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We report on a search for bottom squarks (b̃) produced inpp̄ collisions atAs51.8 TeV using the DO”
detector at Fermilab. Bottom squarks are assumed to be produced in pairs and to decay to the lightest super-
symmetric particle~LSP! and ab quark with a branching fraction of 100%. The LSP is assumed to be the

lightest neutralino and stable. We set limits on the production cross section as a function ofb̃ mass and LSP
mass.@S0556-2821~99!50313-1#

PACS number~s!: 14.80.Ly, 13.85.Rm
l

M

ely.
ass
Supersymmetry~SUSY! is a hypothetical fundamenta
space-time symmetry relating bosons and fermions@1#. Su-
persymmetric extensions to the standard model~SM! feature
as yet undiscovered supersymmetric partners for every S
03110
particle. The scalar quarks~squarks! q̃L and q̃R are the part-
ners of the left-handed and right-handed quarks, respectiv
These are weak eigenstates, and can mix to form the m
eigenstates, withq̃15q̃Lcosu1q̃Rsinu for the lighter squark,
1-2
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and the orthogonal combination for the heavier squarkq̃2. In
most SUSY models, the masses of the squarks are app
mately degenerate, but in some models, the lighter top
bottom squarks could have a lower mass than the o
squarks because of the high mass values of the top and
tom quarks. In particular, lighter bottom squarks could ar
for large values of tanb, the ratio of the vacuum expectatio
values of the two Higgs fields in the minimal supersymm
ric standard model.

We report the results of a mixing-independent search
bottom squarks produced inpp̄ collisions atAs51.8 TeV.
Squarks are produced in pairs by QCD processes with
production cross section depending on the mass of
squark, but not on the mixing angleu. We search for events
where both squarks decay to the lightest neutralinox̃1

0 via

b̃→x̃1
01b and assume that thex̃1

0 is the lightest supersym
metric particle~LSP! and stable. This should be the dom
nant decay channel provided that the mass of the sq
(mb̃) is larger than the combined masses of theb quark and
LSP (mLSP); therefore we assume its branching fraction
100%. This yields a final state consisting of twob quarks and
two unobserved stable particles resulting in missing tra
verse energy (E” T) in the detector. In this paper, we giv
limits on the squark pair production cross section for diff
ent values ofmb̃ andmLSP. Limits on the cross section ar
used to exclude a region in the (mLSP,mb̃) plane. Limits@2#
from the CERNe1e2 collider ~LEP! experiments depend o
the Z/g-to-squark coupling, which is a function of the mix
ing angle. For maximal coupling, the LEP exclusion regi
can extend to the kinematic maximum; for example, to ab
85 GeV/c2 at As5183 GeV.

The data used for our analysis were collected dur
1992–1996 by the DO” detector@3# at the Fermilab Tevatron
Collider. The DO” detector is composed of three major sy

FIG. 1. The expected distributions ofE” T for mb̃ values of 70~a!
and 100~b! GeV/c2, for the indicated values ofmLSP @7#.
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tems: an inner detector for tracking charged particles
uranium-liquid argon calorimeter for measuring electroma
netic and hadronic energies, and a muon spectrometer
sisting of a magnetized iron toroid and three layers of d
tubes. The detector measures jets with an energy resolu
of approximatelys/E50.8/AE (E in GeV! and muons with
a momentum resolution of s/p5$@0.18(p22)/p#2

1(0.003p)2%1/2 (p in GeV/c). E” T is determined by sum-
ming the calorimeter and muon transverse energies, an
measured with a resolution of s51.08 GeV
10.019(SuETu) @4#.

Four channels are combined to set limits on the prod
tion of bottom squarks. The first required aE” T and jets to-
pology. This channel was previously used to set limits on
mass of the top squark, which was assumed to decat̃

→x̃1
01c @5#. The other three channels, in addition, requir

that at least one jet has an associated muon, thereby tag
b quark decay, and were used to set limits on a charge
third generation leptoquark for the decayLQ→nt1b @6#.
We use identical data samples and event selections for
bottom squark limits presented in this paper. For all ch
nels, the presence of significantE” T is used to identify the
non-interacting LSPs. Figure 1 shows the expectedE” T dis-
tribution for two values ofmb̃ and differentmLSP @7#. Our
requirement thatE” T.35240 GeV reduces the acceptan
for small values of the mass differencemb̃2mLSP. Back-
grounds arise from events where neutrinos produce sig
cantE” T ; for example, inW1 jets events, whereW→ ln.

Events for theE” T1 jets channel were collected using
trigger that requiredE” T.35 GeV. The offline analysis re
quired two jets (ET

jet.30 GeV), E” T.40 GeV, and no iso-
lated electrons or muons. Events had to have only one
mary vertex to assure an unambiguous calculation ofE” T . To
eliminate QCD backgrounds, additional cuts were made
the angles between the two jets, and between jets and
direction of theE” T . Data with an integrated luminosity o
7.4 pb21, satisfying the above selection criteria, yielde
three candidate events. Background was estimated to be
61.2 events, with 3.060.9 events fromW boson decays and

TABLE I. Total efficiencies for differentmb̃ and mLSP values
for the four channels, and 95% C.L. limits on the production cro
section obtained by combining all channels.

mb̃ mLSP Total efficiency (31023) s limit
(GeV/c2) E” T1 dimuon single muon ~pb!

jets low-pT high-pT

70 30 18 0.13 2.2 0.3 32
70 50 4 0.02 0.6 0.1 245
85 40 29 0.20 3.9 0.6 18.8
85 60 11 0.04 1.0 0.1 84
100 20 43 0.50 9.5 1.9 9.3
100 40 34 0.27 7.0 1.3 12.6
100 50 30 0.30 5.8 1.0 14.7
115 40 51 0.54 10.9 2.0 8.0
1-3
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0.560.3 events fromZ boson decays@5#.
The trigger for the muon channels required either t

low-pT muons (pT
m.3.0 GeV/c), or a single low-pT muon

and a jet with ET.10 GeV, or a high-pT muon (pT
m

.15 GeV/c) and a jet withET.15 GeV. Integrated lumi-
nosities of 60.1 pb21, 19.5 pb21, and 92.4 pb21, respec-
tively, were collected using the three muon triggers. T
offline analysis used muons in the pseudorapidity ra
uhmu,1.0 andpT

m.3.5 GeV/c, while jets were required to
haveET.10 GeV. For events with two muons, each mu
had to be associated with its own jet. In single muon eve
the muon was required to be associated with a jet, and
additional jet withET.25 GeV was also required. To re
move QCD backgrounds, events were selected withE” T
.35 GeV and an azimuthal angular separation between
E” T and the nearest jet of.0.7 radians. For the single muo
channels, backgrounds fromW boson decays were reduce
by cuts on muon-jet correlations, while background from t
quark production was minimized by cuts on the scalar s
of jet ET . After imposition of all selection criteria, two
events remained in the data.

We considered background contributions to the mu
channels fromt t̄ andW andZ boson decays@6#. Top quark
events have multipleb quarks andE” T , and we estimated tha
1.460.5 t t̄ events remained in our sample.W andZ events
haveE” T from W→ ln or Z→nn̄. They can also have muon
near jets that can mimicb quark decays when a prompt muo
overlaps a jet, or a jet fragments into a muon via ac quark or
a p/K decay. We estimated there were 1.060.4 W boson
events and 0.160.1 Z boson events in the sample. The to
background for the muon channels was therefore 2.560.6
events.

FIG. 2. The 95% C.L. exclusion contour in the (mLSP,mb̃)
plane. Also shown are the results from the ALEPH experimen
LEP for minimal (u568°) and maximal (u50°) coupling@2#.
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Combining the four channels yields five events, with
total estimated background of 6.061.3 events. We set limits
on the cross section by combining the detection efficienc
and integrated luminosities for the different channels. W
calculate the detection efficiency using Monte Carlo~MC!
generated acceptances@7#, multiplied by trigger and recon-
struction efficiencies obtained from data@5,6#. The total ef-
ficiencies for different squark and neutralino masses are s
marized in Table I. Using a muon to tagb quark decays
reduces the efficiency for those channels, but their hig
integrated luminosities yield a sensitivity comparable to t
of the E” T1 jets channel. Including systematic errors and s
tistics for the MC, the total uncertainty on the combin
efficiency varies between 8.6% and 29%, depending on
assumed masses. The jet energy scale dominates the sy
atic error for mb̃570 GeV/c2, while uncertainties on the
muon trigger and reconstruction efficiency dominate
higher squark masses. The 95% confidence level~C.L.! up-
per limits on the pair production cross section are determi
using Bayesian methods, and include the systematic un
tainty on the efficiency and a 5.3% uncertainty in the in
grated luminosity. The resulting upper limits are given
Table I for different values ofmb̃ andmLSP.

We use the programPROSPINO@8# to calculate the bottom
squark pair production cross section as a function ofmb̃ .
The cross section is evaluated assuming a renormaliza
scalem5mb̃ . The program includes next-to-leading ord
diagrams, and usesCTEQ4M parton distribution functions@9#.
For any givenmb̃ , we determine the value ofmLSP where
our 95% C.L. limit intersects the theoretical cross secti
The excluded region in the (mLSP,mb̃) plane is shown in Fig.
2. We exclude values ofmb̃ below 115 GeV/c2 for mLSP

,20 GeV/c2. For mb̃585 GeV/c2, we exclude the region
with mLSP,47 GeV/c2. Also shown are limits@2# from
ALEPH for As5181–184 GeV. For most allowable value
of mLSP, they exclude the region withmb̃,83 GeV/c2, as-
suming maximal coupling (u50°) @10#.

In conclusion, we observe five candidate events consis

with the final statebb̄1E” T . We estimate that 6.061.3

events are expected fromt t̄ andW andZ boson production,
and find no excess of events that can be attributed to bot
squark production. We interpret our result as an exclud
region in the (mLSP,mb̃) plane. This result is independent o

the mixing betweenb̃L and b̃r .

We thank S.P. Martin and M. Spira for their assistan
We thank the Fermilab and collaborating institution staffs
contributions to this work and acknowledge support from
Department of Energy and National Science Foundat
~USA!, Commissariat a` L’Energie Atomique~France!, Min-
istry for Science and Technology and Ministry for Atom
Energy~Russia!, CAPES and CNPq~Brazil!, Departments of
Atomic Energy and Science and Education~India!, Colcien-
cias ~Colombia!, CONACyT ~Mexico!, Ministry of Educa-
tion and KOSEF~Korea!, and CONICET and UBACyT~Ar-
gentina!.

t

1-4



se
e-
-

r-

.

RAPID COMMUNICATIONS

SEARCH FOR BOTTOM SQUARKS INpp̄ COLLISIONS . . . PHYSICAL REVIEW D 60 031101
@1# See, e.g., S.P. Martin, inPerspectives on Supersymmetry, ed-
ited by G.L. Kane ~World Scientific, Singapore, 1998!,
hep-ph/9709356, and references therein.

@2# ALEPH Collaboration, R. Barateet al., Phys. Lett. B434, 189
~1998!; OPAL Collaboration, K. Ackerstaffet al., Eur. Phys.
J. C 6, 225 ~1999!; DELPHI Collaboration, P. Abreuet al.,
ibid. 6, 385~1999!; L3 Collaboration, M. Acciarriet al., Phys.
Lett. B 445, 428 ~1999!.

@3# DO” Collaboration, S. Abachiet al., Nucl. Instrum. Methods
Phys. Res. A338, 185 ~1994!.

@4# DO” Collaboration, S. Abachiet al., Phys. Rev. D52, 4877
~1995!.

@5# DO” Collaboration, S. Abachiet al., Phys. Rev. Lett.76, 2222
~1996!.
03110
@6# DO” Collaboration, B. Abbottet al., Phys. Rev. Lett.81, 38
~1998!.

@7# Monte Carlo samples were generated withISAJET. F. Paige and
S. Protopopescu, BNL Report No. BNL38034, 1986, relea
v6.49. The simulation of the detector, trigger, and offline s
lections usedGEANT. R. Brun and F. Carminati, CERN Pro
gram Library Long Writeup W5013, 1993.

@8# W. Beenakker, M. Kramer, T. Plehn, M. Spira and P.M. Ze
was, Nucl. Phys.B515, 3 ~1998!; M. Spira ~private communi-
cation!.

@9# H.L. Lai et al., Phys. Rev. D55, 1280~1997!.
@10# Preliminary ALEPH results forAs5189 GeV extend the ex-

cluded region tomb̃,90 GeV/c2 for maximal coupling (u
50°) and 75–80 GeV/c2 for minimal coupling (u568°). M.
Berggren, presented at the DPF99 Meeting at UCLA, 1999
1-5


