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ABSTRACT

We report on a comprehensive study of supersymmetric processes which could
glve events similar to those observed at the CERN SppS collider. The present
lifﬁited data seem to suggest a gluino mass S 20 GeV and a scalar-quark mass
of 100 — 120 GeV, although certain other supersymmetric masses are not yet
excluded. With this choice of masses we also predict that other events with
different characteristics should be observed. An essential ingredient of our anal-

ysis is the inclusion of events originating from a perturbatively generated gluino

distribution function inside the proton.



Theoretical attempts to overcome certain fundamental problems underlying
the Standard 'Modlel (the “hi.erarchy”1 and “naturalness”’ problems) suggest
.that new physics beyond !:he Standard Model must a.ppeaLr3 at an ehergy scale
of order 1 TeV. The CERN SppS Collider is the first.of a new generation of
accelerators that will beginvto appféach this scale. Thus, there is anticipation
in tlie theoretical com:hunity that we may be on the verge of uncovering new

physics.

Numerous models ha,vé‘ been constl.'uc.tedlbin recent years that attempt to
deal With the problems mentioned a‘bove;;among these are supersymmetric theo-
iries. There has been considerable theoretical work to determine the likely signa-
tures of supersymmétrié partners which could distinguish them from Standard
Model physics.4 1n particular, much attention has been given to the production
of scalar-quarks and gluinos at the CERN Collider.”™"? A key feature of most su-
persymmetric models is that there exists a lightest stable supersymmetric particle
vwhich' is electrically neutral and behaves very much like. a neutrino; in particular
it would escape the detectors at fhe CERN coll_ider. For simplicity,‘ we shall as-
sume that this particle is the phétiﬁo, 4 (although our results are more general
than this assumption). Thus one of the ”fun.dame;ntal signals of supersymmetry
is the existence of a new weakly-interacting neutral particle. This implies that
an experimental signature for this new physics would be events with unbalanced

energy and momentum.

Such events are indeed seen at the CERN céllider by the UA1™ and UA2™

collaborations. They are characterized by one or more large transverse momen-

tum hadronic jets and substantial missing transverse energy. One discusses en-

3



ergy and momentum transverse to the beam direction, since some longitudinal
energy always escapes down the beam pipe. Of the events mentioned above, the
UA2 events' all contain an accompanying electron, whereas most of the UA1

events'® contain no observed lepton. We shall focus here entirely on the UA1l

events and consider the UA2 events elsewhere.15

The most striking of the UAi events are those where there is exactly one
large PT jet and substantial missing transverse energy — these are called monojet
events. From the experimental poiht of view, there are two aspects of isolating
a sample of such events. First, how does one define “substantiai” missing trans-
verse energy? One must be careful since measurement error on an event which
conserves transverse energy can lead to the appearance of missing pr. Second,
how does one define a hadronic “jet”? In order to deal with these issues, the
experimentalists impose a series of cuts and jet sélection criteria to obtain the

final data set. We summarize these cuts now.

The relevant variables include Er, the total scalar transverse energy, which
is found by summing transverse energy over all calorimeter cells, and E,_,'f“"",
‘the missing transverse energy in the event. For the hadronic jets, E;ft is the

transverse energy and n = —log tan(8/2) is the pseudorapidity.

The missiﬁg energy cuts are: (a) -Ez'f"'" > 40 with 0 = 0.7 x \/E_T This
cut atf.empts to eliminate events with missing energy which result from non-
uniform c.alorimetry and other mismeasurements. (b) EF**® > E, where the
UA1 collaboration has chosen E, = 15 GeV, #lthough we will impose a more
severe constraint below. (c) Ete¢ must not point to within +20° of the vertical

(due to the absence of calorimetry in the vertical direction).
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The jet energy is deﬁned by choosing a jet axis and adding up all energy
within a cone defined by [(A¢)? + (An)?] < 1. It is required that the most
energetic jet have energy E%.ft 2 25 GeV. This particular cut was changed slightly

]

over the course of the run, and we have accounted for this change appropriately.

All additional jets are counted as jets only if E%et > 12 GeV. By this def-
inition, monojets have one jet with E;.et > 25 GeV and no additional jets with
Eé.,et > 12 GeV. Dijets have in addition to the leading jet exactly one additional

jet with E%et > 12 GeV, etc.

Having implemented all the cuts described above, the UA1l collaboration
quotes the following number of events which passed the cuts during their 1983
run’> (corresponding to 113 nb™! of data): 17 mbnojets, 5 dijets and 3 three-
(or more)-jet events. The UA1 collaboration then notices that a large fraction
of events lie close to the 40 cut on missing energy. By additional analysis, »they

argue that 11 of 17 monojets, 5 of 5 dijets and 2 of 3 three-jet events are consistent

with the tail of QC'D background.

We arrive at the same conclusion simply by imposing one further cut: we
" demand that EP*** > E, where E, = 32 GeV. We would then be left with
6 monojets, no dijets and oﬁe three-jet event. These events are well isolated
and are more likely to live in a background-free region. UA1 has very recently
reported from their 1984 run’® preliminary results of an additional 8 monojets
and 8 dijets for 130 nb‘i. At the time of this wfiting; they have discussed in
detail only those events (4 monojets and 4 dijets) which sa.t‘isfy EI'Z‘“" > 40 GeV.
Note that 5 of the 1983 mbnojets also have Ez'f‘“‘ > 40 GeV. Our goal in this

work is to attempt to answer the question: Can the monojets be a result of the
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production of supersymmetric particles? We summarize in this Letter the results

of a comprehensive study; details will be given elsewhere.'® 17

Supersymmetric particle couplings are precisely determined by the model,

since they are related by supersymmetry to known couplings of ordinary parti-

cles. Model dependence only comes in due to the necessity of supersymmetry

breaking. This leads to supersymmetric masses and mixing angles which are a
priori unknown, and which we therefore take to be free parameters (which will
eventually be measured by experiment). Our bias, which follows from low-energy
supergravity models,18 is that (at least) five flavors of scalar-quarks are approx-
imately degenerate in mass, and for these flavors the qr, — ¢r mixing and mass

splitting are small. We also ta.ke M;; =0.

We have attempted to calculate every supersymmetric process which could
lead to monbjet and dijet events of the type observed by UA1l. The signatures
of these processes are always dependent on whether Maf > M?i or M; > M. We

also considered on-shell W* and Z° production followed by decay to §g.

For M; > M’E,

- qq B=r/(1+71) ,
L {qﬁ B=1/(1+7) 1)
§— gy | (2)

where B is branching ratio and r = (4/3)a,/ael. For this case, we studied the

production of the following supersymmetric final states:

~

e ad

99, 9q and 9. G
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The relevant cross-sections for the elementary subprocesses can be found in ref.
5.In addition, if the gluino is light e'noug'h,. it would be perturbatively generated

6,

as a component of the proton.® '° We calculated the gluino structure function

for various gluino masses, so that we could investigate

i ' . : . - ~

G+e—F  with1 §oq . (4)

and

g+qg—q with §— q%'.. . (5)
‘The process § + g — ¢ can produce no events surviving the cuts. (Note that in
this case, Q2 = M.gg unless we consider off-mass-shell production, and the gluino
structure function is zero for Q* < 4M§2».) The production of gq leads to an

8-body final state with.no events able to survive the cuts and is not reported

here.

For‘"M'gv > M; the gluino and scalar:quark decay via:
A | §g—e@ e (6)

7~ . LM
For this case, we have studied the production of

@ 9@ 9@ and @ (8)

We employ the formalism of the QCDQimproved parton model.?° We gehér-

ate events using a Monte Carlo integration technique ahd decay all final-state

1
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éupersymmetric particles. We interpret all final-state quarks as “hadronic jets”.
We then implement the UA1 cuts and jet criteria as putlined. As a result of these
cuts, a “theoretical” n-body event usually becomes a monojet or a dijet. Finally,
we obtain cross-sections and various differential distributions for monojets and

multijet events which survive the cuts.

There are quite a number of subtleties in the above procedure which we briefly
comment on below. Our Monte Carlo program produces a final state of quarks
whereas in the real world only hadrons are seen. These hadrons presumably
come both from the quarks produced at large pr as well as from the quarks
left behind in the protons (the “spectators”). Thus, it is unclear how we can
predict numerical values for the total scalar transverse e(nergy, Erp, on an event-
by-event basis. Although minimum bias events at the CERN Collider.21 (events
éontaining no large pr activity) tend to have a distribution in Er averaging about

20-25 GeV, ordinary QCD two-jet events have the property_that when the two
..jets are removed, the remaining energy in the event has an Ep that is roughly
" twice that of minimum bias.? Furthermore, if one removes the leading jet from
the monojets, the remaining event has #n Er that averages around 50 GeV (with

large variation).

If fhe monojets are due to supersymmetry, then the difference between Er
atﬁd E;et (i.e.- 50 Gev on average) is presumably due to two sources. One source
would be hadrons resulting from the supersymmetric particle decay which did not

‘pass the UA1 jet cut, YE%“ > 12 GeV. The second source would in part consist
of similar mechanisms which led to the excess Er observed in two-jet events

mentioned above. Thus, when we obtain events from our Monte Carlo we have



chosen to identify Er as
Er=) Er,+E, (9)
t
Where ET; consist of all ﬁnal;staté quarks whether or not they end up in jets which
pass the UA1 cuts. E,isa tfansi'erse energj >distribution which cofresp‘onds to
what is observed in ﬁlinimum-bia;s événts scaled up so as tp give an average which

we have taken to be 40 GeV.

Given the method described above, we have computed cross-sections and

distributions for monojets, dijets, etc. originating from the supersymmetric pro-

cesses which successfuily pass the UA1 cuts. We reiterate that we have imposed

an additionél cut that EI'Z“""‘" > 32 GeV or > 40 GeV. This is more likely to place
us in a “background-free” region and allows us to obtain more reliable bounds

on possible supersymmetric masses.

In obté,in_ing. oﬁr results we have ﬁot multiplied by thé so-called “K-factor”.
Other ppssible sourcés of uncertéinty come from thev gluino structure function
calcula.tioh which a,ssﬁmes A= 0.2§ GeV and the gluon\ structure fﬁnction of
Ref. 20 . We shbuld also point out that our caléulated monojet rate from
the production of a pair of light gluinos or .light scalar-quarks is less than that
reported elsewhere,a_12 aue priinarily to our imi)roved handling of UA1l cuts

as described above. As a result we find that gg production does not rule out

Mf; < 40 GeV.

For the supersymmetric processes and analysis described above, our results
for monojet total cross-sections are summarized in Fig. 1 Current data would

lead us to expect the allowed regions to be roughly 2-10 events per 100 nb~!
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in Fig. 1. We would like to emphasize that the uncertainty in our calculation
increases significantly for M; S 5 GeV for several reasons. Although the total
cross-sections for processes such as g9 increase rapidly as M; decreases, virtually
nothing' £5asses the cuts; as a result one needs to generate an extremely large
number of Monte Carlo events to get good statistics. For these low masses one is
very sensitive to the fragmentation of the gluino into a supersymmetric hadron
because of the Ez'f“'“ cut. Similar problems arise if this supersymmetric hadron

first decays strongly before the gluino decays.

It is important to note that Fig. 1 shows the sums of monojets from all
possible processes irrespective of the shapes of distributions. In fact we find that
different supersymmetric processes for fixed M; and Ma« can lead to quite different
distributions. Not surprisingly it is the masses of the produced particles which
most strongly affect the distributions. For §§ or §q production vthese masses
must be less than about 50 GeV to obtain monojet rates large enough to explain
the data. For gq productlon one can choose M~ small and thereby allow M~ to
be as large as 100 — 120 GeV." For such masses an even larger contribution®
comes from g + ¢ — ¢ for which the largest monojet contribution comes from the
decay § — ¢ +¢. For M; (or Mj) S 50 GeV the curves for §g (or §q) always
peak- at significantly lower values of E"'““ EJ 't and myr (the transverse mass)
as compared to 99 énd processes given by egs. (4) and (5) with large M and
small M;. Reasonab.le.rates for the sum of all processes can be obtained for
Maf =~ 100 — 120 GeV and M; S 20 GeV. The gluino mass strongly affects the
rate, because the gluino structure function drops very rapidly with M; (for these

Q?), but the shapes of the distributions are domina;ted by Maf.
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Fig. 2 shows the mr distribution for My = 40 GeV and M; = 80 GeV
whe‘re a'd'p_roductionv is the dorninant .contri,bution. The da,ta.m'16 include points
from experimental Tuns a at both /s = 540 and 630 GeV. The curves show the
calculated dxstrlbutlons for Vs = 540 GeV; but one should note that rates can
increase by as much as a factor of 2 in going to the higher energy. However,
the shapes of the dlstrlbutlons are essentlally unchanged and the ra.tes can be
readjusted by small changes in the relevant supersymmetrnc masses. Fig. 3
shows the mT dlstrlbutmn fdr the.sum of all processes when M~ = 110 GeV
and M~ = 10 GeV. The largest contrlbutlons here are from g+¢q — ¢qand
‘gg productlon Increasxng the cut for E"““ from 32 to 40 GeV decreases the
" number of §§ g9 events (whlch popula.te the low Eéft, E"“" and mr reglons) by a
factor of 4 Of course the events below E""“ = 40 G’eV still should be found
unless the efﬁcxency for ﬁndmg such events is lower than the efﬁcxency for events
vv1th larger E"“" or unless fragmentatlon effects (dlscussed earlier) push some
-events below the cuts. In Flgs 2 and 3 we show the 1mpact of this choice of
the E”““ cut for the mT dlstrlbutlon Whlle adequate fits are obtained for the
- E""” > 40 GeV cut, we clearly predlct that the events below the dashed curves
| must also be found Note that for E"'““ > 32 GeV the mr dlstrlbutlon of Fig.
3is 51gn1ﬁcant1y harder than that of F1g 2. Slmllarly, we have found that the
EJ et dxstrlbutlon in the case of F1g 3 peaks about 10 GeV higher than in the
case of Fxg 2. Although data are llmlted we feel that the existing data for
E""“ > 32 GeV are more hkely to be con51stent w1th the curves of Fig. 3 than

with those of F1g 2.

Almost all monojets are produced centrally with |7| < 1.5. The monojets
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from gg production ordinarily occur when the two quark jets from one of the
gluino decays coalesce. This results in an invariant mass distribution for these
monojets which peaks just below the gluino mass. By contrast we find that the

monojets from §+q — § and §q rarely involve coalescence and are therefore more

narrow.

Current data indicate roughly less than or equal t'o 1 dijet per monojet.23 In
" the case of a heavy ¢ and light §, the dijet events usually come from d—q+7.
The ¢ gives a hard jet passihg the ngt R 25 Gei’ cut whereas the gluino leads
to a softer jet. For M; ~ 110 GeV and M; ~ 10 GeV werﬁnd‘ that the dijet
to monojet ratio is 60% for EF*** > 32 G’eV.a.nd 20% for EF'** > 40 GeV.
Thié clearly ixidicates that the dijets from this source should ha,ve‘ less E’;?“"
than the monojets have. The dijets which do survive the 40 deV cut havt? mr
= 100 — 120 GéV, and are usually separated by nearly 180°. For the l&'q" case
(M;' = 40 GeV) 1;he dijet to mbnojet ratio is about 65% for eithef cut. Dijets
from this source would h'a,ve.m'_r = 80—150 GeV and are separated by 70°—170°.
The recently reported dijet events 16 ha.ve considerably more missing energy fhaﬁ
the observed monojets, and this largel E,_,'!‘I"“ is difficult to explain fQ.r any choice
of supersymmetric masses. However, we ha,vé not included in our calculations
certain effects which may substantially alter our conclusions "about the dijets.
For e);ample, othef dijets may result from monojets' due to QCD eﬁfecvts such
as gluon radiation or the emergence of- the second (unstruck) gluino frém the

proton. Further details concerning the dijets will be prdvided elsewhere.'*"!"

We have not calculated two possible backgrounds: (a) Z° + g production

with Z° — vw or (b) W — vr production. However, the former process is
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not exbecteci to contribute appréciably to the observed events.>* Background
from the latter process can Be‘elimir:lated by_ taking EI'Z“'“ R 40 GeV. We have
;alculated disfributions and rates for the hypothesis of Glg.show aﬁd Ma,noha,r,25
twhere monojets arise from Z decay into light scalars) and find that it is roughly

consistent with the data (although no dijets from this source survived the cuts).

If M; and Mf; are in the range suggested in Fig 3, two other predictions can

~

be made. In many models, the supersymmetric partner of the W (@) will be light

~ enough so that ¢ — ¢qw will have a non-negligible branching ratio. If W — ev

(where the U escapes undetected), then one will find events with an isolated

lepton, jet and missing transverse energy. We also expect that a gluino-gluino

" bound state of mass equal to ZME will lead to a small enhancement in ordinary

two-jet events at that ma,ss,26 which may be observable by a dedicated search.

In a longer paper15 we will show dijet distributions and examine new CERN
data at \/s-= 630 GeV. The next step in our progré,m is to account for fragmen-
tation and hadronization effects so that we may more realistically analyze the

experimental observations.

In conclusion We‘" have .Stﬁdied a large variety of supersymmetric processes
and find that there is only a small ra.hge of M;'v and M; values Which may be able
explain the observed monojets With large ET'?"’. The d_a.t;a appear to suggest that
the monojets come mainly from the decay of a maSSi;re_(IOO — 120 GeV) object
such as a scalar-quark. However, we canﬂo‘t yet rule out the regioh M; ~ 40 GeV
and M; ~ 80 GeV. In order té obtain appropriate rates when M'qv ~ 110 GeV

from § + ¢ — § (for which we have calculated the gluino structure function), we
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find that the gluino must be S 20 GeV in mass. Since in this case M; is small,
we predict that gg events must also be observed; these will populate the low mp
region under the dashed curve in Fig. 3 and will also have lower Eg.et and Ez'f‘“‘ .
The number of such gg events might be smaller than shown ii: the fragment‘ation
"of the (light) g‘lﬁiﬁés results in fewer events passing the cuts. Estimﬁtions of dijet
contributions are more difficult to make, in part because some dijets presumably
are due to QCD corrections to monojet events. The fact that the observed dijets

have more E}"‘“ than the monojets have may be indicative of these effects. .
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FIGURE CAPTIONS

1. The number of monojet events at /s = 540 GeV per 100 nb~! passing the
UA1 cuts plus the E%’""" > 32 GeV cut are shown as a contour plot as a
function of Mfgv and M;. This number is the total from all supersymmetric
sources irrespective of whether the distributions from a given source fit the

observed distributions. As discussed in the text the uncertainty in this

number is large for My (or M;) S 5 GeV.

2. The transverse mass distribution (mr = [2E§ftE§‘"i“ (1 — cos8)]2) in pp
scattering from monojet events passing the UA1 cuts_ahd Ej'f“'” > 32GeV
(dashed) and E*** > 40 GeV (solid). The curves show the sums of con-
tributions from all supersymmetric processes when M&' = 40 GeV and
M; = 80 GeV.' The contributions are mostly from gq production. The

- histogram shows the data from Refs. 13 and 16 for E;""“ > 40 GeV.

3. The transverse mass distribution in pp scattering from monojet events pass-
ing the UA1 cuts and EJ*** > 32 GeV (dashed) and EX*** > 40 GeV
‘(solid). The curves show the sums of contributions from all supersymmet-

| ric processes when M7 = 110 GeV and M; = 10 GeV. The contributions
at low m7 below the dashed curve come largely from §g production while
“those at high mz come largely from the process given by eq. (4). The

histogram shows the data from Refs. 13 and 16 for Emiss > 40 GeV.
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