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ABSTRACT

We present a comprehensive analysis of missing transverse-energy events at the CERN pp
collider which would arisg from a supersymmetric theory.-v This analysis takes into account, the
new 1984 UAI cuts, triggers and resolutions. Our conclusions from the newly reported 1984
data are that any excess number of monojet events is highly unlikely to come from gluino or
scalar quark production. The new data lead to the very restrictive limits: M(g) and M(Q) >
60-70 GeV. The two intriguing dijet events with E (missing) > 55 GeV are not inconsistent
with an 80 GeV gluino or scalar quark source. The above conclusions have been obtained
assuming that photinos are lighter than gluinos and live long enough to escape collider detec-
tors. An alternative pictux;e where the Higgsino is the lightest supersymmetric particle is briefly

discussed.
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. 1. INTRODUCTION

Nearly all experimental data which are available at present support the Standard Model as
being the correct description of observable physics at current ehergies. The recent discoveries
of the W and Z bosons exhibit all the properties! expecfed in the Standard Model. Neverthe-
less, theorists expect that the standard model is incomplete, and that new phenomena will
emerge in the energy region below a TeV. Although the reasons for this are familiar, we briefly
summarize them. The underlying physics of electroweak-symmetry breaking is not understood,
nor is there any insight into why the weak scale is where it is, or how it can be so small com-
pared to the Planck scale or the grand unification scale.> Models which try to understand these

problems invariably lead to additional new physics around the weak scale.

Supersymmetry is an approach which many workers feel could help to explain these prob-
lems.? In this paper, we investigate phenomenological implications of assuming a supersym-

metric explanation for the origin of electroweak symmetry breaking.*8

Under the assumption just stated, it is still not clear at what precise mass scale supersym-
metric phenomena will appear. Roughly, one would expect supersymmetric masses to be'of
order my. If this is indeed the case, then supersymmetric particles would (perhaps) first be
detectable at the Tevatron. However, without any firm predictions for supersymmetric masses,
we must consider the possibilities that supersymmetric particles could be somewhat lighter or
heavier than myw. In the latter case, one would have to wait for a supercollider in order to dis-
cover supersymmetry.’ In the former case, supersymmetry could be observable at accelefators
now in operation. The most likely place of the present facilities to discover supersymmetry'or

provide the best possible supersymmetric mass limits is the CERN Collider.

Some time ago it was realized that hadron colliders were an excellent place to search for
evidence for supersymmetry.!®!3 As we will see below, in an ideal detector the production of
the supersymmetric partners of quarks and gluons gives events with signatures of jet + missing

transverse energy, EP'S (monojets), 2 jets + EP'S (dijets), 3 or more jets + EfS at various



rates. The constituent cross sections for the production of superpartners of mass M are order
a2/M? = few nb, so with an integrated luminosity of 100 nb~!, even with an order of magni-
tude suppression due to hadronic structure effects, there would be a significant number of

events expected until phase space cuts off the rate at masses above 60 GeV or so.

In early 1984, the analysis of data from the 1983 run at the CERN pp Collider (at
Vs = 540 GeV) by the UAl}_coltlaboration14 resulted in the report of candidates for events
which‘seemed to be unexplainable by the Standard Model. These events were precisely of the
type described above—évents with jets and missing transverse momentum. This led to a
plethora of papers attempting to explain these events as being evidence for new physics. By far

15-22 was in terms of the production of supersymmetric

the most popular explanation
particles—either scalar-quarks or gluinos. In the fall of 1984, more data was taken at a slightly
higher energy, Vs = 630 GeV. More than twice the luminosify (as compared to the 1983 run)
was collected. It seems clear from the reports on the 1984 data?3 that the missing—ehergy events
which are seen are (for the most part) less dramatic and possibly entirely explained by Standard
Model backgrounds.v Thus, the énthusiasm for the possibie discovery of supersymmetry at

CERN has certainly been dampened. On the other hand, our analysis of the 1984 data will pro-

vide much more stringent limits on supersymmetric particle masses.

Qualitatively, it is clear that significant numbers of supersymmetric particles can be pro-
duced at the CERN Collider if their mas;es are not too large. In this paper we describe a
lengthy analysis to systematically ca_lculéte the quantitative predictions of supersymmetry for all
scalar-quark (q) and gluino (g) masses. As will be discussed in detail below, a “theory” event
of, say, g g production will contain four quark jets plus missing momentum. However, some of
the jets may be below the experimental definition of a jet, one with Er > 12 GeV. Also, two of

the jets may overlap to give one in the detector.

Why can supersymmetric processes lead to “monojets” (as opposed to multi-jet events)?

The explanation comes entirely from the experimental cuts and triggers (as first pointed out by



Fllis and Kowalski'®). Consider one of the most difficult mechanisms for producing monojets:
gluino pair production for light gluinos. Gluinos at rest would produce little missing energy.
The experimental requirement that Ef$® be large therefore implies that the gluinos must be suf-
ficiently energetic, and for one of the gluinos, the photino from its decay must carry. a large
fraction of the gluino’s momentum (we assume that photinos leave the apparatus undetected).
Similarly the photino from the decay of the gluino going in the opposite direction must carry
very little of this gluino’s momentum (otherwise the two vectors would cancel). For this latter
gluino the qua_rks from its decay carry much momentum, and their resultant jets are likely to
coalesce af they do not, then they are unlikely to pass the trigger requirements for leading jets).
For the ﬁrst"g'luino, little energy 1s left for the jets since the photino had to be very hard, and
they are unlikely to have sufficient energy to be called a jet. While very few gg pairs for light

gluinos can pass the cuts, those that do pass turn out to have one rather than two or more jets.

On the other hand for heavy gluinos and scalar quarks, one finds that dijets dominate
over monojets. In general a number of supersymmetric mechanisms must be computed, and
complicated trigger biases and cuts must be imposed. Analytic calculations are not possible; a -

Monte Carlo procedure is required.

The plan of the paper is as follows. In Section 2 we discuss some general features of
supersymmetric models which are relevant for our analysis. In Section 3,'we review the parton
model formalism which serves as a basis for all our predictions. Two related issues are
discussed—the importance of hard gluon bremsstrahlung and the intrinsic gluino content of the
proton. Both these issues are particularly relevant if the gluino is “light” (e.g., My < 10-20
GeV). The Monte Carlo proccdure is discussed in detail in Section 4. This is a procedure
which results in the generation of “events,” i.e., four-momenta of final state partons (which are
treated as “jets”) and photinos (which are the origin of the missing transverse energy). The
most difficult part of the analysis is the modeling of the UA1 triggers and cuts, which is
described in Section 5. We have endeavored to reproduce those cuts and triggers which were

used in the 1984 run; these differ somewhat from those used in the 1983 run. In Section 6 we



discuss the sénsitivity of our results to these experimental conditions. Putting together the
Monte Carlo event generator and the appropriate cuts and triggers, we are able to make predic-
tions for the expected number of missing transverse energy events and their distributions, as a
function of the unknown supersymmetric particle masses. . By combaring these results with the
1984 data as reported by the UA1 Collaboration, we extract limits for scalar-quark and gluino
masses in Section 7. We are able to rule out the existence of a “light” gluino, and we find that
scalar-quark and gluino masses must be larger than 60-70 GeV. Considerable attention is
given to the various uncertainties of the analysis and the “confidence” of our final limits. Sec-
tion 8 discusses our limits in the context of the minimal low-energy supergravity approach. We
also discuss the implications of the assumption that the Higgsino rather than the photino is the
lightest supersymmetric particle. Lastly, a discussion of future tests and our conclusions are

presented in Section 9.

ot



2. LOW ENERGY SUPERSYMMETRY

A. The supersymmetric spectrum and its interactions

It is easy to explain what would be observed if supersymmetric partners were to exist.*’
The minimal spectrum of a supersymmetric theory associates with each quark, lepton, éauge
boson, and Higgs boson, a partner which differs by 1/2 unit of spin. If the symmetry were
unbroken there would be a particle identical to the electron but with spin zero (scalar-electron),
a particle identical to the photon but with spin 1/2 (photino), etc. Such states would have been
observed so either there is no such symmetry in natilre, or the symmetry is broken and the

missing partners have acquired extra mass.

The full spectrum includes scalar quarks (q), one for each flavor of quark (in addition the
partners of left-handed quafks (qr) and right-handed quarks (ER) are kept separate since they
have different weak interacti.ons), scalar leptons (;), scalar neutrinos (¥), gluinos (g), W-inos
(W), Z;inos (E)v, and .higgsinos (ﬁ). Spontaneous symmetry breaking mixes weék interaction
eiggnstates in forming mass eigenstates so considerable care is needed to get rates cérrect quan-

titatively.

Although the masses of superpartners must be treated as unknown parameters because the
breaking of supersymmetry is not understood, all of the relevant coubling‘ are known because
they are the measured gauge cquplings. In a supersymmetric theory, for every Standard Model
vertex there also occur new v‘enices with the particles replaced in pairs by their superpartners,
and the same coupling. Thus the qqg vertex generates qag and qqg vertices all with strength g
(a5 = g52/4w), the Wer vertex gene‘ratesv wey, wey, and WE7 vertices all with strength g,
(02 = afsinbw = g#/4r), and the electromagnetic vertices vff for any fermion f generate ;?T
and 'y?? vertices of strength e (e?/4r = a). Following this rule one can draw Feynman
diagrams for all supersymmetric production and decay processes and estimate rates. Detailed
discussidns of the spectrufn, mixing, Feynman rules, calculational techniques, and possibie

ways to observe superpartners are given in the review article of Ref. 6.



The unknown parameters in the supersymmetric model are masses and mixing angles.
Thus, in any analysis, some assumptions will have to be made regarding these parameters. In
this paper, we are concerned with processes involving the production of scalar-quarks and
gluinos. To simplify our analysis, we assume that five flavors of scalar-quarks are degenerate in
mass (we exclude the T from the discussion). Furthermore, for each flavor, we assume that qp
and Gp are equal in mass. These assumptions are approximately true in almost all supersym-
metry models which attempt to predict the supersymmetric mass spectrum. The only other
major assumption we make is that the photino is the lightest supersymmetric particle. We will

\
comment in more detail on this assumption in Section 2C.
B. R-parity and its consequences

An importgnt feature of nearly all supersymmetric models is the existence of a conserved
multiplicative quantum number called R-parity.?* Speciﬁcally, for a particle with baryon
number B, lepton number L and spin J, we define R = (— 1)35+L+”. It is easy to see that all
“ordinary” particles have R = +1, whereas all supersymmetric partnérs'have R = —1. This has
some important consequences. First, if we start from an initial state consisting only of ordinary
particles, supersymmetric particles must be produced in pairs. Second, there exists a lightest
supersymmetric particle (i.e., the lightest R = —1 particle) which must be stable. Let us denote
this particle by LSP. Once a superpartner is produced, it will decay into a normal (R = 1) parti- _
cle plus a lighter superpartner. Eventually, at the end of a decay chain, one will find normal
particles plus an odd number of LSPs. The LSP can be the partner of a gauge boson, a Higgs
boson or a neutrino. In all cases, its essential property is that it normally escapes collider detec-
tors.?’ That is because to interact it must excite a superpartnef in the detector, and the partners
of quarks and leptons are heavy, so the interaction cross section is at most of orderi az/ﬁz with

M = 20 GeV, giving too small a cross section to see.

Thus the basic signature of the production of supersymmetric partners is missing momen-

tum, accompanied by jets (or occasionally charged leptons, if e.g.,, W-inos are produced) in
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characteristic patterns.
C. The standard assumption—The photino as LS'P'

. The question of the LSP in supersymmetric theories is a m_(_)del dependeﬁt question. In
principle, one must know the neutralino (neutral gaugino and higgsino) mass matrix. By
diagonalizing, one obtains the LSP which may be some linear combination of photino, zino and
higgsino.2® In this paper, we shall assume that the LSP is the photino. This is relevant for the
signatures of scalar-quarks and gluinos. For definiteness, let us suppose for the moment that
M; > M;. If the ; is the LSP, then once scalar-quarks and gluinos are produced, they will
decay via q —» q; and g - qq - qﬁ;. The photino escapes and is interpreted as missing
energy. There are two alternative possibilities. First, the LSP is not a pure photino, but it is a
mixture of photino and other neutrélino states. The onfy changes which occur are minor—
some decay rates are changed due to the appearance of mixing angle factors. As long as the
mixing angles are not unusually small, all the results we obtain in this paper are basically
unchanged. The second possibility is that the photino is not the LSP. This may or may not
dramatically change ouf results depending on how the photino decays. For example, if the
scalar-neutrino is the LSP, then ; — v + 7. But, both the » and ¥ will not be observed, so the
phenomenology will be identical to the case where the ; is the LSP. One the other hand, if the
LSP is a Higgsino ﬁ, the phenomenology can be vastly different. As discussed in Refs. 27-28,
the ; would decay dominantly via ;-» vy + H thereby softening considerably the missing
transverse energy of the events. (A similar affect arises if R-parity is broken.?3 Then the ; is
unstable and decays via ; — v + v leading to similar conclusions). We will briefly consider the
implications of this alternative scenario at the end of this paper (see Section 8). Otherwise, all

the analysis we preserit here will assume that the ; is the LSP.

The mass of the photino is a priori an unknown parameter. In some supersymmetry

models, the ; and g masses are related via:3!
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In all the calculations presented in this paper, we have taken M; = 0. Although this is not

likely to be true, our results are not especially sensitive to the precise value of the photino mass,

assuming that M; < 10 GeV. We will make a few comments on the implications of a photino

mass in Section 7.



3. PARTON MODEL FORMALISM

A. The basics

In order to predict the cross-section for the production of supersymmetric particles, the
“QCD-improved” parton model is used. The basic formulas are summarized below. The start-
ing point is:

agpp—>c¢; t ¢+ X) =

3 [ dridxa 00,0 F2 Q) sELaptoratat G.1)
a,

where the sum is taken over all subprocesses which lead to the production of particles ¢y, ¢y, ...
in the final state. We denote the partonic squared cenier of mass energy by § = x;X,s and the
total integrated cross. section for 'a +b->ctcyt A by.&. The structure functions
fP(x,Q?) represent the probability of finding initial parton a inside a proton p, etc. By “QCD- _
improved,” we simply mean that scale-breaking structure functions are used and ¢ is computed
as a function of the running coupling constant ay(Q?). Th_¢ choice of Q? is ambiguous as long as
we neglect higher order perturbative effects. We have chosen Q* = §. We follow Eichten, et al.

(EHLQ) by using their structure functions and definition of as.

In order to improve convergence in the numerical integration, we make the following

change of variables:

(3.2)

-1 X
y = > log [xz] 3.3)
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spp>¢c t+t o+ - X)=

%logw

> f = [ dyRwT%Q) w1 YQ)
1

- llogw
2

X &(g’t’ﬁ)a+b—bcl+02+ s . . , (3.4)

where W, = $/Smin, Where sp;n is the threshold value of § for the reaction of interest.

Let us now concentrate on how to compute 5. We write

1 4—3n _ & .
S~ M \av .
=2 @M F, J H (27)*(2Ey) e (3:3)
where \/ |2 is the squared amplitude for the processa + b —»¢; + ¢ + -+ + ¢y, summed

over final-state spins and colors, and averaged over initial spins and colors. The factor Fj is
required if there are identical particles in the final state (e.g., F; = 2 for gg — 88, gg - £8¢,
etc.). The amplitude depends on the outgoing momenta p; ..., bn as well as the two incoming

momenta p, and py given by: |

ps = [X‘Z\[ .0,0, 2\/5 ] (3.6a)
_ xz\/_ | —xz\/g ’
Pb = [ 3 :0,0, 3 } . (3.6b)

Inserting Eq. (3.5) into Eq. (3.4), we see that the computation of ¢ involves the integration over
w,y and final state four-momenta p;. Furthermore, one may obtain any desired final-state dis-
tribution by restricting the integration over the p; in the appropriate way. This is most easily

done using Monte Carlo techniques which are discussed in detail in Section 4.

The final necessary ingredient is an expression for |/; ‘2 for each possible process
a+b—sc +cy+ --- + c,. The subprocess arises from the production of primary partons
which then may decay into subsequent partons. After all decay chains are complete, the result-
ing final state is ¢; + ¢ + --- + ¢, The calculation of the squared amplitude under the
most general circumstances is quite tedious since it requires the computation of spin-density

matrices in order to correctly account for all final-state spin correlations. However, tremendous

Ry
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simplification occurs if we make two assumptions which are valid here. First, where intermedi-
ate states can be taken to be on-shell, they may be treated to good approximation in the
narrow-width approximation. Second, all interactions involved in the decay chain separately
conserve parity and CP. In this case, the production and decay amplitudes factorize. Actually,
this is an vartifact of the Born approximation, whefe all amplitudes are real. The argument is
simple: first, the reality of the amplitudes imply that the outgoing particles (which decay) are
not transversely polaﬁzed. Second, parity conservation implies that the outgoing particies are
not longitudinally polarized. Hence, the production and decay density matrices are diagonal,

implying factorization of the production and decay processes.

Let us illustrate that procedure in the case of 44 - E;, with § - qﬁ;. First, we denote

the squared matrix element averaged over initial-state spins and summed over final-state spins

and colors by \i \azve. The squared matrix elements for qq — E; is given by Eq. (A.21) and for

R g —> qﬁ; is given by Eq. (A.23). It then follows that, in the narrow-width approximation for

the gluino decay (taking the gluino on-shell), the squared amplitude for the process qq — qﬁ;;

* via gy production summed and averaged over spins and colors is:

(T > Ty V)|de =
468~ BVl | @ > a@)fhe 3 OMF — (1 + P2+ pa)) (3.7)
It is this matrix element which we insert into Eq. (3.5).

A small technical note may be of interest here. In general, one must consider the diagram
with the two final-state photino lines crossed. In addition, one must insert a factor of 1/2 for
the identical photinos in the final state. However, in the narrow-width approximation, in the
limit that the gluino is exactly on-shell, the interference term between the original qq — qﬁ;;
amplitude and the crossed amplitude vaﬁishes (it is actually proportional to the gluino width).
Thus, in computing the total cross section, one obtains identical results whether one treats the

two final state photinos as being identical (following the above procedure), or as being non-

identical (in which case no crossed graph need be considered).
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To summarize, given a partonic subprocess a + b —- X + y + .. with
X=>¢ +c+.,y—>c3+cg+ -, we compute:
MM@+bosci+ert - tede=|£@+bax+y+ o)

X|£E>ci+er+ )X |G>cs+cit - )

T 2 _ ey T 2 _ AV
i, Mm@t D M s et oY) L ()
which is then inserted into Eq. (3.3). In this paper, we shall consider the following possible

subprocesses: First, we list the production processes
(a) gluino pair production:
g8 > E8 ‘ " (3.9a)
aq - ¢ (3.9b)

(b) scalar-quark pair production

88—~ dq (3.102)
qg —>dq (3.10b)
aq - dq (3.10c)
Q3> W —>qq (3.11a)
Q@ —>Z->4dq ‘ (3.11b)

(c) Associated production of gluinos and scalar-quarks

Q¢ > dg (3.12)

(d) Associated production of gluinos and photinos

qq > gy (3.13)
(e) Associated production of scalar-quarks and photinos
qg - dv (3.14)
We have computed the squared matrix elements for all the processes listed above. They are

discussed further in Appendix A, where there are figures showing these processes.
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Other production processes such as scalar-quark production from a gluino component
inside the proton (which may be relevant if gluinos are light) and 2-to-3 processes such as

gg — ggg will be discussed later on in this section.

Notice that we have only listed processes which involve scalar-quarks, gluinos and pho-
tinos. Clearly, there are other supersymmetric particles which can be produced at hadfon col-
liders and can lead to missing-energy events. For example, pairs of neutralinos or chzirginos,
the partners of gauge and Higgs bosons, san be produced at hadron-colliders (e.g., @ = X X
qq — X°X°) via the standard Drell-Yan mechanism or by scalar-quark exchange.3>3* Typical
decay processes such as x - qqg (or X - qa—; if the gluino is heavy) could lead to missing-
energy signatures similar to the onés which can occur from scalar-quark and gluino production.
In particular, qq — xfx5 can lead to distinctive one-sided events if X° is the lightest supersym-
metric particle.”v Nevertheless, we will omit these possibilities from the analysis presented in
this paper for two basic reasons. First, because scalar quarks and gluinos are strongly interact-
ing particles, their production rates are significantly larger than thos.e of charginos and neutrali-
nos of the same mass. Of course, if a significant number of missing-energy events are. seen
above background, this does not necessarily imply that the scalar-quark and/or gluino is the |

best possible supersymmetric explanation.

Second, the analysis for scalar-quarks and gluinos requires the fewest number of model
assumptions as discussed in Section 2. In the case of charginos and neutralinos, unknown mix-
ing angles and many possible decay patterns makes it very difficult to set hard limits on possi-
ble sﬁpersymmetric masses. This is already evident from observing the complicated limits on
chargino and neutralino masses obtained by the PETRA and PEP experimental groups.>® (One
can of course make specific tests of particular models which fix the various unknown supersym-

metric parameters. See, e.g., Ref. 34.)

We now turn to the decay process. Here, we must consider two separate cases which lead

to quite different types of signatures.



14

Case I: Mz > M. In this case the gluino decays (nearly) 100% of the time via:
g—>qq or 4q (3.15)
where the sum is taken over all possible quark flavors which are kinematically accessible. The
scalar-quark decays (nearly) 100% of the time via:
3 av (3.16)
We shall neglect other rarer decay modes, although one should keep in mind that if there exists
a light chargino or neutralino other than the photino such that My < M;, then the decay

d — qx could be significant.

Case 22 Mz < Mj. In this case the gluino decays via processes (3.15) and (3.16) where

the scalar-quark is virtual:

g—>div \ (3.17)
Again, one must sum over all quark flavors which are kinematically accessible. A sum over qi

and (g intermediate states is assumed. In the case of the scalar quark, two decay modes are

allowed (making assumptions similar to those above) with branching ratios (B) as indicated:

I

Qg B =
1 +r
a-1 -~ 1 (3.18)
o B=1+r

where r = ay/(e2a). Note that the dominant scalar-quark decay is § — qg; the gluino then
decays via Eq. (3.17). This is the main reason for the difference in signatures between Cases 1
and 2. In Case 1, scalair-quark decay leads to substantial missing energy via the process giQen
by Eq. (3.16). In Case 2, the dominant process is fj - qg, g — qﬁ':/ leading to far less missing
_ energy as compared with Case 1. Practically speaking, this means that if M; > M, it will be
very difficult to isolate q production; in this case, §§ production will be the main process that

should be looked for.

According to Eq. (3.8), we need expressions for the matrix elements for the above decay
processes. We also need explicit expressions for the scalar-quark and gluino widths. These are

given in Appendix A.
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B. Higher order processes

The production processes listed in Eq. (3.9-3.14) represent contributions to the lowest
order approximati;)n to the ilnclusive‘ productién cross-sectioﬁ df vsupersymmetric processes.
Let us focus here oﬁ gluino pair production: pﬁ-; gg + ‘X. To #(a), ¥he processes which
contribute have been given in Eq. (3.9). If we consider #(aJ), we inust include iodp corrections

-

to the processes given by Eq. (3.9), and in addition we must introduce new 2 — 3 processes:

>l | | (3.19)
qq - Ee E S (320
ga - 28aq | . S (3.21)

If the perturbative series is trustwonhy, then we should _ﬁnd that the #(ag) contributions are
smaller than the ﬂ(ész) Born terms. However, Herzog and Kunszt* realized that when various
triggers and cuts are applied to the total cross se'ction, it is possible that the #(a) contributions
are enhanced significantly. In fact, we find that this indeed occurs for certain ranges of values
of the gluino mass when the UAI triggers and cuts are imposed. To explain the effect, consider
the consequences of requiririg that the missing transverse energy be larger than some fixed
number: Efiss > E,. Suppose that the gluino is light (say, 5 GeV). Then in general, g8 events
will not survive the Efs cut. The reason'is that light gluinos are typically quite energetic.
Since to a very good approximation, the transverse momenta of the gluinos are entirely gen-
erated by the hard subprocess, their transverse momenta are nearly back-to-back. When the

gluinos decay (g — qﬁ;), the two photinos will ‘be nearly *back-to-back. Since

Efis = |5, + BJ,), we see that Ess will ‘in general be smiall and these events will fail to pass

the Ef cut. How then do any g events survive the cut? If the decays of the two gluinos are
sufficiently asymmetfié, it is ‘possible to generate EPS = E,. As M; becomes smaller,
ototaL(PP = £€ + X) increases rapidly, while at the same tiine, the probability that a gg event

passes the cut decreases rapidly. When fragmentation effects are taken into account, one finds
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that ¢(pp — gg + X) subject to the Efniss oyt actually decreases as M; becomes smaller for

M; < 20 GeV.

Now, consider the effect of the Ef™** cut on the processes given by Egs. (3.19)-(3.21). If
the final state gluon (or quark) is hard, then a possible configuration is one where the gg pair is
emitted in the same hemisphere recoiling against the gluon (or quark). In this configuration,

the photinos resulting from the gluino decays are often emitted in the same hemisphere so that

it is much easier to have Ef = |p}, + pf,| = E,. Of course, the cross-section for the 2 — 3 |
processes decreases as the transverse momentum of the hard gluon (or quark) increases.
Nevertheless, it is clear that the 2 — 3 processes of Egs. (3.19)—(3.21) are more likely to survive
the Eis cut than the 2 — 2 processes. So, it is conceivable that when the Efiss cut is applied,
the 2 - 3 proceéses will result in more events passing the cuts as compared with the 2 —» 2
processes. This indeed occurs as first shown by Herzog and Kunszt. As discussed in Sec.. 7, we
confirm their results and show that this has very important consequences for whether light

gluinos are excluded by the data.

At present, a full &(e) calculation does not exist. The Born terms for the 2 - 3
processes (Eqgs. (3.19)-(3.21)) have been obtained by Herzog and Kunszt.3* In order to use
their results, one must impose a cut-off on the transverse momentum of the outgoing gluon (or
quark). Otherwise, one would be plagued with infrared and collinear singularities which would
be cancelled by the #(ad) loop corrections. (Note that the only collinear singularities which
occur here are those that arise when the outgoing gluon or quark is parallel to an initial parton.
No collinear singularities result when the outgoing gluon or quark is parallel to an outgoing
gluino due to the non-zero gluino mass. Hence, a pt cut-off on thé outgoing gluon or quark is
sufficient to protect against both infrared and collinear infinities.) The question then arises:
How should this pr cut-off be chosen? If the pr-cutoff is too small, then one is liable to overes-
timate the effect of the 2 — 3 process since the effect of virtual (o) processes (which are not

included in the analysis) can be negative thereby reducing the final result. It may appear
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unlikely that the virtual graphs which are 2 — 2 processes and therefore occur at pr = 0 (where

Br = Bf, + PR, could affect results at pr # 0. However, we are not dealing with infinitely
narrow jets (a Sterman-Weinberg®’ type analysis is appropriate here). When the finite resolu-
tion of ‘partonic jets is taken into account, one indeed finds that negative virtual 2 — 2 graphs
can affect the results if the préutotf is too small. On the other hand, if the py-cutoff is too
large, then the resulting 2 — 3 cross-section is too sﬁlail and one is missing a potentially impor-
tant. affect. As advocated by Herzog and Kunszt, we take pf°f = 10 GeV. Basically, the
choice pgtofl > M; should certainly be safe from the effects of the virtual graphs, and if any-
thing, such a choice is conservative and would unde;estimate the effect of the 2 — 3 processes.

Details of the numerical effect of the 2 — 3 processes are‘discussed in Section 7.

If and when the full #(a?) correction is calculated, one has ways of “improving” the
lowest order prediction by choosing a particular scale in th(;. running coupling constant which
minimizes the #(a) correction. When an appropriate choice is made, it is often found that the
first non-trivial QCD corrections are small (say, less than about 20% at SppS energies). Given
that the full #(a?) corrections have not been computed hére, we must simply accept the fact
that the computations laid out in Section 3A have an uncertainty. We will summarize the

theoretical uncertainties of the perturbative QCD framework in Section 3D.

C. The distribution of gluinos inside a proton

The best available limits on gluino masses (excluding the SppS collider data) are obtained
from beam dump experiments*®-3° and are somewhere in the vicinity of 3 GeV (the precise
limit depends on the scalar-quark mass). Suppose that the gluino mass is on the order of 5
GeV, i;e., slightly heavier than the minimum mass allowed by the beam dump experiments.
Henceforth, we shall refer to this case as the light gluino scenario. Such a gluino ﬁas properties
very similar to that of a b-quark with one important 'exception: the gluino is a color octet fer-
mion compared with the color triplet b-quark. This seemingly small detail has large conse-

quences. The production cross section of such a gluino would be an order of magnitude larger
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than that of the b-quark. This fact is due to the larger color factors associated with the hard

scattering processes which produce the gluino (here, the dominant production mechanism is

gluon-gluon scattering).

For light gluinos, the possibiiity ariges that they may make up a non-negligible fraction of
the momentum of the proton. This can oécur via the perturbafive process where a gluon
(which is observed as a constituent of the proton at a scale Q2) splits into a g¢ pair. Thus, at a
scale Q2, one would predict the presence of gluino constituents inside the proton. Perturbative
QCD allows one to predict the evolution of the distribution functidn fg(x,Qz) for the gluino

component of the proton.*® To leading order in ag and 1gnor1ng correctlons of order M~ / Q2

2 .
S(Q : Ef Pgifi(y,Q) ' | (3.22)

f(x,Q%) =
where P~' are the Altarelli- Pan51 splitting functions*! which describe the probability that parton
j splits into two other partons, one of which is the gluino which is “seen’ as a constituent of the
proton. Equation (3.22) represents a set of coupled integro-differential equations. To a first
approximation, we may take fi(y,Q?), for j = quark or gluon, to be the standard quark or gluon
distribution functions as obtained by any of the standard analyses. Furthermore, a boundary
condition is required for f£(x,Q?). We choose f(x,Q2) = 0 for Q3 = 4 MZ, and use the thres-
hold behavior described in Ref. 9. Scalar-quarks are ignored in this analysis, as they are
assumed to be heavy in the light gluino scenario. In a more exact treatment, one would have to
recompute the quark and gluobn distribution functions as a result of having included a non-zero

gluino component. The effects of such a correction are undoubtediy small in the present con-

text (i.e., for predictions at the SppS Collider).

We show in Fig. 1 an example of the resulting.gluino distribution in the case of
M; = 5 GeV and Q? = 110 GeV. For comparison, the gluon distribution function is also
shown at the same value of Q2. Note that the gluino distribution function is indeed small (less

than 1% of the gluon distribution) yet not vanishingly small. One reason for this is again con-

nected with the color octet nature of the gluino. Comparing the color factors that arise from
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Fig. 2(a) and (b),

Fgmmeﬂ=%w (3.23a)

Fig. 2(b):  ficafoca = 3 Oap (3.23b)
it follows that P (y) = 6Pq,(y), where Q is a heavy quark, which implies that:

£ (x,Q) = 6 f(x,Q) ' (3.24)
assuming that M; = my.

The perturbatively generated gluinos in the proton may be very important?® in determin-
ing the missing energy events expected in the light gluino case. The reason is that new hard
scattering processes must now be considered:

g+q—>q (3.25)
followed by the subsequent decay of the final state supersymmetric particle. In addition, there

are new 2 — 2 scattering processes;

gta—->a+sg (3.26)
gt+tq->g+q : (3.27)
E+tg>g+eg (3.28)
gt+tg—>a+q : (3.29)

The most important process to consider in the context of the missing energy events is Eq.
(3.25). The new 2 — 2 scattering processes given by Eqs (3.26)—(3.29) are numerically less sig-

nificant than the 2 — 1 process given by Eq. (3.25).
Equation (3.25) can be very efficient for the production of events with large EfS, For
example, if § - q + ;, then Efpiss =~ -;— M;. This is just a consequence of the Jacobian peak

aﬁalogous to that which is seen in the missing energy spectrum which results from W decay. Of
course, this decay mode is disfavored as shown in Eq. (3.18) since the scalar-quark is assumed
to be heavier than the gluino. The dominant decay is § — qg — qqa;; including fragmentation
effects, the resulting Ef's$ spectrum due to the photino is softened to such an extent, it turns

out that the rarer - q + ; decay dominates the missing energy events for the light gluino
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scenario if fragmentation and UA1 cuts and triggers are applied.

An important issue regarding the gluino distribution function has been raised by Barger et
al.'® in a recent paper. First, they remark that since gluinos in fhe proton have resulted from
g - gg, the procesvs given by Eq. (3.25) is in reality:

gtq—->g+ag (3.30)
where the final state gluino goes near the forward direction due to the kinematics of the process
in which the gluino is light and the scalar-quark is heavy. They note that if the gluiné distribu-
tion function as derived in Eq. (3.22) is used, then surprisingly, Eq. (3.25) results ih a larger
cross-section than does Eq. (3.30); thé relative factor for M; = 5 GeV is a factor of 2 to 4
depending on what value of Q, is chosen as a boundalv'yv'condition to set fg(x;Qoz) - 0. They
next éomment that Eq. (3.22) represents a leading-log computation which can be “reproduced”
by computing process 3.30 in the approximation that terms ‘in o(g + 'q — g + q) not propor-
tional to log(MZ/M3) are dropped. Finally, they argue that the tex;ms that were dropped in the
latter computation are important at the energies and masses of interest. In fact, these terms are
negative, which explains why the predictions of Eq. (3.25) wére so much larger than that of Eq.
(3.30). Their conclusion is that to a good appfoximation, one should simply neglect the gluino
component of the proton at SppS energies and simply use Eq. (3.30) along with all the other
2 — 2 processes discussed in Section 3A. |

For the most part, we agree with the analysis of Barger et al.'®* However, it is important

! equations (Eq. (3.22)) sums up, to

to keep in mind that the solution of the Altar’elli-Parisi4
leading log, the emission of multiple gluons. Thus, the use of the gluino structure function
incorporates processes beyond that of the simple 2 — 2 process given by Eq. (3.30). However,
this leading log approach can only be justified if
- R
as(Q°) log ME 1 (3.31)

Here, the relevant Q? = Mé. For M = 100 GeV and M; = 5, Eq. (3.31) is not satisfied; in

fact o4 log (M%/Mgz) ~ 1. This suggests that non-leading log effects can be important, and
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indeed this is what Barger et al. found. If Eq. (3.31) were justified, then one could properly
omit process (3.30) from consideration, and instead compute the gluino structure function and
consider prbCésses (3.25)—(3.29). However, in the present case, we believe that neglecting the
gluino content of the proton and including process (3.30) would probably result in only a very

slight underestimate of the missing energy signal.

Ironically, the UA1 collaboration has introduced a new trigger in their 19842>*2 run which
significantly enhances the gg production processes (Eq. (3.9)) with respect to both Egs. (3.25)
and (3.30) (see Sections 5 and 7 for further details). As a result, the uncertainty of the
relevance of the gluino structure function has in fact become a moot point regarding the
analysis of the 1984 data. Nevertheless, the issues discussed above are of interest from a

theoretical point of view and have relevance to heavy quark production in general.

D. Uncertainties due to perturbative QCD

Here, we summarize what we think are the uncertainties in the calculations presented in
this section. First, in the calculation involving the 2 — 2 hard scattering subprocess, one has to
choose a set of parton distﬁbution functions and a value for A.. We have chosen A = 0.29 GeV
and use the EHLQ structure functions® corresponding to this choice. We choose the running
coupling constant with dependences on the b and ¢ quark thresholds as given in Ref. 9. How-
ever, we neglect the effect of supersymmetric particle masses on the rﬁnning of the coupling
constant. We choose to evaluate the running coupling constant ay(Q?) in Eq. (3.1) at Q* = §.
One might also choose other possible values (e.g., Q* = p#), although, without a full computa-
tion of the #(a?) correction, such a choice is somewhat arbitrary. The higher order corrections
are neglected (“no K-factor is used,” to use the unfortunate but prevalent jargon), except that
we do investigate the effects of a hard 2 — 3 partonic subprocess. (in particular, Eq. (3.19))
where by “hard,” we mean that the transverse momentum of the radiated gluon satisfies
pr > 10 GeV. We have computed the distribution of light gluinos inside the préton and have

compared processes given by Egs. (3.25) and (3.30). Each step discussed above has some
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uncertainty. Overall, we feel that the calculation up to this point is certainly reliable to within
a factor of two. We would be hard pressed to claim the ability to make a more accurate predic-
tion at this time, especially given that one observes hadronic jets in the final state rather than

the original final-state partons. .
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4. THE MONTE CARLO EVENT GENERATOR

In. Sect. 3, we outlined the relevant formulas for computing the cross section for pp —
final state partons. Of course, the calorimeters of the UAI and UA2 detectors measure energy
deposition of final state hadrons and not the partons themselves. Furthermore, a given event
contains far rﬁore activity than a hard 2 — 2 (or even 2'— 3) scattering. One can make a list
of many effects which clearly take place which are not included in the simple parton formalism.
Such a list would include: initial-state gluon radiation, final-state gluon radiation, fragmenta-
tion and hadronization of final state partons, interaction of spectators; recombination of specta-
tors into color singlet final states, etc. In comparing a theoretical prediction with actual experi-
mental results, all these effects must. be accounted for in some way. In constructing our Monte
Carlo event generator, we have decided to incorporate these effects only in the crudest way. To
do anything more sophisticated would be pointless—withdut making use of a full detector
simulation__appropriate for analyzing the results of a given experiment. This is clearly the job of
the experimental groups themselves. We shall argue however that even with our crude imple-
mentation of “real world” effects beyond the parton modell,' we will be in a position to obtain
reasonable estimates of the magnitude of various differential cross-sections of interest as well as
the effects of triggers and cuts imposed by the various experiments. This will enable us to esti-
mate which ranges of supersymmetric particle masses are allowed or ruled out given the current
data. Precise limits must await a more complete analysis by the experimental groups at the

CERN SppS.

The procedure of our Monte Carlo Event Generator is as follows. We perform the
integration given by Eq. (3.1) by Monte Carlo techniques; the result is a series of four-momenta
for all final state particles (which result after the decay of all intermediate states). Each set of
four-momenta is called an “event.” For example, if the hard scattering was gg — gg followed
by g —» q‘d;, an event would consist of six four-momenta of two quarks, two antiquarks and
two photinos respectively. The parton four-momenta obtain in this way are interpreted as jets

as observed in the calorimeters of real experiments. This is a major approximation——
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hadronization of final state quarks and gluons is omitted.;7(Such a method has been recently
dubbed the “parton Monte Carlo.”) Such ax}“agp_r_o?&iimgtion'will preclude us from studying
many aspects of the data, For example, we cannol-galculate jet multiplicities and single jet
masses. Nevertheless, such a procedure probably does not do so badly in estimating the gross
features of the data: e.g., pr-distribution of jets, two-jet invariant masses, etc. One indication
of the validity of this approach is evidenced by the results of Ellis and Kowalski'® who have
compared the results of a parton-Monte Carlo and a Monte Carlo including hadronization.

They found that the differences were small for the quantities we consider.

In our previous paper'® and other early papers on this subject, fragmentation effects were
ignored; however, these effects can play an important role in determining the missing Et spec-
trum of a given event. For example, a gluino which is produced by some hard process must

first “fragment” into a supersymmetric hadron (say a gg or gqq vbound state) which then decays
weakly, emitting a photino which escapes the detector. If the momentum of the gluino inside
the supersymmetric hadron is less than that of the original gluino, then the photino spectrum
will be degraded compared to the spectrum which would have.resulted had fragmentation been
ignored. Let us define z to be the momentum fraction of the gluino (or scalar-quark) inside the
supersymmetric hadron. For large gluino or scalar-quark masses the z-distribution is sharply
peaked at z = 1, and fragmentation effects are not relevant in determining the missing energy
spectrum (due to the outgoing photinos). However, for gluino or scalar-quark masses less than
about 20 GeV, fragmentation becomes increasingly important and the result is a missing energy

spectrum which is softer than it would have been had fragmentation been ignored.

The implementation of fragmentation effects is a delicate procedure. One must be sure to
conserve energy-momentum in the process, and different procedures have been shown to yield
quite different results in the detailed structure of the events. We account for these uncertainties
in determining the reliability of our final results. Our procedure consisted of three steps, which
we shall illustrate using gg —» gg as an example. Step one was to generate t_hg initial hard

scattering gg—>gg, the result of which is two four-momenta of the two. Qutgoing‘gl'qinos. Step
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two was to generate a momentum fraction z by which we degrade the momenta of each final
state gluino. Such a z is generated at random according to a distribution éuégested by
De Rujula and Petronzio.?! We take the distribution to be: -

1

D(z,8) = [ dxdyd(z — xy) Dy(x,8) Day) (4.1)
Dy(x,8) = A1 — x)A7! (4.2)
A = 32 log [log(s/A%)/10(4MZ/A%) | (4.3)
_ _Nx(1 - x)?
DA% = 1T 7 ¥ af | (4.4)
2 ) .
0.6 GeV .
_ | 06Gev 4.
) [ M; ] *5)

where A = 0.29 GeV and N is normalized such that

1
D) dx =1 (4.6)

D,(x) represents the non-perturbative contribution to fragmentation as advocated by Peterson
et al.,** and Dy(x,$) is an approximation to the perturbative fragmentation due to gluon emis-
sion of the produced gluino. One could be more sophisticated and replace Dl(x,éj above by a
fragmentation function generated by solving the appropriate Altarelli-Parisi equations as was
done by Barger et al.'® The results of these two procedures are similar, so we have opted for
the simpler one to minimize computer time. Note that D(z,5) depends on §, the partonic

center-of-mass energy squared.

Given a gluino of four momentum (E;P), we replace it with a new four—momentum (E":D),
where E’ is chosen such that M = [E2 — z%5]'/2, We then impose energy-momentum conser-
vation by forming the remaining four-vector (E — E’, (1 — z) ). This four-vector is necessarily
space-like since an on-shell massive particle cannot decay into an on-shell massive particle of
the same mass plus a physical particle (with a time-like four-momentum). We shall proceed,
nevertheless, temporarily ignoring this problem. The important effect of fragmentation, namely

the degraded missing energy spectrum, is obtained by decaying the g with four-momentum
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(E’; D) into q'q';; . Finally, the left-over space-like vector is added back (arbitrarily) into the qq
final state system. Altﬁough this procedure seems qd hoc, we emphasize that fragmentation
effects are only important for very light gluinos. In this case, the gluinos produced at the SppS
will be quite energetic so that the decay products plus the fragments will be moving roughly in
the same direction in the laboratory and will be interpreted as one jet by the jet-finding algo-

rithm (see Sec. 5 for a description of this algorithm).

At this point, an event consists of final staté jets, missing transverse energy and clusters
which were not energetic enough to bé defined as jets by the UAL jet criterion. However, this
final state has resulted entirely from the Born approximation to the hard constituent scattering.
We have, so far, neglected a number of importaht effects: the possibility of gluon radiation, the
effects of the remnants of the original p and p which are colliding, the generation of hadrons in
the color neutralization of the final state jets, etc. Consider Itvhe effects on the final state jets
themselves. First, a jet can lose energy—in the fragmentation process or in gluon brem-
strahlung. Second, the jet can gain energy—particles not involved in the hard scattering can
stray into the cone which defines the jet in question. All in all, one can imagine that the pred-
iction of jet distributions (e.g., the Ejre' distribution) will be only marginally changed by includ-
ing such effects. Only the single jet multiplicities and invariant masses are totally unreliable

(where hadronization plays a crucial role).

An important quantity to consider is the total scalar transverse energy of an event
denoted by Er. This is defined experimentally by adding in.a scalar fashion the transverse
energy deposited in all calorimeter cells. This quantity is used by the UAI1 collaboration in
defining one of the triggers (see Sec. 5) and one of the missing energy cuts so we must cohsider
it here in detail. It is clear that such a quantity is incalculable in the framework of perturbative
QCD; in particular, the sum of the scalar transverse energies of the final-state jets is a severe
underestimate of the value of E1. To get an idea of the magnitude of such an underestimation,
consider pp collisions with no large pr jets in the final state (the so-called “minimum bias”

events). The UA1 collaboration has obtained the Eg distribution of such events,* which we
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reproduce here in Fig. 3. A noteworthy feature of the upper distribution is the long non-
ga;xssian tail at both low and high Ey. Quantitatively, the mean of this distribution (24 GeV) is
quite different from the median (18 GeV) and both numbers are larger than the value of Et
where the distribution peaks (12 GeV). To obtajn Et in our parton-Monte Carlo, one is
tempted to superimpose a minimum-bias event on top of the underlying hard scattering. In

fact, this is known to be incorrect. If one studies the UA1 and UA2 samples*5~4

of large-pr
two jet events, and subtracts out the two jets in each event, the Etr distribution of the
“remainder” is substantially harder, roughly twice that of minimum bias. We will use the term

“remainder” below with this technical meaning,

UA2 has further reported“.»that for Zpi > 15-20 GeV (which is always true for the
missing energy events considered), the energy of the remainder is roughly independent of Ep{e‘.
Qualitatively, such an effect is due in part to initial-state radiation which occurs when the con-
stituénts which participate in the hard scattering are pulled out the p and P and in part tb the
final-state radiation of the final state quarks and gluons in the process of fragmentation and
hadronization. In order to proceed with the analysis of Supersymmetric particle production,
one needs to knovy the Et distribution of the remainder in order to compute the Et of a given
Monte Carlo event. On the basis of the discussion above, it is likely that the remainder Er dis-
tribution in events with supersymmetric particle production will be roughly twice that of
‘minimum bias (in analogy to the two jet events). However, it is at present unknown how to
theoretically compﬁte the remainder Er distributions given a hypothetical hard scattering sub-
process. Furthermore, the hadronizing Monte Carlo programs in existence today were for the
most part developed for e*e™ — hadrons where the problems of initial;state radiation do not
arise. Monte Carlo routines which reproduce the correct remainder distributions appropriate
for hadron colliders have not been fully developed.*’ Given this current state of ignorance, we
have decided on the following_ course of action. We have rescaled the upper Et distribution
shown in Fig. 3 by a factor of 1.67 such that the mean is 40 GeV. (In fact, the median of our

rescaled distribution is 32 GeV.) We have found the following parameterization to be
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convenient:

CEf
Ef exp (bE7) + a .
where a ~ 257 and b ~ 0.036. For each event obtained by our parton-Monte Carlo, we choose

4.7

an additional random value for the remainder transverse'energy (denoted by E;) based on the

distribution given by Eq. (4.7). The total scalar transverse energy is then given by

ET = 2 ETi + E ETi + Er .
jets low o : ' . ' (4.8)
energy
clusters .
where by “low energy clusters,” we mean clusters which were not called jets since their

transverse energy was below the jet threshold.

Let us denote;

Ef'™ = Er — Y En . , (4.9)
jets .

From our discussions above, we expect the distribution of Ef*"™ to be roughly twice that of

minimum bias (i.e., with a mean of about 50 GeV). We have found in our computations that

E Er; = 10 GeV ' : : .
low - (4.10)

energy
clusters

in the mean. (This value is closely tied to the assumed value for the jet threshold). This

explains why we chose E; based on a distribution whose mean was 40 GeV. In studying the

monojet events, we can study ‘the publislie‘d data and compute E§"™® = Er — Eff"%¢ on an

event-by-event basis. Although the statistics are quite.low, we find that E¥' is distributed

with a mean of about 50 GeV, in agreement with the discussion above.

The precise choice for E; can have a tremendous impact on the number of events which
pass the UA1 missing energy trigger. This is unfortunate given that E; is not so well under-
stood theoretically. This uncertainty will be an important factor in determining the reliability

of our final numbers. This will be discussed in Section 6.
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To summarize, we have constructed- a Monte Carlo Event generator in which final-state
partons iaroduced by a hard scattering process are interpreted as energy clusters. Missing
transverse energy results from photinos which are emitted by decaying gluinos or scalar-quarks
which are produced in the hard scattering event. Fragmenmdon of gluinos (or scalar-quarks)

can be important if the mass of the gluino is less than 20 GeV. The main effect of fragmenta-

tion is to reduce the momentum of the decaying gluino tiereby reducing the mieeing energy
resulting from the escaping photino. The observable energy clusters remaining in the final sfate
are passed through a jet algorithm and interpreted as jets if their energy is above the jet thres-
hold. Finally, a remainder transverse energy, E,, is generated on an event-by-event basis in

order to calculate the total scalar transverse energy, Et, of a given event.
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5. MODELING EXPERIMENTAL CONDITIONS

Although the details of our simulation of UA1 experimental conditions2? may not make
exciting reading, they are critical to the validity of our results (especially for the question of a
light gluino). Furthermore, an understanding of these experimental conditions, which include
triggers, cuts, resolution and efficiencies, is essential if one is to attempt an extrapolation to the

| Tevatron Collider or the Superconducting Super Collider (SSC).

On the basis of extensive consultatioris vwith members of the UA1 Collaboration, we have
arrived at a procedure for simulating the UA1 cdnditions. Our approach.is not at all the same
as those used by others who haQe analyzed the UAI data. It is important to undefstand that no
Monte Carlo calcuiation can preci;e'ly. dublicate real évents" which come from experiment. At
times, one must introduce a Monte Carlo procedure which is somewhat different from the
actual experimental analysis. Nevertheless, we feel that the 'procedures we have employed
succeed in providing a good approximation to the UA1 methods. We have run tests to deter-
mine the magnitude of uncertainties introduced into our results by varying our procedures.

These are described in Section 6.

Our description of experimental conditions follows not the logic of the experiment, but
rather the logic of a theorist’s Monte Carlo which generates the 4-momenta of all final-state par-
tons. This Monte Carlo then modifies the momenta to simulate detector and fragmentation

effects and tests them against trigger and cut requirements.

Before generating the final-state partons, there are two preliminaries. One may wish to
give the initial-state partons a py distribution. This distribution is not, in general, well-known,
and our tests have shown that there is little sensitivity to whether or not any such distribution
is included. The results shown here have initial-state partons with zero pr. Secondly, before
generating each gluino decay, fragmentation effects “slow down” the gluino (as described in
Section 4). The “lost” momentum is then added onto the hadronic decay products of the

gluino. The manner in which this is done is somewhat arbitrary; however, fragmentation
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effects are only important for light (fast-moving) gluinos where the resulting jets coalesce.
Therefore it is not important how the momentum is added back in, nor is it likely that much

energy will escape the jet cone.

There are sources of “fake” missing transverse energy. Recall that a given event consists
of the jets (as determined by the jet algorithm) and the remainder, which has a mean transverse
energy which is roughly twice that of minimum bias. Oﬁe source of “fake” EFs is due to the
non-zero calorimetry resolution for the Er of the remainder. While an experimentalist cannot
distinguish unequivocally between the jets and the remainder portions of an event, a theorist’s
Monte Carlo obtains them independently. The genération of the Er-distribution of the
remainder was discussed in Section. 4. Here we note that the resolution in transverse momenta
is described by the distribution:

o~ 00Y/207  — (o220 | | | .1)

where for UA1

ox = oy, = 0.5 \VEF™® | ) (52)

E_f_xtra = E_}_otal — ZEFts . . » (53)

E§' is the transverse energy of the remainder plus that of any clusters not passing the UA1 jet
criterion. (We have oriented the co-ordinate system so that the beams define the z-axis.) Note
that the UA1 Collaboration chooses to define a quantity:

¢ = Vot + 0} = V20, = 0.7 \JEF" (5.4)
For their Ef cut, UA1 approximately combines this effect and that from jet resolution (see
below) by use of _

¢ = 0.7 VEP® | N : ) L (55

The UAL1 detector is somewhat inefficient in measuring jet momenta. While the precise

value of this inefficiency is not known, they estimate®® it at about 90%. We therefore reduce

the momenta of jets by 10% to account for this effect.
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o

The jet momenta are also subject to resolution effects (smearing), described in this case by

o (6p2)’/20f A A | (5.6)
with

o1y =02p; S - o 5.7
where we make the approximation that m(jet) = 0. Note that this resolution (5.7) is not the

same as that (5.2) for the remainder portion of the event.

As a result of the above smearing each jet’s momenta have changed so that “fake” missing
~ transverse energy is generated. The resulting missing transverse momenta are:

2 miss

= Pr (initial partons)
- z;‘;n (6utgoihg smeared parions) — Pr (remainder) . o o (5.8)

1 .

Then ,
EPS = Vo T R 69
Haying smeared the momenta of the partons, it is now necessary to consider when the
resultant jets would be coalesced into a single jet. Since we do not hadronize our partons, we
| éannot-exactly follow the UA1 jet selection algorithm. But we imitated-it at the partonic level.
We begin by ordering our jet-partons by their Et (jet(1) has the highest Er, etc.).
If jet(1) and jet(2) satisfy tﬁe con(iitiofn' "

@oP + @ >1 - , (5.10)
where ¢ is the azimuthal angle and n the pseudo'rabidity, then they are not coalesced (i.e., no
action is taken). Next jet(1) and jet(3.). are tested against conditibn (5.10) and if they.ag.ain

| satisfy it, then no action is taken. We broceed in the manner until jet(1) has been tested agéinst
~jet(n), n = 2,3,.N. Assuming that condition (5.10) is satisfied at each step, we next test jet(2)
against jet(n), n = 3,4,...,N ending up finally with testing jet(N-1) and jet(N). '

If, however, at any stage, jet(i) and jet(i.) (i<j) do not satisfy (5.10), then they are

coalesced, and the resulting jet-parton is labelled as jet(i), and one pr;)ceeds on in the same

manner except that there no longer is a jet(j).
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Now one must decide whether a jet (parton) is to be called a jet_ or simply considered as
additional transverse energy. The UA1 criterion is that

Eft = 12 GeV (5.11)

or it is not a jet. However, note that pif* is the momentum after the 10% reduction and after

smearing. If one secondary jet meets this criterion, the event is classified as a “dijet” event;

two secondary jets meeting the criterion is a “trijet” event. If only the leading jet meets it, the

event is a “monojet.”

We are now in a position to implement the UA1 cuts. If any of the conditions below are

met, the event would be excluded:

EPiss < 15 GeV (5.12)

ERiss < 44 (5.13)
where

o = 0.7 \VEt (total) _ (5.14)
|Angle (BT, vertical)| < 20° (5.15)

et ®) > 2.5, : (5.16)

The purpose of cuts (5.12) and (5.13) is to eliminate missing transverse energy events due to

mismeasurement in the calorimetry.

Two further cuts (used first with the 1984 data) are especially helpful for eliminating
events resulting from mismeésurement of QCD two-jet events. These cuts, however, use a less
restrictive definition of jets (so that they can be applied to monojets as well as dijets):

Efft > 8 GeV | (5.17)
(We caution the reader that eq. 5.17 is only used in conjunction with the cuts shown below,

Egs. (5.18, 5.19)). The cuts eliminate events with

angle (Bje2) > —Dietry) < 30° (5.18)

angle B , BI™™) < 30° (5.19)
Although these cuts are helpful in removing QCD background, they can also be quite effective

in removing monojets and dijets of supersymmetric origin,
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We now describe the conditions which can trigger an event. The UAL triggers are less
efficient at measurihg jet momenta than is the detector as described above. Furthermore the
_resolution is not as good either. Therefore, in testing whether our events pass the UAI jet
triggers, we further reduce the jet momenta by 20% (again 20% is UA1’s best estimate*®). After
the reduction, we account for non-zero resolution of the jet trigger by smearing the resulting

momentum according to the distribution:

— 2 2 )
e~ (®P1)/ 205 , oy =02p; . (5.20)
The final jet momentum thus obtained is used only to determine whether the given event
passes the UA1 trigger. For other computations, the jet momentum before this last reduction

and smear is used.

There were three UA1 triggers in the 1984 run. Events were kept if they satisfied any of

the following conditions (where jet(1) is the jet with the highest Er after smearing):*°

‘1. Eq(jet 1) > 25 GeV  (85% run) (5.21)
ErGiet 1) > 30 GeV  (15% run) ) (5.22)

2. E1(jet 1) > 15 GeV

and
1E-F‘is-s (left—hemisphere) — Efniss (right—hemisphere)| > 17 GeV (5.23)
3. Er(total in |s| < 1.4) > 80 GeV . - (5.24)

This last trigger requires a more restrictive 5 region than that used for other cuts and triggers
(|17\ < 2.5). To implement this particular trigger, we parameterized the data in the lower plot
shown in Fig. 3. This resulting distribution was scaled up by the same factor (1.67) as

described in Sec. 4. See discussion above eq. 4.7.

The second trigger (5.23) was not used for the 1983 run. While it apparently allows rela-
tively few extra events from QCD sources, we found that it would allow an order-of-magnitude

more events from supersymmetric sources if the gluino is quite light (M(g) < 10 GeV).
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6. SENSITIVITIES TO ASSUMPTIONS AND APPROXIMATIONS

Having completed the discussion of our procedure, there are several questions concerning
the sensitivity of our results to our assumptions. In which cases are we sensitive to the details

of our smearing procedure?. First let us consider the case of a very light gluino.

By examining Fig. 4 one vcan see why processes such as gg where M§ is small can have
large uncertainties. The peak in the curvé at low Eiss occurs where it does only because of the
imposed cuts and triggers. Otherwise the true peak would occur at extremely low EPisS, The
observable monojets are therefore very far out on the tail of this distribution. Because of the
steeply falling curves, any smearing due to resolution and any mismeasurement due to ineffi-

ciencies can and do have large effects. These cannot be p'erfectly determined.

By contrast, when heavy particles are involved such as for the qg process in Fig. 4 or dq~
in Fig. 5, then most events occur at EPs and E#' above the cuts and triggers so that the shapes
of distributions are only mildly affected by cuts, and changes in the rates are not important. As
a result our calculations are much more accurate when heavy particles are involved, and their

reliability is limited primarily by the accuracy of perturbative QCD.

As a result of these observations, in the light gluino case, 'small changes in our procedures
can result in a significant change in the number of events which pass the cuts. For example, we
tried various other approaches to smearing. In applying conditions 5.12-5.14, our original pro-
cedure involved computing precisely Ef" and Er (total) = Er (jets) + Et (remainder) from
the knowledge of the various jet transverse energies which were smeared. Alternatively, one
could first compute Efiss anﬁ Et (jets) from unsmeared quantities and then smearv the results.
Similar remarks apply to the. application of the jet trigger (Eq. 5.23 and 5.24). We found that
the results of these vériations ébuld affect the number of events passing the cuts by a factor of
two if the gluino were light. For heavier gluinos (and scalar quarks), the sensitivity to the

method of smearing was negligible.
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For light gluinos our lack of precise knowledge of the excess or remainder transverse
energy in an event (see Eq. (4.9) and the discussion in Section 4) contributes sigpiﬁcantly to the
uncertainty. This is again due to being on the tail of the E{-“iss distribution. Since we make the
cut of Eq. (5.13), Effs > 46, where o involves knowledge of this remainder energy, one is very
sensitive to the remainder since it is a small fraction of the events which pass the cut. When
gluino or scalgr quafk masses afe sufficiently larée, most events do pass the cut so we then have

very little sensitivity to our choice of a distribution of remainder energies.

Another example of an uncertainty which is important for light gluinos but negligible for
heavy gluinos and scalar quarks is that due to fragmentation effects. Altarelli et al.?? have
shown that different choices for implementing fragmentation can lead to differences of a factor

- of 20 3.

Aﬁother question as to the_reliabiliAty of our results céncems the effects of ignoring
hadronization (our final-state quarks and gluons are not converted into hadronic jets). In gen-
eral, for the rates and distributiqns we discuss, we believe this approximation does not have
major consequences. Ellis and Kowalski!® who have studied this question also reached this
conclusion. However, by ignoring hadronization, we are unable to calculate; a number of
interesting properties of the events; such as j_et shapes, jet multiplicities, and jet invariant mass.
In fact, the lack of hadronization means that when no coalescing occurs, the jets have zero
invariant mass, which is a very cfude approximation to the actual ph&sical situation. However,
when coalescing does occur (which is often nécessary to pass cuts and triggers), theﬁ the invari-

ant mass found for a coalesced jet is a reasonable approximation to the observable mass.

Hadronization is just one of a number of sources of uncertainty in'the calculation of the
dijet to monojet ratio. First, one should note that many of the observed monojet events have
secondary jets with E{ft = 6~11 GeV. This is virtually always the case with evenfs generated by
our supersymmetry Monte Carlo. As a result the difference between monojets and dijets is a

subtle one, quite subject to theoretical uncertainties.
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Among | the ﬁncertainties are nonperturbative QCD corrections and spectator activity
which can add to jet momenta, and energy }eaving the jet cone (e.g., by gluon bremsstrahlung)
which is not included in the definition éf the jet. When gluinos or scalar quarks fragment, it is
not known what fraction of the gluons goes outside the jet cone and what fraction adds to the
jet energy. Gluéh radiation by the hard jet will occasionally cause a monojet to fall below the
trigger reqhirementsf Gluon radiation from a hard jet or other sources (which might or might
not coalesce with a soft secondary jet) can sometimes lead to a secondary jet with
Eft = 12 GeV (we might call these dijets events “closet monojets”). We know that W and Z
production often has an accompanying hadronic jet. Experimental resolution and efficiency

also play an important role in determining the dijet to monojet ratio.

We believe that it is best to combine all missing energy events (monojets, dijets, trijets)
and thereby increase the statistical significance while decréasing the sensitivity to theoretical
and experimental limitations. However, this does not mean that one should ignore the
monojet-dijet distinction. There is a great deal of information to be gained by considering

them separately as will be seen when we discuss our results.

Finally, while a theorist can make every effort to model experimental conditions and
while such efforts provide a great deal of insight, the final analysis will be done with a true
detector simulation by the experimentalists. However, even detector simulation is not perfect

" since one never fully knows a detector.
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7. RESULTS FOR MONOJETS AND MISSING-ENERGY EVENTS
A. Recapitﬁldﬁon'

Our results are the consequence of the full analysis described in previous sections. All
supersymmetric processes for the production of scalar quarks and gluinos were calculated along
with all possible decay channels, and in the end they were summed. Our quoted cross-section

rates reflect this summation.

We report here rates for all combinations of M; and M. Detailed modeling of the new
1984 UA1 cuts and triggers is incorporated together with simulation of some detector resolu-
tions and efficiencies (see Section 5). Among the cuts are those which eliminate “back-to-back”
events. Fragmentation and gluon bremsstrahlung were accounted for, although we do not
hadronize our jets. , Since the pr distributions of initial-state parton distributions are not gen-
erally well-known and since our results show little sensitivity to dif’ferent choices, we have
chosen pr (initial-state) = 0 here. And finally, the integrations were done by Monte Carlo tech-

niques, but there were a variety of analytic checks for évery process.
B. The 1984 data

Let us ﬁrst. sumfnaﬁze the nev;lly‘reporfted 1984 data from the UAl Collaboration.?* They
found 23 monojets with at least 15 GeV of missing transverse energy in their 1984 run. They
identified 9 as having the characteristics of the W — 7 (r » v + hadrons) source. Of the
remaining 14 events, UA1 estimates tﬁat 6—8 events are due to background sources. We will
take 13 events as the 90% confidence limit for the number of events which could represent new
physics. Since their integrated luminosity in 1984 was about 270 nb~!, the 90% confidence
upper limit for monojet production due to new physics is then 4.8 events/100 nb~!. This _is
actually quite conservative since (as discussed below) our distributions show that most of these
events are unlikely to be from supersymmetric sources so that the real limit might be as low as

perhaps 2 events/100 nb™ !
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As discussed in Section 6, theoretical calculations of monojet rates are subject to the fine
distinction between monojets and dijets. We advocate use of the combined monojet + dijet +
multijet rate. The UA1 Collaboration reports that after the back-to-back cuts, 2 dijét and no
multijet events remain from the 1984 run where they estimate backgrounds at 2 events. The
total number of missing-energy events (after 7 subtraction) is then 16 with backgrounds at 8-10
events. We again take 13 events to be the 90% confidence level limit giving the limit for the
rate for missing-energy events with Ef® > 15 GeV to be 4.8 events/100 nb~!, while the dijet

rate’s limit is 2 events/100 nb™ 1,

As we advocated in our previous paper,!® one can make a higher cut on E{s in order to
eliminate most backgrounds. Of the reported missing-energy events in the 1984 run, only 6
would pass an Efs > 40 GeV cut. If we assume a background of 2 events, this leads to 8

events at the 90% confidence level or 3 events/100 nb™".
C. Limits on scalar-quark and gluino masses

Our results are summarized in the contour plots, Figs. 6—9. They should only be com-
paféd with the 1984 UA1 data. Let us momentarily ignore the region at very low gluino masses
where rates are low due to fragmentation effects. From Fig. 6 showing the monojet rate for
Efiss > 15 GeV and the data described above, we set the limits M(;] > 50-60 GeV depending

on M; and M; > 45-55 GeV depending on Mj.

We advocate use of all missing-energy events as in Fig. 7. From this plot and the above
data, we find My > 60-70 GeV depending on M; and M; > 50-70 GeV depending on Mj.
This significant improvement in the limits occurs because, for these large masseé, supersym-
metry predicts that dijet production should dominate over monojet production even with the
back-to-back cuts. So these results combining all missing-energy events are both ﬁ;ore limiting

and more reliable (since they need make no distinction among numbers of jets).
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If one wishes instead to assume that we can accurately separate monojets and dijets, then
the above results suggest that it will be useful to examine the dijet rate separately. This is, in

effect, done by subtracting Fig. 6 from Fig. 7. Using the above data we then find

65 M; = 150 GeV
Mi> 175 M;=80Gev
(7.1)
60 M; =~ 100 GeV
M;>1 70 M; = 80 GeV

The limits quoted above would change by AM = 5 GeV if our predictions were off by 50%.

If we turn to the event rate for Efi® > 40 GeV (Figs. 8-9), we see that the limits are not
as good for scalar quark masses and are non-existent for '{gluino masses. This occurs because
the missing-energy events are predicted to be heavily populated in the Effs < 40 GeV region
(just as the backgrounds are). As gluino and scalar quark mas;ses become very large, the distri-

butions get quite hard, but there phase space cuts off the rate.

How precise should we treat the numbers we have obtained (shown on our contour plots,
Fig. 6-9)? There are a number of uncertainties which enter into our calculation, both from
theoretical sources and experimental sources. Examples of the theoretical uncertainties are
those associated with perturbative QCD discussed at the end of Sec. 3. We have also stressed
in Sec. 6 that the uncertainties introduced due to our lack of knowledge of the transverse-energy
distribution of the remainder, i.e., that part of an event not included in the observed jets.
Other sources of uncertainty—smearing and our modeling of UA1 cuts and triggers were also
discussed in Sec. 6. In general, we expect the uncertainty in our numbers is less than a factor of
two. This implies an uncertainty in our mass limits of roughly 5 GeV. However, in the partic-
ular ease where the gluino is light (say M; < 20 GeV), much more care must be given to the
estimation of uncertainties. In fact, the numbers shown in our contour plots are much less cer-

tain in this regime. We now turn to the case of the light gluino in more detail.
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D. On the question of light gluinos

We have chosen to inte'rpref the data in terms of limits. Before addressing the question of
whether some of the observed events may actually be due to supersymmetry, it will be useful to
return to the subject of the very light gluino. As is evident in Figs. 6 and 7, the predicted event
rates drop off as M; becomes very small. - Very light gluinos lose much of their energy due to
fragmentation and gluon bremsstrahlung, and therefore they lead to very little missing energy.

As a result very few pass the EfFs® cuts.

The calculations for §ery low mass gluinos are subject to much larger uncertainties due to
fragmentation and to the sufvivi_ng events being on the tails of the E iss and E%“ distributions.
We woﬁld predict for‘ M; = 100 GeV 2.6 events/lbO nb‘v1 for a 5 GeV gluino and 13
events/100 nb_"l for a 3 GeV gluino (these are all moqojets; dijet production is negligible).
While these numbers are Iiltl;lCh larger _than the 4.8 events limit, one cannot neglect the imcer—
tainties intrinsic to theoretical calculations for light gluinos, discussed 1n Section 6. Our tests
convince us that these uncertainties could be as much as a factor of 4 or 5 if added linearly. In
spite of this la-rge ﬁncertainty, our predicted event rate is large ehough to conclude that

M; = 5 GeV is ruled out and that M = 3 GeV is very margihal. If the photino mass is non-

zero the photino would carry off even more energy, and our results would be strengthened.

An additional input on this subject comes from the beam-dump experiments. A recent
BEBC experiment® gets the limits Mz > 3-4 GeV at the 90% confidence level (depending on
the value of Mg). Therefore, what some authors have referred to as a “window” allowing light

gluinos, is at best a “peephole,” and most likely is ruled out.

This conclusion could not be reached in the papers (including ours) analyzing the 1983
data for two primary reasons. The new missing-energy trigger in the 1984 run is extremely
important for gg production when M; < 10 GeV. It raises our predictions in this case by an
order-of-magnitude, while experimentally this trigger does not dramatically change the observed
£36

rate. The calculation of the ggg process by Herzog and Kunszt’® was not available for the

*
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earlier analyses, and we find it increases our predictions for 5 GeV gluinos by a factor of 3.
While other recent refinements bring down the rate a little, the end result is that because of the

higher rates predicted, it is now possible (or almost possible) to rule out light gluinos.

E. Supersymmetry—Lost or found?

Could some of the observed monojef events be dt.xe-to the production of gluinos or scalar
quarks? The UA1 Collaboration?® cannot rule out the possibility that 6-8 of the monojets
come from new physics. There are, however, two factors which argue against the monojets
coming from gluino or scalar quark productioh. Both are consequences of the fact that the
appropriate event rate (2-3 mbnojets/ 100 nb~! ) only occurs for large My or M; (=60 GeV).

For such masses we would predict 4-6 dijets/100 nb™!, and these certainly have not been

observed. Furthermore, at these masses one would exﬁec'tféigniﬁcant numbers of monojets

with Efiss > 45 GeV, and only one was observed in the 1984 run (compare”Fig. 5).

The two obse;'ved dijet events (surviving the back-to-back cuts) in the 1984 run have
Episs > 55 GeV. Althbugh there is a roughly edual backgfound expected, these backgrounds
are unlikely to have so mﬁch ERiss A 70-90 GevV scalar quark could give dijets with such
characteristics and with this rate, and would produce very few monojets. Clearly, however,'

such speculation must await considerably more statistics.

F. Comments on backgrounds

Some if not all of the observed monojet events mﬁst be due to “backgrounds,” i.e., due to
Standard Model physics. One can produce ¢, b and t pairs through the usual QCD processes,
and their semileptonic decays will oc_casionally mimic monojets. Monojets can also arise from
a variety of processes in which a W* or Z° boson is produced. Depending on the process, there
may be a hard gluon (jet) produced in conjunction with the W* or Z°. The most common pro-
cess 1s, of course, W — 1v with 7 - v + hadrons. The reaction pp — Z° + g with Z° — wy also

is important. We have calculated these last two processes using the same procedures and
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results have been obtained:

1

M; = L, (8.1)
M2 = m$; + C; M2 + m} (Tsq — e sinf) cos28 - (8.2)
Mék =mf, + CERMEZ + me, sin%fy cos28 ‘ (8.3)
M} = m$, + C; Mg + mZ (Ts, — e, sin’bw) cos28 o (8.4)

- MZ = mj); + C; M} + mie, sin’bw cos28 v 8.5)

where tan 8 = V2/Y1 and the c;.onstgntls are given by: .C'dn = O.‘85, C(~1R = (.78, C;L = (.08, and
C;, =0.02. T3 and e; (i=q,¢) are the weak isospin and electric charge (in units of ¢) of the
quarks and leptons respectively. Strictly speaking, egs. 8.2 and 8.3 must be modified somewhat
for the third generation; we refer the reader to ref. 53 for the details.' Equation 8.1 follows from
eq. 2.1; in models where the gluino mass is not too large, the LSP is approximatély a pure pho-
ti_no with the mass shown above. We notcd above that in médels where m; is notvtoo heavy, it
follows that v; = v,. _Thjs in turn implies that cos28 = 0 and therefore the scéiér—qﬁark and
scalar-lepton masses depend on two parameters. It follows that

MZ = M§ - 0.8 M} (8.6)
This is an interesting constraipt, in that it implies that the gluino cannot be much heavier than

the scalar quark.

Another constraint can be obtained by considering the cosmological implications of a light
photino.’*~%¢ In particular, since photinos are the LSP (and thus stable), their annihilation rate
must be sufficiently efficient to reduce their abundance in the early unive.rse toa .cosvmologically
acceptable level. (Another cosmologically 'gcceptable solution—to have the photino nearly
massless like the neutrino—is unacceptable, since by eq. 8.1, it would imply a nearly massless
gluino, which is almost certainly ruled out) A calculation of Ellis et al.® shows that
M; = 0.5 GeV if My 2 20 GeV and M; 2 5 GeV if My 2 100 GeV. (The efficiency of pho-

tino annihilation decreases as the scalar-quark mass increases.) Using Eq. 8.1, this leads to a
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lower limit on the gluino mass as a function of the scalar-quark mass.

The two constraints discussed above substantially limit the region of the My — M; plane

which is consistent with the minimal low-energy supergravity model described above.>’

B. An alternative: The light. Higgsino

It would be misleading to finish the discussion of low-energy supergravity models without
indicating the possibility of other scenarios. We have emphasized earlier that many of our con-
clusions (and our strict mass limits) depend on the assumption that the photino is the LSP. It
is of interest to consider whether it is possible to construct models where this assumption is not

“valid and what the implications are for another candidate for the LSP.

We will consider ihe case where the LSP is a light‘ Higgsino. In the minimal model' dis-
cussed above,v the Higgsino mass turns out to be Mg ~ p ~ dkmg/z). Hence, unless the gluino
mass is‘lzvi.rge enough (implying a large value fof -M;; via Eq. 8.1), the Higgsino will not be the
LSP ‘Howe\;er, as shown in ref. 27, one can _easilyvgeneralize the minimal model in such a way
that the parameter u is not constrained to bé O(m3/;). In such a model, the Higgsino will be

the LSP as long as p < M,

Let us summarize some of the phcnomenologiéal implications of this alternative scenario.
First, the photino will tend to be the second lightest supersymmetric particle, and hence only
two decay channels are available: y — {TH or v - vH. The latter decay occurs via a one-loop
Feynmaﬁ diagram (see refs. 27 and 28). ‘The three-body tree-level decay of the photino occurs
via the exchange of a virtual f Because the Hff vertex is proportional to the mass of the fer-
mion (my), this decay rate is negligible and the decay ; - vH is the dominant one. Calcula-

‘tions of the two-body decay yield approximately:

N,
1 GeV ] @7

7 = 10713 sec. [
Y M‘;
which indicates that the photino decay is prompt unless M; is sufficiently light. Note that

because the photino is now unstable, the cosmological limits for the photino obtained by Ellis
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et. al.>® no longer apply. Instead, one now finds cosmological limits on the Higgsino mass:
either My <.100 eV or My = my. Since the Higgsino and gluino masses are logically indepen-

dent, there is no phenomenological reason which rules out a massless Higgsino.

Scalar-quark and gluino decays are, however, unchanged. In pn'nciplé, one could have
g — quTI and 4 - qﬁ. However, as stated above, the Hff vertex vis proportional to m; and
hence these decay rates can be neglected as compared with the standard ones involving the pho-
tino. Two cases can be envisioned. - If the photino is long lived (see Eq. 8.7), then it will escape
the collider detectors, and there is no change in any of the results obtained in this paper. How-
ever, if the photino decays promptly, ;'-» 'yﬁ, then the phenomenology changes drastically.
First, when supersymmetric parﬁcles are produced, ‘the resulting missing-energy spectrum
softens considerably. As a result, fewer events pass the UA1 EfsS cuts, and the limits on super-
. symmetric mésses obtained in Sec. 7 are significantly wéékened. Although we have not yet
implemented this possibility in our Monte Carlo program, we may quickl§ obtain an estimate
as to the new limits. We do this by noting that Dawson®® has investigated the implication of
missing energy events for supersymmetric models which {l_iolate R-parity. In these models, the
photino is the LSP but is unstable and decays via ; — yv. Thus, the signature is identical to
the case we are considering here, so we may use her results. Dawson finds (see Fig. 11 of ref.
30) that the number of events which paés the UA1 cuts and triggers is roughly a factor of five
less than in the case of a stable photino. This suppression factor is roughly independent of Mj
and M;. If we reduce the numbers which appear in Figs. 6-9 by a factor of five, we would

obtain the following allowed regions for Mz and Mg:

M; < 5GeV or Mz 40 GeV - (8.82)

ot

M; = 45-60 GeV (8.8b)

In Eq. (8.8b), the better limit is obtained as we take the gluino mass approaching the scalar-

o

quark mass. Note that the “light-gluino window” has returned. That is, we no longer feel able
to rule out gluino masses of order 3 < M; < 5GeV since the number of predicted events pass-

ing the UAT1 cuts has been significantly reduced.
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Suppose we accept the possibility that a few of the ’xrrior‘)l(.)jgt;s;'éould be due to supersym-
metry where the Higgsino is the LSP. As argued a‘lié’?e;l wﬁén 'séalér quarks and gluinos are
produced, they decay into photinos which subsequentiy decay intd Higgsinos: ; - ‘yf-i. Thus,
these events should contain photons! Can' this be ruled oﬁt?' At present, the answer seems to
be negative. The photon could not be easily distinguished from a 7° in the UAI detector, so
these events would just exhibit extra observed neutral energy. A ‘signature'which could confirm
ér exclude such a model is the presence of events where one photino gives a hard photon plus a

soft ﬁ, and the other photino gives a soft photon and a hard }~I, so the full event has large E{riss,

an isolated hard photon and one or more jets.

~ o~

Note, however, that some limits do exist from ete  ‘physics. The process eTe™ — v7,
;-» 7I~I can take place yielding e*e” > yy + missing energy. Such a process has been
searched for at PETRA; no events of this type above background have been seen.’® This

implies that the cross-section for ete™ — ;; cannot be too large. Since this process occurs via

exchange of a scalar-electron, the absence of this process (assuming an unstable photino which

decays radiatively) puts a limit on the scalar-electron: M; = 100 GeV. By Egs. 8.6, this implies
that Mz = 100 GeV. Thus, in the case where the Higgsino is the LSP, supersymmetry cannot

be the explanation for monojets unless the gluino is vei’y light, M; < 5 GeV.

.
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9. FUTURE TESTS AND CONCLUSIONS

A. Search for supersymmetry at future hadron colliders

What are the implications of our analyses for higher-energy colliders such as the Tevatron
and the SSC? Experiments searching for supersymmetry or for other new physics will have to
make choices on cuts and triggers, and will have somewhat different resolutions and efficien-
cies. The choices will be based in part on how backgrounds scale; but also on how quantities
such as E; scale (where E, is the remaining transverse energy in an event after the jets are
rerhoved). Of course, E, aléo depends on how the experiment chooses (or needs) to define the
jets; both the jet algorithm and the required minimum E{P‘ enter this definition. The theoretical
calculation of E, involves knowledge of initial-state radiation and other aspects which theorists

are just now learning to include in QCD Monte Carlo programs.

As a result of our ignorance of backgrounds, of future experimental conditions and of the
‘scaling of E,, it will be difficult to make precise predictions for the Tevatron and the SSC. We

do intend, however, to study these questions and to try to find some qualitative answers.

B. Summary and conclusions

We wish now to summarize the results which we have described in this paper. Our
analysis is based on the newly reported UA1 collaboration data?? from the 1984 run with an
integrated luminosity of approximately 270 nb~!. Since somewhat different cuts and triggers
were used than in the 1983 run énd the energy is different, our results apply only to the 1984

data.

We conclude that if there is any excess of monojet f‘events.after backgrounds are sub-

- tracted, it is unlikely to come from the production of gluinos or scalar quarks, assuming the
photino is the lightest supersymmetric particle. We showed that the combination of a powerful
new trigger in the 1984 run and the inclusion of the g8g process in the analysis, has reduced the

so-called “window” for a light (~5 GeV) gluino to a “peephole” at most. For heavier gluons or
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scalaf quarks (up to 60 GeV), the problem is that these strongly-interacting supersymmetric par-
ticles would have been produced at too large a rate (compared to what is observed). For even
heavier gluinos or scalar quarks, where phase space would keep the rate down at appropriate
levels, we find that the dijet-to-monojet ratio would be 2 or greater. With the UAI back-to-
back cuts imposed, only 2 dijet events survive (before background subtraction), so that at most
one monojet would be expected. Furthermore, the Efiss and l?,jret distributions for such masses
would be significantly harder than what is observed experimentally (with poor statistics). So
there appears to be no range of masses which would lead to the type and rate of monojet events

observed from these sources.

The two dijet events observed in the 1984 run2? have very large EFS, These events are
certainly consistent with the type and rates expected from, say, qq production with
M; = 70-90GeV and M; somewhat larger. However intriguihg these two events are, there

may be a long wait for adequate statistics to learn more about their origin.

What we can do is set lower limits on the masses of gluinos and scalar quarks. We have
chosen to be conservative and to assume (for setting limits) thaf all ‘missing-energy events
above UA1 background estimates are due to supersymmetry. If we do this, we find that the
lower limits (90% confidence level) on gluino masses are 60-70 GeV depending on scalar quark
mass. The lower limits on scalar-quark masses are 65-75 GeV depending on gluino mass.
These are the most restrictive limits found to date for any supersymmetric particle. Imperfec-
tions in our modeling of UA1 experimental conditions and uncertainties from nonperturbative

QCD effects can change these numbers for limits by +5 GeV.

If wé change one of our basic assumptions and assume that the Higgsino is the lightest
supersymmetric particle, then our analysis changes somewhat. Because the photino would
decay, the missing energy in events with gluinos and/or scalar quarks would be softened, imply-
ing that fewer events would pass the UA1 cuts and triggers. We find new mass limits which are

less restrictive than those above: Mi < 5GeV or ME = 40 GeV, and M; = 45-60 GeV. In
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particular the light gluino window has reappeared.

. . - . . . hd .
These new limits are effective in restricting some models for supersymmetry which were

specially designed to produce low masses for some supersymmetric particles.

Although the mass limits we have found are quite large, note that we have yet to reach
my. If supersymmetry is to éxplain the origin of the electroweak scale, then it is natural to
assume that this is the relevant scale for determining the masses of certain supersymmetric par-
ticles. Thus, it certainly is not unreasonable to expect supersymmetric masses to be on the
order of 100 GeV or perhaps somewhat larger. The fact that the CERN Collider has shown no
evidence for supersymmetry to date is disappointing, but in no way should this be considered
as a problem for tﬁe theory. In faét, based on our analysis, it is clear that the Tevatron (with
its larger energy and luminosity anticipated) will have the capability of investigating a new

range of masses of particular interest to supersymmetry.
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APPENDIX A: MATRIX ELEMENTS OF SUPERSYMMETRIC PROCESSES

We have computed the squared matrix elements for the supersymmetric processes given
by Egs. 3.9-3.14, 3.17 and 3.18. Many of these can be found in the literature (see e.g.,—

Ref. 11,13). For convenience, we have collected the necessary formulas here. Our notation is

as follows: \i ]3ve is the squared matrix element summed over final state spins and colors and _
averaged over initial state spins and colors. We do not include a factor of 1/2 if there are two
identical particles in the final state in the formulas below. However, such a factor must be
included- if a total cfoss section is computed by integrating over the full 4x steradians. A few

comments on each calculation are provided.
1. Gluino Pair Production

a) gg >gg (Fig.10a) -

ij(gg - gg)lgve =
9gs {Z(Mg2 - (M7 — u) MXs — 4M)) }
4 &2 + — M)@ — MD) + fitu) + fu,y) (A.1)

where the function f(t,u) is given by:

(M2 — (M2 — u) — 2MZ(MZ + 1) N (MZ — (M2 — u) + MZ(u — 1)
(t — M2 s(t — M)
1'59

fitu) = (A.2)

In computing this amplitude, we have employed the trick which Georgi et al.”” used to compute
the squared matrix element for gg —cc. By setting p;«(p;) = pr-«(p2) = 0 directly in the ampli-

tude for Fig. 10a (where p; and «(p;) are the four-momenta and polarization vectors of the initial

gluons), one can show that it is then correct to replace Y ef(pi)eX(pi)* = —g* for both initial
A

gluons.
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b) 4@ — g8 (Fig. 10b) -

= ggd [ 9[(M2 — 12 + (M2 — u)* + 2M2|
\/(qq-»gé)\z - { £ ]\:2‘ M

+ Ms + g(tu) + g t)}'
— MDu — MD) g(tu) + g(u,
‘'where, ’ ' K
M2 =1t)?  o(MZ2—1)? + M2
.g(t,u)=4[ s ]+ M~ ; &

(A.3)

(A4

- In the above equations, we have summed over q, and gg exchange (for fixed initial flavor

q). We have taken G and Gg to be degenerate in mass which we denote by Mj.

The one subtlety in computing this process is the sigh of the interference terms. To get

these signs correctly, note that there is a relative minus sign between the second and third

graphs of Fig. 10b. This sign arises due to Fermi statistics in the interchange of identical final-

state gluino lines. In addition there is a relative minus sign between the first two graphs shown

in Fig. 10b. This sign is a little more subtle, although it can be traced to the fact that all fer-

mion fields anticommute. This sign is analogous to the one which appears in the s-t channel

interference in e*e” — ete™.
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2. g - qg (Fig. 11d)

- 4MZ —u) 8MEM?Z — 1)
. ~) 4 g _ a\v"g
\/(Qg - qg)‘ave Bs { 9s ot — Mé)z
s(MZ — u) + 2MZMZ — u) tMZ — uM?
(u — M@y (u — M)t — M)

AMIMZ — tMZ —uM?  Mjs — (u — MH(s — M + MD) }(A 5
18s(t — M3) s(u — M) '

This amplitude can be written in many different ways (using s + t + u = MZ + MJ). We have
checked that the dbove form is identical to the more complicated looking form given in Ref. 11.
Our definitions here are: t = (p; — k;)%, u = (p; — ky)? where the four momenta are chosen as

indicated in parentheses: g(p;) + q(p2) = d(k;) + E(kz).:

3. Scalar-Quark Pair Production

In the formulas given below, we take §p and g to be degenerate in mass and we sum
over the production of both types of scalar quarks. In addition, we assume that ns flavors of
scalar quarks are degenerate and sum over the production of all possible flavors when appropri-

ate. In this paper, we have taken ny = 5.

a) gg—>qq (Fig. 11a)

~ o ngd 2(4MZ — s)?
Y3 2. = 56 —

+ 5—92 [8s(4MZ — s) + (u — 1)} + h(tu) + h(u,t)} (A.6)
where,
t+ M2 )% (s — 4t — 4aM2
h(t,u) = 32 [ a ] (¢ Vo)

N 6(t — u)(s — 4t — 4M3) — 2(MZ — u)(s — 2t — 6M})]

=MD (A7)

This result has been obtained from Ref. [11],
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b) qiq; = qiq; (Fig. 11c)

Ifi # j, then
~ ~ e~ 4gs4
M (495 — Qi)\ave = o5 k(t,u) (A.8)
where

sMg2 + tu — My
(t — M)

where we have summed over degenerate q; and Qg but take the flavors i and j to be fixed. An

k(t,u) = (A.}9)

identical formula holds for qg; —»E{c‘fj and qiq; - aﬁj. Note that t = (p; — k;)? where the
- four momenta are chosen as indicated in parentheses: qi(p;) + qj(p2) — di(ky) + qj(k2). Note

that we disagree with Ref. 11 on this point, as scalar quarks of different flavors are distinguish-

able in principle (see the discussion at the end of Appendix B).

Ifi =, then,

ey 4gd « ) — 2M§s |
[4aq > G9)lave = ~ (tu) + k(u,y) 3~ Mu — M) (A.10)

where k(t,u) is defined in Eq. (A.9) and we have summed over 4 and qg. One subtlety here is

the question of identical particles in the final state. Indeed, we must explicitly insert a factor of
1/2 when computiﬂg the total cross-section. Since we do not include this factor of 1/2 in our
expressions for the squared matrix element, then we must define:

\# (aq > G3)P? = |# (@q » Gd)] + |# (aq - Gr@R)] + 2|4 (aa » Gap)}  (A1D
The factor of 2 above accounts for qyGr + Qrqr. (If we had used the convention where the
factor of 1/2 does appear in the squared matrix element when final state .scalar quarks are
identical, then no factor of 2 would be required in Eq. (A.11). For further details, see Appendix

E.4 of Ref. [5).)

¢) aiq; - dde  (Fig. 11b)

If i # j , then Egs. (A.8) and (A.9) apply here as well. Ifi =j and k = ¢, then an additional

Feynman graph is allowed (see Fig. 11b) and we find:
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- dg |
| #aq - GD|de = —g— [k(t,u) + 2Lsf2 [s(s — 4M2) — (u — 1)}

(MZ = t(u — 1) + s(MZ + 1)
3s(t — M)

(A.12)

(d) Scalar-Quark Production via'W and Z Decay (Fig. 12)

In the abové formixlas, we have neglected the contributions due to the exchange of a real
or virtual W or Z. Consider the effects of the graphs shown in Fig. 12. We make use of the fol-

ldwing Feynman rules:

— —i I — 1+
Vaiqj “El'&‘)’“ [EL[ ) 5] +8R[ 275]] (A.13)
Vade 5t el - ko | (A

where V is a gauge boson and the four-momenta are defined as follows: V — qi(k;) + Qe(ks).
The appropriate values of g; and gg for W and Z exchange may be obtained from Figs. 71 and

72 of Ref. 6. For completeness, we summarize the results here:

.
V2 o , for Wqq vertex
BL™ 1 2Ts — egsiny - A.15
3 €qsin 0w) — ( . )
| cosIW , for Zqq vertex
1 .
; 0 s for Wqq vertex
BR ™ 1 —2esin% (A.16)
q w — .
{ oSt , for Zqq vegex
( , for VqLqp vertex
. v (A17)
—BR ' for Zqrqr vertex
_ 1 1 2 1 .
where T; = + 507 and eq = 373 for the u and d quarks respectively. We then
find:

g'e(el + gR)s(s — 4M3) — (1 — w)}
64/(s — m¢)? + T'¥m¢)

where we have allowed for the nonzero vector boson width, I'yv. In Eq. (A.18), we have not

# @G - V — 3de)|de = (A.18)
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summed over different ﬂavors of final state scalar-quarks; nor have we summed over q; and
dr. (We have taken two final-state scalar quarks to be degenerate in mass.) In principle, we
must also compute the interference of Fig. 12 with other diagrams contributing to qiq; — Qide-
However, at the CERN collider, only the on-shell production of W and Z-bosons can conceiv-
ably lead to appreciable scalar-quark production. In the limit that the vector boson is real,
interference diagrams vgmish and we may make use of Eq. (A.18) along with a narrow width
approximation, replacing phe Breit-Wigner dominator by (x/T'ymy)é(s — m¢). Equivalently,
one can use a Monte Carlo routine to produce W and Z events, and then decay the W and Z

into qq. The relevant decay rate (for equal mass scalar quarks) is:

e . 3/2 a
I(V—>ad) _ & [ _oaMg ] (A.19)
(V> aq) 2 +ed) m¢
Using Eq. (A.17), it follows that
I(V - GG + GrAr) _ 1 [1 _ My ] | (A.20)
T(V - q0) 2 m¢ )
4. qq—>gy (Fig.10c)
e 8g2e%el | M2 — M7 — 1)
2 _ S q g
|./[ (qq -> g‘Y)IaVe = 9 .Y(M(% — t)2
M2 — (M2 —u 2sM M=
Mz 2)( g2 __ ) . g x ’ (A.21)
(M2 — u) (M2 — )(MZ — u)

where we have included both qp and qr exchange. Note that the two diagrams in Fig. 10c
differ by exchange of the final state fermions. Even though these fermions are not identical,
Fermi-statistics requires that these two diagrams have a relative minus sign, leading to the sign

of the interference term shown above.
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5. qg—>dy (Fig. lle)

| (ag > a)je =

g2e%2 [M.f —u  2MAt-M2) 2t — MHMZ — M) — 2sM? a2
3 5 (t — M2)? s(t — M2) '

where we have added the results for ;. and qg production.

6. § — qay (Fig. 13)

We assume that My > M; so that the scalar-quark exchange is virtual. The squared
amplitude for gluino decay may be obtained from Eq. (A.21) by crossing symmetry. If one

takes into account the different spin and color averages for the two processes:

L
16

L

forg —» qﬁ; and 36

for qq — E;, one may immediately write down:

~ —~ 2.2.2 pkikyk; p-koky'ks
4@ darlae = Bac'eq [[(kz Tk — MEIP (ki + ko — MZP

N M;M;k ks ]
(k2 + ks — ME[(ky + ks)* — MJ]

(A.23)

where the four-momenta are defined by: g(p) — q(k;) + qkp) + §(k3). We have added both

dr. and Ggr exchanges and have assumed that these masses are equal.

If we take M; = 0, then we may easily integrate Eq. (A.23) over phase space. The result

is:

- e2M; ' ' -
IG > gy = 2478 |38 — 2 + 3R — )R — ) log | R L (A240)
4r 2 R
where
2
R = F} (A.24b)

In the limit of infinite mass scalar-quarks (R -» oo), we expand the logarithm and obtain:

~ aselM;
I - 437 } Ty (A.25)

—————
- o 48rM{

which is the well-known result.5®
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7. §—>qq
We now assume that Mz < M; so that the emitted scalar-quark is real. If we compute the
four possible final states: qqr. qdr, Gqr. and qdg, the result upon adding is: )
(A.26)

@ - qaLr + qALR)de = 487k
where p is the gluino four-momentum and k is the quark (or antiquark) four-momentum. It
(A.27)

follows that the corresponding gluino width is:

a(MZ — M2)?

r =
. 3
2M;
8.9 — B
If Mg > M;, then this décay is possible. For a fixed initial state,
@ > @k = =5 e2prp2 ' | (A.28)
where p; and P2 are the final state momenta. It follows that:
‘M2 2 i ‘
T@—> 8 = 3 aMg |1 — ifi  (A29)
q
9. § - qv
Using the same notation as in the last case
(A.30)
(A.31)

\# @ = q7)|&e = 4e%dpi

implying that
2 )2
M ]

-1z

ae&Ma [ M2
q

N =

TG — qv) =
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APPENDIX B: AN EXAMPLE: SCALAR—QUARK PAIR PRODUCTION

We shall briefly discuss Gq production to illustrate some technicalities and to mention
some simplifications which may occur. First, when scalar particles are produced (which subse-
quently decay), there is no need to compute the f)hase space for the n-body final state (n > 2).
One simply computes the 2 — 2 subprocess. The final state scalar-quarks decay isotropically in
their rest frames, and this is easily implemented in the Monte Carlo. Then, all we need to con-

sider is
o(pb ~ 43 + X) = 3 [ duidx Q) (x,Q) #*73 (1.0) B.1)
- ab

Let us use the results of Appendix A. For simplicity, we neglect the contributions of W and Z

exchange. Let us denote:

| (g8 > qQ)|3e = Ma(t,0) | (B.2)
2 (@q; ~ G§d)|2e = Mp(t0) , i#j , : (B.3)
1 (aa - D[ = Mc(td) ,, (B.4)
\# (ai@ — §T))|2e = Mp(t,8) ’ (B.5)

The relevant combinations of structure functions are given below:

Py = g(xpe(x2) (B.6)
Py = u(x))d(x2) + W(x;)d(xs) + Wx)d(xz) + ulx;)d(x2) (B.7)
P; = d(xpu(xy) + d(x)u(xs) + d(x)ulxy) + d(xu(x,) (B.8)
Py = u(x))u(x) + W(xpu(x) + d(x,)d(xz) + d(x;)d(x2) (B.9)
Py = u(xu(xy) + d(x;)d(x,) , (B.10)
P; = U(x;)U(x) + d(x;)d(xy) ' (B.11)

In this notation, f(x) = a(x) and f(x) = P = a(x) where a = u,d for the u and d quarks. The

gluon distribution function is denoted by g(x). We then may write eq. B.1 as:
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o(pp - Q4 + X):= f dLips f dx,dx; {P.MA(f,ﬁ)
+ P,My(,d) + PMg(if) + % PsM(L,)

+ PMp(i,0) + P;MD(ﬁ,t)} | (B.12)

where dLips is the usual two-body Lorentz invariant phase space element. As discussed below

1

> is required in the one case where the final state consists of

eq. (A.10), an explicit factor of

identical scalar-quarks. Note that Mg and Mp are not f — i symmetric; hence we must inter-
‘change 1 and @ when we interchange x; and x, in going from P; — P; (i = 2,4). This is the
proper way to ‘deél with final states consisting of distinguishable scalar‘quarks.’

In more complicated processes, the procedure is similar except that in general we must

construct the squared matrix element for a 2 — n process (ti > 2), as shown in Sec. 3. Then

the integration dLips will refer to the appropriate n-body phase space element.

-
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FIGURE CAPTIONS

The structure function of the gluino versus x when Mz = 5 GeV and Q = 100

GeV. The gluon structure function is shown with a dashed curve for comparison.

Feynman graphs for calculating the Altarelli-Parisi splitting functions for
(a)g - Q(_2 (Q = heavy quark) and (b) g ~ 2.

The Et distrib_utiqn observed by the UA1 collaboration for events with no large pr
jets (“minimum-bias” _events), taken from ref. 44. The distribution shown in the
upper plot (]n] <3 used for the “remaindér” portion of hard-scattering events

was based on this distribution, but scaled so the average Et was much larger (see

text). The distribution shown in the lower plot (In| < 1.5) is similarly rescaled

aﬁd used in conjuncﬁén with the third trigger (eq. 5.24).

The .E}“i“ distribution eipected from gg (solid curve) and from ¢g (dashed curve)
production at Vs = 630 GeV if M;=5 GeV and M = 110 GeV. The g¢g distribu-
tion is cut off at small E{"$* by experimental cuts. All of the new 1984 UAI cﬁts
and triggers are included.

The Ef'** distribution expected from g production at Vs = 630 GeV if My = 50
GeV and M; = 150 GeV. All of the new 1984 UAI cuts and triggers® are

included. -

| The number of monojets per 100 nb~! passing the new 1984 UAIl cuts and

triggers” shown as a contour plot as.a function of M; and M;. The 1984 UAI

data have an integrated luminosity of about 270 nb™ !,

The number of missing-energy events (monojets; dijets plus multijets) per 100
nb~! passing the new 1984 UA1 cuts and triggers shown as a function of M; and

M;. The 1984 UALI data have an integrated luminosity of about 270 nb~ L.
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Figure 8.
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Figure 12.

Figure 13.
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The number of monojet events per 100 nb™! as for Fig. 6, but with the additional

cut EPFis > 40 GeV imposed.

The number of missing-energy events (mbnojets, dijets plus multijets) per 100

nb~!as fo; Fig. 7, but with the additional cut Ef** > 40 GeV imposed.
Graphs for the production of gluinos. Graphs (a) and (b) show gg production via .
gg and q(q scattering respectively. Graph (c) shows §; production via gq scatter-
ing.> For gq production, see Fig. 11.

Graphs for the production of scalar quarks. Graphs (a) and (c) show qq produc-

tion via gg and qq scattering respectively while (b) shows dq production. See also.

Fig. 12. gq and ;?1 production are shown in graphs (d) and (e) respectively.
Graph for the production of Gq via W or Z bosons.

Graphs for the gluino decay g - qﬁ;. The quarks q may run over all possible

flavors such that the decay is kinematically allowed.
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