Abe et al. , Phys. Rev. D 43, 664
(1991); A. Barbaro-Galtieri, presented at the Snowmass
Workshop, 1990 (unpublished).

[17]J. F. Gunion and H. Haber, Phys. Rev. D 37, 2515 (1988);
H. Sacr, A. Bartl, D. Karatas, W. Majerotto, and X. Tata,

Int. J. Mod. Phys. A 4, 4111 (1989).
[18]K. Hikasa and M. Kobayashi, Phys. Rev. D 36, 724

(1987); I. Bigi and S. Rudaz, Phys. Lett. 153B, 335 (1985);
H. Baer, M. Drees, R. Godbole, J. Gunion, and X. Tata,
Phys. Rev. D 44, 725 (1991).

[19)H. Baer et al. , in Research Directions for the Decade,
Proceedings of the Workshop, Snowmass, Colorado, 1990,
edited by E. L. Berger and J. Butler (World Scientific,
Singapore, 1991).

[20] M. Barnett, J. Gunion, and H. Haber, in High Energy
Physics in the 1990's, edited by S. Jensen (World Scientific,
Singapore, 1989), p. 230.

[21] H. Baer, X. Tata, and J. Woodside, Phys. Rev. D 42, 1450
(1990).

[22] R. Barnett et al. , in Experiments, Detectors and Experi
mental Areas for the Supercollider [13],p. 178.

[23] R. M. Barnett and A. White, in Research Directions for the
Decade [19].

[24] V. Fonseca, S. Kahn, M. Murtaugh, and F. Paige, in
Research Directions for the Decade [19].

[25] C. Albajar et al. , in Proceedings of the ECFA Large Had
ron Collider Workshop, Aachen, Germany, 1990, edited by
G. Jarlskog and D. Rein (CERN Report No. 90-10,
Geneva, Switzerland, 1990), Vol. II, p. 621.

[26] PYTHIA, H. Bengtsson and T. Sjostrand, Comput. Phys.
Commun. 46, 43 (1987).

[27] V. Barger, A. Stange, and R. Phillips, Phys. Rev. D 44,
1987 (1991).

[28] V. Barger, T. Han, and H. Pi, Phys. Rev. D 41, 824 (1990).
[29] H. Komatsu and H. Kubo, Nucl. Phys. B263, 265 (1986);

H. Haber and D. Wyler, ibid. B323, 267 (1989).
[30] As discussed by Haber and Wyler [29), the radiative de-

cays of the neutralino are not very important unless either
both neutralinos are Higgsinolike, or (in the case of light
neutralinos) one is a light photino and the other a Higgsi-
no.

[31] ISAJET, F. Paige and S. Protopopescu, in Supercollider
Physics, Proceedings of the Topical Conference, Eugene,
Oregon, 1985, edited by D. Soper (World Scientific, Singa-
pore, 1986), p. 41.

[32] Particle Data Group, J. Hernandez et al. , Phys. Lett. B
239, 1 (1990); B. Bambah et al. , in Z Physics at LEP 1,
Proceedings of the Workshop, Geneva, Switzerland, 1989,
edited by G. Altarelli, R. Kleiss, and C. Verzegnassi
(CERN Yellow Report No. 89-08, Geneva, 1989), Vol. 3,
p. 143.



HOWARD BAER, XERXES TATA, AND JEFFREY WOODSIDE 45

[33] JETsET 7.2, T. Sjostrand, Comput. Phys. Commun. 39, 347
(1986).

[34] H. Baer, V. Barger, H. Goldberg, and J. Ohnemus, Phys.
Rev. D 38, 3467 (1988).

[35] Z. Kunszt, Nucl. Phys. B247, 339 (1984).
[36] A 20000 event run of sUsYsM on a Vax 3100 M76 takes

about 10 h of CPU time.
[37] P. Langacker, Phys. Rev. Lett. 63, 1920 (1989);J. Ellis and

G. Fogli, Phys. Lett. B 249, 543 (1990); V. Barger, J.
Hewett, and T. Rizzo, Phys. Rev. Lett. 65, 1313 (1990).

[38] E. Eichten, I. Hinchliff'e, K. Lane, and C. Quigg, Rev.
Mod. Phys. 56, 579 (1984).

[39] Because of a programming error, the Er cross sections
shown in Fig. 9 of Ref. [19) were too small by a factor of
about 3.

[40] U. Ellwanger, Phys. Lett. 141B,435 (1984).
[41] Y. Okada, M. Yamaguchi, and T. Yanagida, Phys. Lett. B

262, 54 (1991);Prog. Theor. Phys. 85, 1 (1991);H. Haber
and R. Hemp6ing, Phys. Rev. Lett. 66, 1815 (1991); J.
Ellis, G. Ridolfi, and F. Zwirner, Phys. Lett. B 257, 33
(1991).

[42] ALEPH Collaboration, D. Decamp et al. , Phys. Lett. B
241, 141 (1990);265, 475 (1991);P. Abreu et al. , ibid. 245,
276 (1990); L3 Collaboration, B. Adeva et al. , ibid. 251,
311 (1990); OPAL Collaboration, M. Akrawy et al. , Z.
Phys. C 49, 1 (1991).

[43] M. Chanowitz and M. Gaillard, Nucl. Phys. B261, 369

(1985);M. Chanowitz and M. Golden, Phys. Rev. Lett. 61,
1053 (1988); D. Dicus and R. Vega, Nucl. Phys. 8329, 533
(1990)~

[44] D D. icus and R. Vega, Phys. Lett. B 217, 194 {1989).
[45] We are grateful to R. Vega for providing us the cross sec-

tions for inclusive /+1+ production that we use to obtain
the entries in Tables III and IV for backgrounds from
8'+—8'+ production.

[46] V. Barger and T. Han, Phys. Lett. B 212, 117 (1988).
[47] J. Gunion and Z. Kunszt, Phys. Lett. 159B, 167 {1985);

Phys. Lett. B 176, 477 (1986); H. Baer, V. Barger, H.
Goldberg, and R. Phillips, Phys. Rev. D 37, 3152 (1988);
R. Fletcher, F. Halzen, and C. Kim, Phys. Lett. 8 209, 351
(1988).

[48] B. Humpert, Phys. Lett. 135B, 179 (1984).
[49] F. Halzen, P. Hoyer, and W. Stirling, Phys. Lett. B 188,

375 (1987).
[50] J. Freeman (private communication).
[51]D. Dicus and S. Willenbrock, Phys. Rev. D 39, 751 (1989).
[52] D. Dicus and C. Kao, Phys. Rev. D 41, 832 (1990).
[53] E. Witten, Nucl. Phys. B185, 513 (1981); R. Kaul, Phys.

Lett. 109B, 19 (1981);N. Sakai, Z. Phys. C 11, 153 (1981);
S. Dimopoulos and H. Georgi, Nucl. Phys. 8193, 150
(1981).

[54] U. Amaldi, W. de Boer, and H. Furstenau, Phys Lett. .B
260, 447 (1991).


