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We have searched for direct pair production of scalar top quarks using 163 pb~! of proton-
antiproton collision data recorded by the CDF experiment during Run II of the Tevatron. The
scalar top quarks are sought via their decay into a charm quark and a neutralino, which is assumed
to be the lightest supersymmetric particle. The event signature is missing transverse energy and
several high-Er jets. In the scalar top quark signal region, 11 events are observed with 8.31’?:?
expected from Standard Model processes. Thus no evidence for scalar top quark is observed, and
95% CL. limits are set on the cross section times squared branching ratio as function of the scalar
top quark mass, for several neutralino masses. We assume 100% branching ratio for scalar top quark

decays into charm quark and neutralino.
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I. INTRODUCTION

Supersymmetry (SUSY) [1] is one of the most popular extensions to the Standard Model (SM) of particle physics.
It overcomes some of the theoretical problems in the SM by introducing new degrees of freedom. In this model a
scalar supersymmetric partner is assigned to every SM fermion, and a fermionic superpartner to every SM boson.
Therefore the SM quark helicity states q; and gg aquire scalar partners §; and ¢g. The mass eigenstates of each
scalar quark is a mixture of its weak eigenstates. The amount of splitting of the mass eigenvalues depends on the
mass and the Yukawa coupling of its SM partner. Due to the large top quark mass and the large value of its Yukawa
coupling constant, (Higgs-to-top coupling), there is a significant split in the mass between the two mass eigenstates #;
and 3. Thus it is likely that the lighter scalar top (f;) may be the lightest squark, and it can be even lighter than
the top quark. From here on the stop quark that is discussed in the paper is the lighter mass eigenstate ;.

At the Tevatron, the scalar top quarks are expected to be produced in pairs via gg fusion and ¢g annihilation. In
this analysis, the scalar top quark is searched in the channel pp — t1#; — (cX?)(€%}). The lightest neutralino %9 is
assumed to be the lightest supersymmetric particle and stable. This leads to experimental signatures with appreciable
missing transverse energy. The decay #; — c¢¥? dominates via a one-loop diagram in the absence of flavor-changing
neutral currents if myg, < mp+ My, mg, <mw +mp +myo, my <mp +mp, and mg, < mp +my. The signature of
the process in this search is a pair of acolinear heavy flavor jets in the transverse plane, large 't , and no isolated high
pr leptons in the final state. In Run I this channel of stop search had been performed by CDF [2] and D@ [3]. CDF
(D@ ) excluded stop mass below m;, = 119 GeV/c* (mg, = 122 GeV/c?) for myo = 40 GeV/c* (mgo = 45 GeV/c?),
and excluded mgo below mzo = 51 GeV/c® (mgo = 52 GeV/c?) for m, = 102 GeV/c? (mg, = 117 GeV/c?). As the
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results from Run'I have excluded almost all the stop mass below the kinematic cut off m;, = mw +mp + mgo for

mgo < 40 GeV/c?, for this analysis we search for stop quark where the neutralino mass is mgo > 40 GeV/c?. In this

search we use 163 & 10 pb~! [4] of pp collision data at a center-of-mass energy of 1.96 TeV recorded by the Collider
Detector at Fermilab (CDF) during the Tevatron Run II.

CDF is a general-purpose detector that is described in detail elsewhere [5]. The components relevant to this analysis
are briefly described here. The charged-particle tracking system is closest to the beam pipe, and consists of multi-layer
silicon detectors (SVX) [6] and a large open-cell drift chamber covering the pseudorapidity region || < 1 [7]. The
silicon detectors allow a precise measurement of a track’s impact parameter with respect to the primary vertex in the
plane transverse to the beam direction. The tracking system is enclosed in a superconducting solenoid, which in turn
is surrounded by a calorimeter. The CDF calorimeter system is organized into electromagnetic and hadronic sections
segmented in projective tower geometry, and covers the region |n| < 3.6. The electromagnetic calorimeters utilize
a lead-scintillator sampling technique, whereas the hadron calorimeters use iron-scintillator technology. The central
muon-detection system, used for this analysis, is located outside of the calorimeter and covers the range |n| < 1.

II. DATA SAMPLE, EVENT SELECTION & BACKGROUNDS

In this analysis the Bt [7] is defined as the energy imbalance in the plane transverse to the beam direction. A jet
is defined as a localized energy deposition in the calorimeter and is reconstructed using a cone algorithm with fixed
radius AR = \/An? + A¢? = 0.4 in 5 — ¢ space [8]. We correct [8] jet Er measurements and Erfor detector effects.

The data sample for this analysis was collected using an inclusive Fr trigger, which is distributed across three
levels of online event selection. In the first and second levels of the trigger, Bt is required to be greater than 25 GeV
and is calculated by summing over calorimeter trigger towers [9] with transverse energies above 1 GeV. At level-3 Fr
is required to be greater than 45 GeV and is recalculated using full calorimeter segmentation with a tower energy
threshold of 100 MeV. We use events from the inclusive high-pr lepton (e or u) samples to measure the trigger
efficiency directly from data. To reduce systematic effects associated with the online trigger threshold, we select
events offline with Bt > 55 GeV, to be above the trigger threshold.

The event electromagnetic fraction (Fey,) and charged fraction (Fep) [10] are used to remove events associated with
beam halo and cosmic ray sources. We reject events that contain little energy in the electromagnetic section of the
calorimeter or that have mostly neutral-particle jets, by requiring F,, > 0.1 and F,, > 0.1.

The dominant backgrounds to the scalar top quark search in the jets and Er signature are QCD multi-jet produc-
tion, W and Z boson production in association with one or more jets, and top quark single and pair production. The
ALPGEN generator [11] was used for the simulation of the W and Z boson plus parton production, with HERWIG [12]
used to model parton showers. We use the exclusive Z — ee + 1 jet sample to determine a scale factor between data
and simulation, and apply this factor to all W/Z+jets simulation samples. HERWIG was also used to estimate the
contribution from single top quark and #¢ production.

Data selection requirements were chosen to maximize the statistical significance of the scalar top quark signal over



background events based on studies of simulated event samples before the signal region data were examined. In
addition to Bt > 55 GeV, the signal region is defined by requiring that the two highest Er jets (EJ > 35 GeV,

E3? > 25 GeV) be in the central region (|n/'| < 1, [p/2| < 1.5) . A third jet with Er > 15 GeV and |n| < 2.5 is
allowed, and we veto events with any additional jets with Er > 10 GeV and |n| < 3.6. To reject events with Er
resulting from jet energy mis-measurement, we require that the opening angle in the transverse plane between the two
highest Er jets satisfy A¢(j1,J2) < 165°. The Er direction must not be parallel to any of the jets. We require the
minimum azimuthal separation between the direction of the jets and Erof min A¢(j, Br) > 45°. The Et also must
not be antiparallel to the first and second leading Er jets: Ad(j1, Br) < 165°, Ad(jz, Br) < 150°. These criteria
reject most of the QCD multi-jet background events. To reduce the background contribution from W/Z+jets and
top quark production, we reject events with one or more identified leptons with Ez > 10 GeV (electron candidates)
or pr > 10 GeV/c (muon candidates). Criteria similar to those in [13] are used to identify the leptons. To further
reduce this background we require each jet not to be highly electromagnetic (jet electromagnetic fraction < 0.9). The
number of tracks associated to the first and second leading jets should be between 4 and 12 tracks. The lower cut
is to reduce contributions from W+jets and Z+jets in which the gauge bosons decay into taus. The upper cut is to

reduce the contributions from b jets that come from top quark decay. The first and second leading jets must also
tracks in jet

pass the cut > dR; > 0.15, where dR; = \/ (i — Pjet)? + (Mi — njer)?. This cut is to reduce the contributions

K3
from W(— 7v)+jets where the hadronic 7 decay is mis-identified as a quark-jet. The number of tracks from hadronic
tau decay is smaller compare to the tracks in the gluon and quark jets. Furthermore the tracks from hadronic tau
decays are more collimated as compare to gluon and quark jets. A quantity which explores the correlation between
the missing transverse energy and the transverse energy of the first and second leading jets, EY [14], is required
to be in the range —10 < E} - < 10 GeV, to reduce contributions from QCD multi-jet and top quark production.

After applying these requirements, the data sample (pretag sample) contains 119 events. The total expected events
from SM processes is 10571]'5. The break down of the SM contributions is listed in Table I. The largest source of
background in the pretag sample is the production of W+jets, where the W decays to a neutrino and an electron or
muon that is not identified, or a tau which decays hadronically. In Figure 1 the Et distribution of the pretag sample
is compared with the predicted distribution from SM processes.

To estimate the QCD multi-jet contribution in the pretag sample, the selection requirement efficiency is measured
as a function of By in an independent inclusive jet sample at low Bt . The extrapolated results of this measurement
is then applied to the inclusive Fr sample after the W/Z+jets and top quark contributions have been subtracted.

The SVX information is used to tag heavy-flavor jets. We associate tracks to a jet by requiring that the track be
within a cone of 0.4 in 7 — ¢ space around the jet axis. We require the tracks to have Py > 0.5 GeV/c, positive impact
parameter, and have a good SVX hit pattern. We take the sign of a track’s impact parameter to be the sign of the
scalar product of the impact parameter and the jet Er vectors. We then define the impact parameter significance
to be the impact parameter divided by its uncertainty. For tracks originating from the primary vertex the impact
parameter significance distribution is symmetric around zero with a shape determined by the SVX resolution, while
decay products of long lived objects tend to have large positive impact parameter significances. We use the negative
impact parameter significance distribution to define the detector resolution function. For each track we determine
the probability that the track comes from the primary vertex using this resolution function. We call this probability
track probability. By construction, the track probability distribution is flat for tracks originating from the primary
vertex, and peaks near zero for tracks from a secondary vertex. We combine the track probabilities for all tracks
associated with a jet to form the jet probability (Pje;) [15], the probability that all the tracks in the jet come from the
primary vertex. The jet probability distribution is flat for jets originating from the primary vertex by construction,
while for bottom and charm jets it peaks near zero.

We select events for the scalar top search by requiring one of the first two leading jets to be taggable and with
a Pjer < 0.05. A taggable jet has at least two SVX tracks associated to it. If one of the two leading jets is tagged
at Pjet < 0.05, and the other jet is taggable, this other jet is required to have Pje; < 0.45. The distribution of the
minimum jet probability of the taggable jets in the pretag sample is shown in Figure 2. This requirement rejects
approximately 92% of the background while its efficiency for the signal is about 30%.

III. SIGNAL ACCEPTANCE AND SYSTEMATIC UNCERTAINTIES

The total detection efficiency (e7,) for the scalar top quark signal is estimated using the PYTHIA event genera-
tor [16], and the CDF detector simulation program. The PYTHIA underlying event simulation was tuned to reproduce
CDF data [17]. The samples were generated using the CTEQS5L [18] parton distribution functions (PDF), with the
renormalization and factorization scales set to u = mgz, . The total scalar top efficiency in the accessible mass region



vary from 0.02% to 2.1%. The efficiency increases for higher scalar top mass and larger mass difference between #;
and 9.

The systematic uncertainty on the signal acceptance includes the uncertainties due to modeling gluon radiation
from the initial-state or final-state partons (10%), and the choice of the PDF (2%). The limited size of the stop quark
simulation samples gives a 5% statistical uncertainty. The signal acceptance uncertainty due to the jet energy scale
varies from 6% to 33%, and the uncertainty on the luminosity is 6%. The uncertainty on the trigger efficiency is 2%.
The systematic uncertainty for tagging heavy flavor jets is 10%.

IV. RESULTS

After applying heavy flavor tagging on the pretag data sample, we observe 11 events (tag sample), which is consistent
with 8.313% events expected from SM processes. The break down of the SM contributions is listed in Table II. The
largest source of background in the tag sample is the production of Z-+jets, where the Z decays to two neutrinos.
The QCD multi-jet contribution is estimated using the same method as for the pretag sample. In Figure 3 the
By distribution of the tag sample is compared with the predicted distribution from SM processes. No evidence
for scalar top production is observed. We calculate the upper limit at the 95% confidence level (C.L.) on the pair
production cross section times the square of the branching ratio of the scalar top to a charm quark and a neutralino
using a Bayesian approach [19] with a flat prior for the signal cross section and Gaussian priors for acceptance and
background uncertainties. The upper limit on the cross section times branching ratio as function of the scalar top
mass, for myo = 40, 50,55 GeV/c?, is shown in Figure 4 and is compared with the theoretical cross sections. The
theoretical cross sections for scalar top quark production have been calculated at NLO using Prospino [20]. There
are several reasons why the current analysis is not able to set a stop mass limit for m,o = 40 GeV/c? as compared
to CDF Run I results. These are due to higher Er trigger threshold in Run II, and larger systematic uncertainties in
the jet energy scale and in the heavy flavor jet tagging in Run II, as compared to Run I.

In conclusion, we performed a search for scalar top in the jets and Bt topology using 163 pb~! of CDF Run II
data. No evidence for scalar top is observed. We set an upper limit on the production cross section at the 95% C.L.
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[Source

| Events expected |

W(— ev) + 2 jets
W(— pv) + 2 jets
W(— 7v) + 2 jets
Z(— pp) + 2 jets

Z(— 711)+ 2 jets

Z(— vv) + 2 jets

ww

wZzZ

Z7Z

tt

single top(s — channel)
single top(t — channel)

5.71 £1.30 £ 0.68
24.7+£23+29
23.0+2.1+£27

1.124+0.14 +£0.13

5.69 £0.10 £ 0.07
39.5+2.7+4.7

1.99 £0.19 £ 0.31

0.95+0.11£0.15

0.75 £0.06 £ 0.12

1.23 £0.15 £0.12

0.49 +£0.03 £0.07

0.42 £0.04 £ 0.06

QCD 5.05%3-72 (total)
Total Events 1057115 (total)
Data 119

TABLE I: The number of expected events from various SM sources in the scalar top signal region (before applying heavy flavor
jet tagging). The first uncertainty is from the limited simulation statistics and the second is from the various systematics.

TABLE II: The number of expected events from various SM sources in the scalar top signal region (after applying heavy flavor
jet tagging). The first uncertainty is from the limited simulation statistics and the second is from the various systematics.

[Source

Events expected

W (— ev) + 2 jets

W (= pv) + 2 jets
W(— 7v) + 2 jets

Z(— pp) + 2 jets

Z(— 17) + 2 jets

Z(— vv) + 2 jets

ww

wZz

77

tt

single top(s — channel)
single top(t — channel)
QCD

0.027 £ 0.012 £ 0.0048
0.90 +0.36 +0.16
2.08 £0.55 £ 0.37

0.043 £ 0.025 + 0.026

0.045 £ 0.026 + 0.027
2.7£0.63 +£0.79

0.19 £ 0.052 £ 0.038
0.19 £ 0.044 +£0.038
0.19 £ 0.027 £ 0.038
0.68 £0.10 £0.15
0.36 + 0.024 £ 0.074
0.12 £ 0.019 £+ 0.030
0.84157 (total)

Total Events

8.377% (total)

Data

11
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FIG. 1: The B distribution of the pretag sample is compared with the predicted distribution from SM processes Also shown is
the expected distribution arising from scalar top quark production and decay with m; = 110 GeV/c? and mgo = 40 GeV/c?.
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FIG. 2: The distribution of the minimum jet probability of the taggable jets in the pretag sample. Also shown is the expected
distribution arising from scalar top quark production and decay with m;, = 110 GeV/ ¢? and mgo = 40 GeV/c2.
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