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P. Z. Quintas,14 R. Raja,14 S. Rajagopalan,42 O. Ramirez,17 M. V. S. Rao,44 P. A. Rapidis,14 L. Rasmussen,42

A. L. Read,14 S. Reucroft,29 M. Rijssenbeek,42 T. Rockwell,25 N. A. Roe,22 P. Rubinov,31 R. Ruchti,32 S. Rusin,26

J. Rutherfoord,2 A. Santoro,10 L. Sawyer,45 R. D. Schamberger,42 H. Schellman,31 J. Sculli,28 E. Shabalina,26

C. Shaffer,15 H. C. Shankar,44 Y. Y. Shao,14,* R. K. Shivpuri,13 M. Shupe,2 J. B. Singh,34 V. Sirotenko,30 W. Smart,14

A. Smith,2 R. P. Smith,14 R. Snihur,31 G. R. Snow,27 S. Snyder,4 J. Solomon,17 P. M. Sood,34 M. Sosebee,45

M. Souza,10 A. L. Spadafora,22 R. W. Stephens,45 M. L. Stevenson,22 D. Stewart,24 D. A. Stoianova,35 D. Stocker,8

K. Streets,28 M. Strovink,22 A. Sznajder,10 A. Taketani,14 P. Tamburello,23 J. Tarazi,8 M. Tartaglia,14 T. L. Taylor,31

J. Thompson,23 T. G. Trippe,22 P. M. Tuts,12 N. Varelas,25 E. W. Varnes,22 P. R. G. Virador,22 D. Vititoe,2

A. A. Volkov,35 A. P. Vorobiev,35 H. D. Wahl,15 G. Wang,15 J. Warchol,32 M. Wayne,32 H. Weerts,25 F. Wen,15

A. White,45 J. T. White,46 J. A. Wightman,19 J. Wilcox,29 S. Willis,30 S. J. Wimpenny,9 J. V. D. Wirjawan,46
2222 0031-9007y96y76(13)y2222(6)$10.00 © 1996 The American Physical Society



VOLUME 76, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 25 MARCH 1996

nce
J. Womersley,14 E. Won,39 D. R. Wood,14 H. Xu,5 R. Yamada,14 P. Yamin,4 C. Yanagisawa,42 J. Yang,28 T. Yasuda,29

C. Yoshikawa,16 S. Youssef,15 J. Yu,39 Y. Yu,41 D. H. Zhang,14,* Q. Zhu,28 Z. H. Zhu,39 D. Zieminska,18 A.
Zieminski,18 and A. Zylberstejn40

(D0 Collaboration)
1Universidad de los Andes, Bogota, Colombia
2University of Arizona, Tucson, Arizona 85721

3Boston University, Boston, Massachusetts 02215
4Brookhaven National Laboratory, Upton, New York 11973

5Brown University, Providence, Rhode Island 02912
6Universidad de Buenos Aires, Buenos Aires, Argentina

7University of California, Davis, California 95616
8University of California, Irvine, California 92717

9University of California, Riverside, California 92521
10LAFEX, Centro Brasileiro de Pesquisas Fı´sicas, Rio de Janeiro, Brazil
11Centro de Investigacion y de Estudios Avanzados, Mexico City, Mexico

12Columbia University, New York, New York 10027
13Delhi University, Delhi, India 110007

14Fermi National Accelerator Laboratory, Batavia, Illinois 60510
15Florida State University, Tallahassee, Florida 32306

16University of Hawaii, Honolulu, Hawaii 96822
17University of Illinois at Chicago, Chicago, Illinois 60607

18Indiana University, Bloomington, Indiana 47405
19Iowa State University, Ames, Iowa 50011

20Korea University, Seoul, Korea
21Kyungsung University, Pusan, Korea

22Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720
23University of Maryland, College Park, Maryland 20742

24University of Michigan, Ann Arbor, Michigan 48109
25Michigan State University, East Lansing, Michigan 48824

26Moscow State University, Moscow, Russia
27University of Nebraska, Lincoln, Nebraska 68588
28New York University, New York, New York 10003

29Northeastern University, Boston, Massachusetts 02115
30Northern Illinois University, DeKalb, Illinois 60115

31Northwestern University, Evanston, Illinois 60208
32University of Notre Dame, Notre Dame, Indiana 46556

33University of Oklahoma, Norman, Oklahoma 73019
34University of Panjab, Chandigarh 16-00-14, India

35Institute for High Energy Physics, 142-284 Protvino, Russia
36Purdue University, West Lafayette, Indiana 47907

37Rice University, Houston, Texas 77251
38Universidade Estadual do Rio de Janeiro, Rio de Janeiro, Brazil

39University of Rochester, Rochester, New York 14627
40Commissariat à l’Energie Atomique, DAPNIAyService de Physique des Particules, Centre d’Etudes de Saclay, Saclay, Fra

41Seoul National University, Seoul, Korea
42State University of New York, Stony Brook, New York 11794

43Superconducting Super Collider Laboratory, Dallas, Texas 75237
44Tata Institute of Fundamental Research, Colaba, Bombay 400005, India

45University of Texas, Arlington, Texas 76019
46Texas A&M University, College Station, Texas 77843

(Received 30 November 1995)

We present a search for pair produced top squarks, the supersymmetric partners of the top quark,
using the D0 detector at the Fermilab Tevatronpp collider. We consider a scenario in which the
lighter of the two top squarks̃t1 decays with 100% branching fraction to a charm quark and the lightest
neutralino x̃

0
1 yielding a signal of two acollinear jets with missing transverse energy. We observe

3 events while we expect3.5 6 1.2 events from the known standard model processes. We exclude at
the 95% confidence level a significant region of themt̃1 -mx̃

0
1

parameter space. The highestmt̃1 value
we exclude is93 GeVyc2 with a correspondingmx̃

0
1

value of8 GeV/c2.

PACS numbers: 14.80.Ly, 13.85.Rm
2223
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Supersymmetry (SUSY), a spacetime symmetry, lin
bosons to fermions by introducing supersymmetric pa
ners (sparticles) to all the standard model (SM) particle
SUSY offers a natural solution to the fine-tuning prob
lem of the SM and provides a candidate for dark matt
When combined with grand unification theories, it can pr
duce models consistent with the experimental proton li
time limit.

We have recently reported the results of a sear
for squarks and gluinos (the SUSY partners of quar
and gluons) with the D0 detector [1]. There we s
limits on squark mass under the assumption that
considered squark (ũ, d̃, s̃, c̃, b̃) masses are degenerate
This was justified by a minimal supergravity mode
which argues that all scalar particles share a comm
mass above the energy scale where SUSY is broken
A heavy top quark [3], however, means a substantial t
quark Yukawa coupling which can drive the top squa
mass lower than that of all other squarks, breaking t
degeneracy. In addition, possible mixing of the top squa
left-right weak eigenstates may result in further splittin
of the mass eigenstates, making the lighter statet̃1 the
lightest squark [4]. If such a top squark exists, it could b
within the reach of the Fermilab Tevatron, and if lighte
than the top quark, its existence could alter the expec
decay patterns of the top quark. The direct producti
of t̃1t̃1 pairs could prove to be a source of addition
background tott̄ pair production. The existence of the
top squark could also explain the discrepancy between
measured and expected values forGsZ ! bb̄d [5] through
a loop diagram at theZbb̄ vertex [6].

In this Letter, we present a search fort̃1t̃1 pairs produced
in pp̄ collisions at

p
s  1.8 TeV. We assume conserva

tion of R parity, which implies that sparticles are produce
in pairs and that the lightest supersymmetric particle (LS
must be stable. In addition we assume the lightest n
tralino x̃

0
1 (a mixture of the SUSY partners ofg, Z, and

the neutral Higgs bosons) is the LSP, as is the case i
wide class of SUSY models. We also assume that the
cayst̃1 ! bx̃

1
1 , t̃1 ! bx̃

1p
1 (x̃1p

1 ! lñ or x̃
1p
1 ! n l̃),

and t̃1 ! bWx̃
0
1 are kinematically forbidden, wherẽx1

1
(a mixture of the SUSY partners ofW6 and the charged
Higgs boson) is the lightest chargino, andñ and l̃ are the
supersymmetric partners of neutrinos and leptons, resp
tively. Under these assumptions, the top squarks will d
cay with 100% branching fraction tõt1 ! cx̃

0
1 , yielding

an event signature of two acollinear jets (we make no
tempt to identify flavor) with missing transverse energyEyT

[7]. The major SM backgrounds expected for this sign
are multijet events with mismeasuredEyT and vector boson
production with associated jets.

While the top squark production occurs via gluo
fusion andqq̄ annihilation [8] and is thus fixed by QCD
in terms of mt̃1 , its decay topology is solely determine
by mt̃1 and mx̃

0
1
. For mt̃1 # 110 GeVyc2, the expected

production cross section for̃t1t̃1 pairs is larger than
the observed production cross section fortt̄ pairs as
2224
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reported by D0 for their central mass value. Formt̃1 
65 GeVyc2, the cross section is about 100 pb and f
mt̃1  105 GeVyc2, it is about 10 pb. Our search is no
dependent on the specific couplings of top squarks
vector bosons as in searches ine1e2 machines.

To analyze the top squark signal characteristics,
generate Monte Carlo (MC) simulated events for vario
combinations ofmt̃1 and mx̃

0
1

in the search region of the
parameter space usingISAJET 7.13 [9]. This version of
ISAJET incorporates the latest implementation ofISASUSY

[10]. These events are then processed through aGEANT

[11] simulation of the D0 detector and reconstructed.
To study the vector boson associated background,

generateWyZ + jets samples using the MC generato
VECBOS[12], interfaced withISAJETfor fragmentation and
hadronization.VECBOSallows us to specify the number o
primary jets associated with the vector boson productio
In counting the final number of jets in an event, hadron
decays of the tau lepton are included in the total. The
background samples are passed through the same det
simulation and event reconstruction as the signal even
To study the multijet background, we use data collect
using a lowET single jet trigger.

Data corresponding to a total integrated luminosi
of 13.5 6 0.7 pb21 have been collected using the D
detector during its 1992–1993 run. D0 is a gener
purpose detector consisting of a central tracking syst
and a nearly hermetic uranium–liquid argon calorimet
surrounded by a toroidal muon spectrometer. A detail
description of the D0 detector and data collection syste
can be found elsewhere [13]. Events for this analys
were collected using a trigger which requiredEyT .

35 GeV. Jets are found from calorimeter informatio
using a cone algorithm of radius 0.5 inh-f space [14].
The $EyT is calculated from the energy deposits in th
individual calorimeter cells and is defined to be th
negative of the vector sum of the cell transverse energ
More detailed descriptions of the trigger, event filterin
and reconstruction algorithms for electrons, muons, je
andEyT are given in Ref. [15].

To ensure an unambiguousEyT calculation, we require
events to have only one primary vertex. An algorith
that combines timing information from a set of trigge
counters with reconstructed scalarET and the number of
vertices found from tracking information is used to sele
single interaction events and reduces our data set to a si
interaction equivalent luminosity of7.4 6 0.4 pb21.

To select signal events with good efficiency and su
stantially reduce the multijet background we requi
EyT . 40 GeV and at least two jets withET . 30 GeV.
Sample distributions ofEyT and jetET for several values
of mt̃1 andmx̃

0
1

are shown in Fig. 1. The presence of tw
LSP’s suggests that the two highestET jets in our signal,
j1 and j2 (ordered in decreasing magnitude ofET ), not
be back to back. In Fig. 2(a), distributions of the openin
angle between the two jets are shown. We place a
at Dfs j1, j2d , 165± in order to discriminate against the
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FIG. 1. (a) Monte CarloEyT and jet ET distributions for
mt̃1  70 GeVyc2 and mx̃

0
1

 10 GeVyc2. (b) Sample EyT

distributions for selected values ofmt̃1 with mx̃
0
1

 30 GeVyc2.

SM multijet events which tend to have two back-to-ba
leading jets. An additional cut ofDfs j1, j2d . 90± pre-
serves (70–75)% of the signal, while reducing the vec
boson background, which tends to exhibit a flatter dis
bution inDfs j1, j2d [Fig. 2(b)].

Poorly measured jets can produce apparentEyT , but such
events usually show a correlation between the jet andEyT

directions. If a jet is identified as the leading object
an event by an overestimate of its energy, a falseEyT

signal will be induced in the direction opposite to th
of the jet. Jets with underestimated energy will tend to
aligned with the apparentEyT . To suppress these event
we require that10± , DfsEyT , j1d , 125± and for any
additional reconstructed jets10± , DfsEyT , j2,3,4d. After
all previous cuts have been applied, this reduces
signal by a factor of 3–4 while reducing the vector bos

FIG. 2. Sample distributions of the opening angle betwe
the two leading jets for Monte Carlo (a) signal events and
selected vector boson backgrounds.
k

or
i-

t
e
,

he
n

n
)

TABLE I. A summary of the selection cuts and the numb
of events passing each cut.

Number of events
Selection cut passing

Missing ET trigger/filter 83474
Single primary vertex 44796

Preselection
EyT . 30 GeV

with two reconstructed jets
Dfs j1, j2d , 170±

10± , Dfs j1,2, EyT d 2270
EyT . 40 GeV 930
E

j2
T . 30 GeV 185

90± , Dfs j1, j2d , 165± 102
Dfs j1, EyT d , 125±

10± , Dfs j3,4, EyT d 9
Veto leptons withET . 10 GeV 3

background by 8–12 and effectively eliminating standa
model multijet events.

Vector boson backgrounds frequently have leptons w
large ET , while signal events have lowET leptons from
charm jets. We remove events with electrons or muo
with ET . 10 GeV. This rejects 61% of all events
containing leptonic vector boson decays with associa
jets, while retaining over 98% of all signal events.

After applying the above selection criteria to our da
sample, we obtain a total of three top squark candid
events. Table I summarizes our event selection crite
and the number of events surviving each stage of
selection.

To determine the vector boson associated backgro
in our final sample, we apply the same trigger a
event selection criteria toVECBOS Monte Carlo events.
Our estimates are shown in Table II. The sum of t
predictedW andZ backgrounds is3.5 6 1.2 events. To
estimate the contribution from standard model multij
production, we fit theEyT spectrum of lowET single
jet trigger events and determine the fraction of su
events that pass our selection criteria as a function ofEyT .
For our final selection criteria, standard model multij
contribution is predicted to be negligible. The survivin
events are consistent in topology with the characteris

TABLE II. Predicted vector boson backgrounds generated
ing VECBOS and ISAJET. Shown with the efficiencies are firs
the statistical, and then systematic, errors. All uncertainti
including the systematic uncertainty in luminosity, have be
combined in the number of predicted events,Npred.

Process Efficiency Npred in 7.4 pb21

W ! en 0.036 6 0.02110.006
20.001 0.50 6 0.31

W ! mn 0.061 6 0.02710.012
20.000 0.82 6 0.38

W ! tn 0.050 6 0.04110.052
20.016 1.66 6 0.74

Z ! mm 0.040 6 0.04010.003
20.040 0.05 6 0.04

Z ! nn 0.051 6 0.05110.043
20.000 0.38 6 0.26

Z ! tt 0.013 6 0.00910.000
20.000 0.08 6 0.06

Total 3.49 6 1.17
2225
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FIG. 3. The effect of varying theEyT cut. The predicted
background is a sum ofVECBOS and SM multijet contributions.

of the identified physics background processes. In or
to convince ourselves of the validity of our backgroun
estimates, we study the change in the number of candi
events compared with our background estimate as we v
each of the cut values of our selection criteria. Figure
shows the behavior of the candidate events observed in
data and the total number of estimated background ev
when we vary theEyT cut. The background prediction
follows the number of candidates extremely well. W
obtain similarly good agreement for other cut variable
We conclude that our background estimates are relia
and that we observe no significant excess beyond ev
explained by the standard model.

In order to interpret the null search result for top squa
events as an excluded region in themt̃1 -mx̃

0
1

plane, signal
detection efficiencies are determined for a grid of valu
in the plane. The distributions of errors for all paramete
are represented as Gaussians. Errors on signal efficien
and the fraction of background events passing the sig
selection cuts include statistical uncertainties from fin
MC samples and a systematic uncertainty from the ene
scale (about 5%). Uncertainty on the vector boson cr
sections includes the systematic uncertainty fromVECBOS

(10% per jet). Energy scale variations andVECBOS cross
section uncertainties, the systematic errors common to
efficiencies of background andyor signal, vary coherently.
We use a Bayesian approach [16], assuminga priori all
values of signal cross section to have equal probability
determine our 95% confidence level (C.L.) upper limit.

Our background subtracted 95% C.L. exclusion lim
contour is shown in Fig. 4 along with a previous
published limit [17]. This contour intersects themt̃1 
mx̃

0
1

1 mb 1 mW line at mx̃
0
1

 8 GeVyc2 and mt̃1 
93 GeVyc2, the highestmt̃1 value we exclude. The
maximum excluded value formx̃

0
1

is 44 GeVyc2 for
mt̃1  85 GeVyc2.
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FIG. 4. The D0 95% confidence level exclusion contour. Als
shown is the result from the OPAL experiment at LEP [17].

Signal efficiencies are (4–5)% along the right edg
(where the contour drops off to themt̃1  mx̃

0
1

1 mb 1

mW line due to the falling cross section). This edge
limited by luminosity, and additional data should push th
contour to slightly higher̃t1 masses. Efficiencies vary
between 1% and 3% along the contour’s upper edge a
vanish within the gap between the LEP limit and our ow
exclusion region. The gap reflects the impact of ourEyT cut
which was effectively fixed by theEyT trigger threshold.

In conclusion, we observe three top squark candid
events, a result consistent with SM background pred
tions. We interpret the null search result for top squa
events as an excluded region in themt̃1 -mx̃

0
1

plane. This
interpretation is valid under the minimal supersymmetr
standard model as well as a large variety of addition
SUSY models. We exclude a significant region of param
eter space beyond the LEP limit. The highestmt̃1 value
we exclude is93 GeVyc2 with a correspondingmx̃

0
1

value
of 8 GeVyc2. Themt̃1 region of61 91 GeVyc2 has been
excluded formx̃

0
1

up to30 GeVyc2.
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