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We present a search for events consistent with the production and decay of the squarks and gluinos of
the minimal supersymmetric standard model (MSSM) in the DO detector at the Fermilab Tevatron pp
collider. We examined data for events containing large missing transverse energy and three or more
jets. We observed no excess of events above the expected yield from standard model processes. For
a choice of MSSM parameter values, we set a lower limit at the 95% confidence level on the mass of
the gluino of 144 GeV/c? for all squark masses and a lower limit of 212 GeV/¢? for equal squark and
gluino masses.

PACS numbers: 14.80.Ly, 13.85.Rm

Despite the experimental success of the standard model possible extensions. One attractive extension is super-
(SM) there is great interest in looking for evidence of its symmetry (SUSY), a spacetime symmetry which relates
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bosons to fermions and introduces a supersymmetric part-
ner (sparticle) for each SM particle. SUSY provides a
natural solution to the fine-tuning problem of the SM and
yields a candidate for dark matter. It also allows super-
symmetrized grand unified theories (SUSY-GUT’s) that
are consistent with experimental measurements of the pro-
ton lifetime limits and can unify the U(1), SU(2), and
SU(3) couplings of the SM at the GUT scale. The su-
persymmetrized SM with arbitrary SUSY-breaking terms
[1], however, leads to a plethora of new parameters which
make phenomenological analysis of the experimental data
intractable. Such analyses become more feasible if one as-
sumes that the many SUSY-breaking terms are related as
in a supergravity (SUGRA) GUT model.

In this Letter we present a search, in the framework of
the SUGRA-inspired MSSM, for squarks g and gluinos
g, which are the SUSY partners of the quarks and gluons
of the SM. We assume conservation of R parity, a
symmetry which has multiplicative quantum numbers +1
for SM particles and —1 for sparticles, and, therefore, the
sparticles must be produced in pairs in pp collisions and
the lightest supersymmetric particle (LSP) is stable [2].

The data used in this analysis were obtained with the
DO detector at the Fermilab Tevatron collider operating
at a pp center-of-mass energy of 1.8 TeV. The total
integrated luminosity collected by DO during the Tevatron
1992-1993 run was 13.5 = 1.6 pb™!. The DO detector
has three major subsystems: central tracking detectors,
a nearly hermetic liquid argon calorimeter, and a muon
spectrometer. A detailed description of the DO detector
and data collection systems can be found elsewhere [3].

The expected cross section for § and g production
at the Tevatron is large. For example, for m; = mgz =
200 GeV/c? the expected combined cross section for
gluino and squark production is approximately 10 pb.
There are three major production mechanisms for squarks
and gluinos: gluino pair production, squark pair produc-
tion, and associated gluino and squark production. The
details of the decay modes for squarks and gluinos depend
on the input parameters of the model. In general, the de-
cay of each squark or gluino involves intermediate state
charginos and neutralinos and results in a final state con-
sisting of a LSP and jets, with or without leptons. Since
the LSP is stable and does not interact in the detector, the
production of a high E7 LSP results in large missing trans-
verse energy (£7r).

In this analysis, we use the excellent jet energy resolu-
tion and coverage of the DO calorimeter to look for events
with three or more jets and large £7 in the absence of lep-
tons. The major backgrounds to this event signature are
the leptonic decays of W and Z bosons produced in asso-
ciation with multiple jets, where the leptons are misiden-
tified or not detected. Poorly measured multijet events
can also contribute to the background, but their contribu-
tion falls very rapidly with increasing £r. Jets are found
from calorimeter information using a cone algorithm of
radius 0.5 in 1-¢ space [4]. Er is calculated from the
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energy deposits in the individual calorimeter cells and is
defined to be the negative of the vector sum of the cell
transverse energies.

We trigger on events with combinations of K7 and
jet candidates; we use Er thresholds ranging from 20 to
40 GeV. In the off-line selection, we initially filter the
data by requiring F7r = 25 GeV and by applying other
cuts similar to the event selection cuts described below.
A more detailed description of the trigger, event filtering,
and reconstruction algorithms for electrons, muons, jets,
and F7 is given in Ref. [5].

Events with multiple interactions can introduce large
uncertainties in jets E7 and Er since the angles assigned to
calorimeter energy clusters can be incorrect. We require
that only one reconstructed vertex be found, and thus we
reduce the effective luminosity to 7.1 + 0.9 pb~!. The
uncertainty includes the uncertainty in the single vertex
detection efficiency, the misidentification probability of
a multiple interaction as a single interaction, and the
uncertainty in the luminosity (12% systematic), all added
in quadrature. After trigger selection and an initial filtering
of the data sample, this requirement yields 3811 events.

In order to assure that the event is well contained in the
calorimeter, we require the z location of the event vertex to
be within =70 cm of the nominal beam collision position
(the z axis is parallel to the proton beam). A total of
3730 events pass this cut.

The most powerful parameter for distinguishing the
/& events from the known SM backgrounds is Kr.
We require Fr > 75 GeV to reduce the backgrounds
significantly, especially the multijet background, while
keeping substantial signal efficiency. Our on-line trigger is
fully efficient for events that pass this cut. This cut results
in 107 remaining events.

We next require that there be three or more jets with
Er > 25 GeV and || = 3.5. We reject any event that
contains a jet with Ex > 15 GeV in the same 7 range
which fails any of the following quality criteria: (1) 0.10 <
electromagnetic fraction of the jet Er << 0.90, (2) the ratio
of the highest cell energy to the next highest < 10, and (3)
the fraction of Er deposited in the outermost calorimeter
layer (which has a depth of 3.2 interaction lengths) <
0.4. These requirements are designed to distinguish real
jets from jets formed around noisy calorimeter cells and
jets induced by particles from the main ring accelerator
bypass through the outer layers of the DO calorimeter.
Although the DO calorimeter is nearly hermetic, in the
region 1.1 < |n| < 1.4 there is no fine segmentation
suitable for electromagnetic calorimetry, and the energy
resolution is compromised. We reject events in which the
leading E7 jet appears in this region. Large K7 events
with mismeasured nonleading jets in this region do not
contribute significantly to the background. A total of
32 events pass these cuts.

Some events with little true Fr are found to have
large measured E; due to fluctuations in the measured
jet energies. To remove such events, we order the jets in
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terms of decreasing E7 and define 6 ¢, as the azimuthal
angle between jet k and the F7 vector. We reject events
that have Er opposite or adjacent (8¢ > 7 — 0.1 or
8¢ < 0.1 for k = 1,2,3) to any of the three leading
jets. Furthermore, we reject those events in which a
fluctuation of the second jet masks the correlation with
the first jet (\/(6 1 — 7)% + (8¢2)? < 0.5). These cuts
are effective in rejecting the multijet background. There
remain 22 events after these cuts.

The decays W — €7 and Z — 777~ (with one of the
taus decaying leptonically) are significant SM sources of
real £7. To remove these events we require that there
be no electrons with Er > 20 GeV and no muons with
pr > 15 GeV/c. A total of 17 events survive this cut.

Finally, these 17 candidate events are studied for anom-
alies, and we find three events which cannot be produced
by the signal or the backgrounds we are considering. The
first of these contains a muon, consistent with a high en-
ergy cosmic ray, which escapes our muon rejection cuts
because it is significantly out of time. It interacts in the
calorimeter to produce a large visible energy and large ap-
parent ¥7. In the other two anomalous events, the vertex
algorithm fails to construct a vertex near the true origin of
the jets in the event. Instead it mistakenly constructs a ver-
tex far from the origin. When the events are reconstructed
using the origin to calculate Er, the fail the 75 GeV Er
cut. We reject these three events, which leaves us with a
final candidate sample of 14 events. Figure 1 shows the
Er distribution of these events.

To estimate the W /Z associated background contribu-
tions to the final candidate sample, we use a Monte Carlo
(MC) package composed of the VECBOS [6] generator for
parton generation and a modified version of ISAJET [7] for
subsequent fragmentation and hadronization. We produce
events with either a W or a Z and one, two, or three jets.
These events are then passed through a simulation of the
DO detector based on the GEANT [8] program. We also

TABLE 1.

Predicted backgrounds from W and Z production in association with jets.

ok
>
T

Events / 20 GeV

0L T DU T I A P P

75 100 125 150 175 200 225 250
Missing E; (GeV)

FIG. 1. The F; distribution of the final 14 candidate events
(solid circles with error bars), the background simulations (solid
line, normalized to the same luminosity as the data), and a
signal sample with m; = m; = 200 GeV/c? combined with
the background (dashed line, normalized to the same luminosity
as the data).

use data to determine background efficiencies for the jet
quality and muon identification cuts in order to minimize
possible discrepancies between data and MC events. Our
W /Z background estimates are shown in Table I. The
cross sections are determined with VECBOS. The statistical
uncertainties reflect the small statistical uncertainties in
the VECBOS cross section and the uncertainties in the
branching fractions from the Particle Data Group [9];
the systematic uncertainties include the 10% per jet
systematic uncertainty in the cross section from VECBOS.
The dominant source of the systematic uncertainty in the
detection efficiencies is the jet energy scale uncertainty
(£5%) [10]. The systematic uncertainties in the expected
number of events include the uncertainty in the luminosity.
The sum of our estimates for all W and Z backgrounds

oypB is the product of the VECBOS cross

section and the branching fraction for the process, ep is the efficiency, and Nprq is the predicted number of events in 7.1 pb~ .
The notation 7¢ indicates the leptonic decay of the 7; the notation 7, indicates the hadronic decay of the 7. For each channel the
number of associated jets is 3 minus the number of hadronic decays of the 7 in that channel.

Channel ovpB (pb) ep (%) Nprcd
W ew 542 =47+ 162 059 = 0.1410% 228 + 0.55'0%
W — uv 542 + 9.6 = 16.3 131 + 0237052 5.08 + 124724
W — 7 116.5 = 17.7 = 23.3 0.26 = 0.077343 2.16 + 0.66°13
W—rw 194 + 3.0 = 5.8 1.33 + 027783 1.84 + 04607}
Z— e 496 + 0.05 * 1.5 ~0 ~0
zT e 495+ 007 1.5 1.34 = 03103 047 + 0117812
L=y 30.0 =06+ 90 215 + 03309 459 + 06857
Z — 7, 225+ 03 =23 -0 0
£ T 7.6 = 0.19. % 1.5 0.46 * 0.10%013 0.25 = 0.05' 0%
Z — T¢Te 0.62 = 0.03 = 0.19 0.95 + 0.26792 0.04 + 001902
Total 167 + 1.7°70¢
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is 16.7 = 1.7i§;2 events. We combine the statistical
uncertainties of each channel in quadrature but add the
systematic uncertainties linearly.

To estimate the multijet background contributions to
the final candidate sample, we use a multijet data sample
collected with a trigger requiring one 0.7 cone jet with
Er > 20 GeV. First, we fit the F7 spectrum of the sample
after applying the same data selection cuts except the Fr
cut and the three or more jet requirement in order to
keep a sufficient number of events for the fit. Then, we
determine the fraction of the events passing the three or
more jet requirement as a function of K7 of the sample.
The fitted result yields a total of 0.42 % 0.37 expected
multijet background events in the candidate sample.

The combined total number of expected W /Z associ-
ated and multijet background events is 17.1 = I.ng:g,
which is consistent with the observed number (14) of
candidate events. Thus, we observe no excess of events
above the SM predictions.

In order to interpret the null search results for §/g events
as an excluded region in the mgz-my plane, §/g events are
generated at various masses with the ISASUSY generator
[11] combined with the detector simulation programs de-
scribed above. ISASUSY is an extension of the generator
ISAJET and models the production of SUSY particles in pp
collisions and their subsequent decays in the framework
of the SUGRA-inspired MSSM. The version of ISASUSY
we use models only squark and gluino production. Top
squark 7 production is not included, and the other five
flavors of left- and right-handed squarks are assumed to
be mass degenerate. Therefore, our search places a limit
on the masses of the heavy squarks, not on the possibly
lighter 7. In this analysis, we use the following low en-
ergy input parameters. We set the charged Higgs mass
my+ = 500 GeV/c?, the ratio of the vacuum expectation
values of the two Higgs doublets tanB = 2, the Higgsino
mass mixing parameter u = —250 GeV/c?, and the top
quark mass m, = 140 GeV/c?. We vary both the squark
mass my and the gluino mass mg. We set the common
slepton € mass to be the same as the common squark mass.

The signal detection efficiencies € are determined for a
grid of values in the mz-m; plane. Example efficiencies
are (19 = 2)%, (6 = 2)%, and (8 * 2)% for (mz, mz) =
(200 GeV/c?,200 GeV/c?), (150,400), and (400,150), re-
spectively. We interpolate to find efficiencies between grid
points. The trigger is fully efficient for events that pass our
off-line cuts.

To determine our cross-section limit, we compute the
observed signal cross section o: o = (N — np)/(Le),
where N is the number of candidate events observed
in the data, n;, is the predicted number of background
events, and L is the integrated luminosity. We then
obtain a conservative 95% C.L. upper limit using our
estimated uncertainties on all quantities [5]. The cross-
section limits are 8.9, 29, and 22 pb for (mgz,mz) =
(200 GeV/c?,200 GeV/c?), (150,400), and (400,150),
respectively.
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To present our cross-section limit as a gluino and squark
mass limit, we used the calculation of the production cross
section obtained with ISASUSY which employs the EHLQ2
parton distribution function [12] with a renormalization
and factorization scale of §. The cross section varies
by +30% when the scale is varied from 43 to 5/4 but
varies little with the choice of parton distribution function.
Figure 2 shows the region in the mjz-m; plane excluded
by our search at the 95% C.L. [13], along with the
previous results of other experiments [14]. In the limit
of mz > mg, gluino pair production dominates the other
two processes, and the gluino decay patterns are insensitive
to further increase in the squark mass. In this region we
produce an asymptotic limit of mz > 144 GeV/ c?. Inthe
case of equal squark and gluino masses, we produce a
limit mz = mgz > 212 GeV/c?. The highest gluino mass
excluded is 547 GeV/c? for a 120 GeV/c? squark mass.
Variation of tan8 and p over the range preferred in
SUGRA-GUT models is expected to lead to variations
in mass bounds of approximately 10% [15]. Our results
are insensitive to reasonable variations in the choice of
mpy+ and m, and apply not only for my = mj but also for
mg > mg.

In conclusion, we observe 14 events with Er >
75 GeV, with three or more jets, and with no identified
electrons or muons. The observed number of candidate
events is consistent with the SM predictions. We interpret
the null search result for squark and gluino events in the
framework of SUGRA-inspired MSSM as an excluded
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BT ]
Lo ]
Co ]
500 —; <- This experiment 95% C.L. —]
— L M =
(o] - - _
o b ]
> 4000 —: —
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g =00 ]
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FIG. 2. Current squark and gluino mass limits. Left of the
solid line is the DO 95% C.L. excluded region. Inside the

dash-dotted line is the CDF 90% C.L. excluded region. Left of
the vertical dotted line is the gluino mass region excluded by
UA1 and UA2. Below the horizontal dotted line is the squark
mass region excluded by the DELPHI and Mark II experiments.
Below the dashed line is the model excluded region where the
squark mass is less than that of the lightest neutralino.
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region in the mgz-m; plane. We significantly extend the
high mass region excluded by other experiments.
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