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We report on the search for direct pair production of scalar top quarks and scalar bottom quarks
using 295 pb~! of proton-antiproton collision data recorded by the CDF experiment during Run 2
of the Tevatron. The scalar top (bottom) quarks are sought via their decay into a charm (bottom)
quark and a neutralino, which is the lightest supersymmetric particle. The event signature is missing
transverse energy and two high-Er jets. In the signal regions the number of observed events are
consistent with the number of events expected from Standard Model processes. Thus no evidence
for scalar top quark nor scalar bottom quark is observed. 95% CL. limits are set on the cross section
times squared branching ratio as function of the mass of scalar top quark and scalar bottom quark,
for several neutralino masses, and we extended the exclusion region in the scalar top (bottom) quark
mass versus neutralino mass plane. We assume 100% branching ratio for scalar top quark decays
into charm quark and neutralino, and 100% branching ratio for scalar bottom quark decays into
bottom 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 qr and gg aquire scalar partners §r 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 several
factors. In the case of scalar top quark (stop), 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 f,. In the case of scalar bottom quark (sbottom), large splitting of the two mass eigenstates by and by can occur
at large tan 8. Thus it is likely that the lighter stop () quark and sbottom (b;) quark can be much lighter compared
to the light flavor squarks, and have relatively larger production cross sections at the Tevatron.

At the Tevatron, the stop and sbottom quarks are expected to be produced in pairs via gg fusion and ¢q annihilation.
In this analysis, the stop quark is searched in the channel pp — #;t; — (c¥9)(€X?), and the sbottom quark is searched

in the channel pp — biby — (bx2)(bx%). The lightest neutralino x9 is assumed to be the lightest supersymmetric
particle and stable. This leads to experimental signatures with appreciable missing transverse energy. The decay
t; = ¢x? dominates via a one-loop diagram in the absence of flavor-changing neutral currents if mg, < mp +m,x,

mg, < mw +mp+myo, mg < my+mgp, and mg, < mp+m;j. For these two searches we assume BR(fl — c;"((l’) =100%

and BR(b; — bxy) = 100%. The signature of the process in these two searches is a pair of acolinear heavy flavor
jets in the transverse plane, large H1 , and no isolated high pr leptons in the final state. In this search we use
295 + 18 pb~! [2] 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 [3]. 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) [4] and a large open-cell drift chamber covering the pseudorapidity region |n| < 1 [5]. 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 || < 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 || < 1.

II. DATA SAMPLE, EVENT SELECTION & BACKGROUNDS

In this analysis the Bt [5] 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 [6]. We correct [6] jet Er measurements and Hfor detector effects.

The data sample for this analysis was collected using a Bt +jets 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 [7] with transverse energies above 1 GeV. At level-2 there
should be at least two calorimeter energy clusters (jets) with Er > 10 GeV. At level-3 Fr is required to be greater
than 35 GeV, and is recalculated using full calorimeter segmentation with a tower energy threshold of 100 MeV. We
use events from the inclusive high-pr p samples to measure the trigger efficiency directly from data.

A fraction of events taken with the trigger mentioned in the above paragraph, are not from p— p collisions, but from
beam halo and cosmic ray sources. To remove these events we examine the event electromagnetic fraction (F,,) and
charged fraction (F.p) [8]. 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. We also reject events if any of the
jet in the event enters un-instrumented regions of the calorimeter.

The dominant backgrounds to the stop and sbottom searches in the jets and Er signature are QCD multi-jet
production, W and Z boson production in association with jets, top quark single and pair production, and production
of di-boson (WW /W Z]/ZZ). The ALPGEN generator [9] was used for the simulation of the W and Z boson plus
parton production, with HERWIG [10] used to model parton showers. The PYTHIA generator [11] is used to generate
QCD multi-jet, top quark and di-boson productions. All these Monte Carlo SM background samples were generated
using the CTEQSL [12] parton distribution functions (PDF). In generating the QCD multi-jet sample, we only keep
the events where there are b or ¢ outgoing partons/hadrons in the final state (QCD multi-jet (HF)). To normalize
the Monte Carlo SM background samples, we use the next-to-leading order (NLO) cross section values for top quark



(single/pair) production [13][14][15]. We use MCFM [16][17] program to obtain the NLO cross section values for
W/Z+jets and di-boson productions. For QCD multi-jet (HF) sample, we select a kinematic region in the data that
is dominated by QCD di-jet production, and obtain a normaization factor kgcp = 1.46 & 0.37 for the QCD multi-jet
(HF) sample. The uncertainty of the normaization factor is mainly due to the uncertainty of the jet energy scale.

Data selection requirements were chosen to maximize the statistical significance of the stop/sbottom signal over
background events based on studies of simulated event samples before the signal region data were examined. As the
production cross section and event kinematic (example jet E, Bt ) could vary significantly across a wide stop quark
and sbottom quark mass range to be searched, we determined separate sets of optimized cuts for three mass ranges
for both stop and sbottom searches. The corresponding “low”, “medium” and “high” mass ranges for stop (sbottom)
search are my, < 100 GeV, 100 < mj, < 120 GeV, and mg, > 120 GeV (mg1 < 140 GeV, 140 < m; < 180 GeV, and
my, > 180 GeV). To select the events, we require the missing transverse energy to be Et > 50 GeV or higher, to be
in the region that the trigger is efficient, and to reduce QCD multi-jet background. In each selected event we require
there to be only two or three reconstructed jets in the rapidity region || < 2. Events with any additional jets with
Er > 8 GeV and 2 < |n| < 3.6 are rejected. To reject events with Hr 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) < 160°.
The Bt direction must not be parallel to any of the jets. We require the minimum azimuthal separation between the
direction of the jets and Ft of min A¢(j, Br) > 45°. In QCD multi-jet events, most of the time the missing transverse
energy is due to mis-measurement of jets’ energy. So it is often that the second leading jet’s transverse energy is
anti-correlated to the missing transverse energy. Therefore we require that the sum Er(Jet2) +Hr to be above certain
cut values (shown in Table I). 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 Er > 10 GeV (electron candidates) or pr > 10 GeV/c (muon candidates), or with any
isolated track pr > 10 GeV/c. Criteria similar to those in [19] 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 4 or more tracks. This cut is to reduce contributions
from W+jets and Z+jets in which the gauge bosons decay into taus.

A quantity which explores the correlation between the missing transverse energy and the transverse energy of the
first and second leading jets, Ef. [20], is required to be in the range —10 < E} e < 10 GeV, to reduce
contributions from QCD multi-jet and top quark production.

To further enhance the signal over the SM background, we tag the c-jets (b-jets) in the stop (sbottom) quark search
with a heavy-flavor jet tagging algorithm, Jet-Probability [18]. The Jet-Probability algorithm examines the impact
parameter of the tracks that are associated to the jet, and compute the probability that the tracks of the jet are
originated from the primary vertex. For jets that are originated from primary (secondary) vertex, it will have a large
(small) Jet-Probability value. For the stop (sbottom) search, we require at least one jet to have a Jet-Probability
value of JP < 5% (JP < 1%). The efficiency to tag a fiducial c-jet (b-jet) with Jet-Probability value of JP < 5%
(JP <1%) is ~ 17% (~ 40%).

A detail description of the selection cuts are shown in Table I.

Among the contributions from SM processes that pass all the selection cuts, some events are selected even though
only light-flavor jets are present in the event final state. One or more light-flavor jets are mis-identified as a c-jet
or b-jet by the Jet-Probability algorithm (mis-tag). So when we estimate the SM background contributions with
Monte Carlo samples, we require that a heavy flavor parton/hadron to be matched to the jet before we cut on its
Jet-Probability value. To estimate the fraction of selected SM events that are due to light-flavor jets mis-identifed as
c or b-jets, we measured the rate of mis-tag on a data sample that is riched in light-flavor jets. We then apply this
measured mis-tag rate onto the data sample that is used for the stop and sbottom searches, after all selection cuts
are applied except the heavy flavor jet tagging.

III. SIGNAL ACCEPTANCE AND SYSTEMATIC UNCERTAINTIES

The total detection efficiencies for the stop and sbottom quark signals are estimated using the PYTHIA event
generator, and the CDF detector simulation program. The PYTHIA underlying event simulation was tuned to reproduce
CDF data [21]. The samples were generated using the CTEQS5L parton distribution functions, with the renormalization
and factorization scales set to the mass of the squark in the search. The total stop (sbottom) efficiency in the accessible
mass region vary from 0.1% to 3.4% (0.17% to 8.5%). The efficiency increases for higher stop (sbottom) mass and
larger mass difference between #; (b;) and X9.

The systematic uncertainty on the signal acceptance includes the uncertainties due to modeling gluon radiation
from the initial-state or final-state partons (5%), and the choice of the PDF (2%). The limited size of the stop and
sbottom simulation samples gives a 2-10% statistical uncertainty. The signal acceptance uncertainty due to the jet



energy scale varies from 4% to 20%, and the uncertainty on the luminosity is 6%. The uncertainty on the trigger
efficiency is 5%. The systematic uncertainty for tagging c-jet (b-jet) is 12% (8.6%).

IV. RESULTS

After applying all the selection cuts, the number of expected SM background events are consistent with the number
of observed events for both the stop quark and sbottom quark searches. The break down of the SM contributions
and the total number of observed data events for the stop (sbottom) quark search is listed in Table II (IIT). In both
stop and sbottom searches, and among all the mass range search categories, the largest source of background are
events where light-flavor jets mis-identified as ¢ or b-jets. The QCD multi-jet (HF) background is the second largest
source of SM background in the “low” mass search. However its contribution is largely suppressed by the tigther
cuts employed in the “medium” and “high” mass searches. The plots in Figure 1 show the comparison of kinematic
distributions between the observed data events and the SM background expectation, for “high” mass stop search after
all selection cuts are applied. The solid open histograms are distributions from stop quark pair production (M () = 120
GeV, M(x}) = 50 GeV) signal. The plots in Figure 2 show the comparison of kinematic distributions between the
observed data events and the SM background expectation, for “medium” mass sbottom search after all selection cuts
are applied. The solid open histograms are distributions from sbottom quark pair production (M (b) = 160 GeV,
M(%?) = 80 GeV) signal.

As the observed events in the data are consistent with the prediction from the SM background contribution, no
evidence for stop quark or sbottom quark production is observed. We calculate the upper limit on the on the possible
number of signal events at 95 % confidence level (C.L.) using a frequentist C Ly approach [22]. The plots of the upper
limit cross section for stop quark pair production as function of stop quark mass, for myo = 50,55, 60 GeV, are shown
in Figure 3. The plots of the upper limit cross section for sbottom quark pair production as function of sbottom
quark mass, for m,o = 60, 70,80 GeV, are shown in Figure 4. The theoretical cross sections for stop and sbottom
quark pair production are calculated at NLO using Prospino [23] with CTEQ6M PDF. In the plots of Figure 3 and
4, the yellow band indicates the uncertainty of the theoretical cross section due to uncertainties in the PDF, and the
renormalization and factorization scale. ~

The 95% CL exclusion region in the mass plane of M (f) (M (b)) vs M(%?) is shown in Figure 5,6 (7,8). In Figure
5 (7) the uncertainties of the theoretical cross section due to PDF and renormalization and factorization scale are
NOT taken into consideration when extracting the upper mass limit for CDF Run 2. In Figure 6 (8) the uncertainties
of the theoretical cross section due to PDF and renormalization and factorization scale are taken into consideration
when extracting the upper mass limit for CDF Run 2.

In conclusion, we performed searches for stop and sbottom quarks in the jets and Ft topology using 295 pb~!
of CDF Run II data. No evidence for stop quark nor sbottom quark is observed. We set an upper limit on their
production cross section at the 95% C.L.
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Selection Cuts Stop Sbottom
Mass range Low [Medium| High | Low [Medium| High
Loose Lepton Veto YES
Er (GeV) >50 >50 | >50 | > 50 > 55 > 65
Et Jet 1 (GeV) >35| >45 | >556 | > 35 > 55 > 75
Er Jet 2 (GeV) > 15| >15 | > 25 > 15 > 15 > 35
Ex Jet 3 (GeV) > 15
Jet Rapidity ([ n[: J1, J2, J3) [m[<1.2, [n2]< 15, [ns[<20
Veto additional jets Er>8GeV,2<|n]<3.6
A¢(Jetl, Jet2) (deg) 70 — 160 |60 —160]50 — 16040 — 160

min. A¢p(Jet, Hr) (deg) 45 — 180
min. # tracks in jet (| n|< 1) >=4
(for Jetl, Jet2, or Jet3)
Etjiomer (GeV) <15

Et(Jet2) + Hr (GeV)
Jet Probability Tagging

>65] >8 [>105
>=1tag ( JP < 5%)

>80 | >120 | > 160
>=1tag ( JP < 1%)

TABLE I: Event selection cuts.

TABLE II: The number of observed data events, and the number of expected events from various Standard Model sources in
the stop signal region. The Monte Carlo statistical error is the first uncertainty shown, and the systematic error from other

sources is the second.

TABLE III: The number of observed data events, and the number of expected events from various Standard Model sources in
the sbottom signal region. The Monte Carlo statistical error is the first uncertainty shown, and the systematic error from other

sources is the second.

Process
Low

Events expected
Medium

High

11.5 £2.43 + 2.62
9.93 £ 0.50 £ 2.02
2.52+£0.11 £ 0.48
5.23 £0.19 £ 0.82
32.5 £5.20 £ 8.11
75.4 £2.22 +£10.7

W + jets
Z + jets
Di-boson
Top
QCD
Mistag

9.31 +£2.30 + 2.12
7.34 £0.43 £1.49
1.99 +£0.09 £ 0.38
4.90 £0.19 £0.77
17.9 £ 4.00 = 4.47
53.5 £1.98 £ 7.60

3.95 £1.54 £ 0.90
4.144+0.34 £0.84
0.89 £0.06 £ 0.17
3.93 £0.17 £ 0.62
2.55 +1.47 +£0.64
27.2 +£1.51 + 3.87

Total 137 +15.8

949+11.1

42.7 +5.28

Data 151

108

43

Process Events expected
Low Medium High
W + jets|5.50 £ 1.15 + 1.16| 1.53 & 0.55 & 0.32[0.51 £ 0.36 £ 0.11
Z + jets |5.95 £ 0.36 & 1.10[2.66 £ 0.25 £ 0.49|1.02 + 0.16 % 0.19
Top |4.22 4 0.17 + 0.56|2.88 £ 0.14 + 0.38 [1.16 + 0.09 + 0.16
QCD |18.8 +4.01 4+ 4.70|2.60 + 1.50 + 0.65 015
Mistag [20.5 + 0.63 + 2.30 |8.09 + 0.47 + 0.91|1.98 + 0.25 + 0.22
Total 55.0 + 7.24 17.8 + 2.31 4.6775 65
Data 60 18 3
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FIG. 1: Comparison of the kinematic distributions between the SM background prediction and data observation after ap-
plying “high” mass cuts in the search for stop quark pair production. (TOP LEFT) Missing transverse energy, (TOP
RIGHT) minimum azimuthal angular separation between jet and MET, (BOTTOM LEFT) transverse energy of first leading
jet, (MOTTOM RIGHT) transverse energy of second leading jet.
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RIGHT) minimum azimuthal angular separation between jet and MET, (BOTTOM LEFT) transverse energy of first leading
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CDF Run Il Preliminary (295 pb™)

S LI B ‘ LI B LI ‘ L ‘ LI B ‘ L ‘ LI ‘ LI
N5 ) (a) Theory Cross Section (Prospino)
20 BT NLO =
T F [ ] Uncertainty (scale+PDF) A
1= - i
& I CDF Upper Limit, 95% CL |
| 0T —— Observed 7
ey
= —e— Expected
110 —
lo - =
o ~ ~o .
® ]
- M(X5)=50 GeVic’ 1
I ‘ I ‘ I ‘ | T | ‘ I ‘ I T ‘ I ‘ I
170 80 90 100 110 120 130 140 150
M(t,) (Gevic)
CDF Run Il Preliminary (295 pb™)
3 T 1 7T ‘ T 1 7T L ‘ L ‘ T 1 7T ‘ L ‘ L ‘ L
N3 ) (c) Theory Cross Section (Prospino)
51:210 2 NLO E
T [ ] Uncertainty (scale+PDF)
1= - 4
& I CDF Upper Limit, 95% CL |
h,’; —— Observed 7
= —e— Expected
110 —
la = B
2 ]
5 [ ]
- M(X)=60 GeV/c’ 1
v b b b b e b b by
10 80 90 100 110 120 130 140 150
M(t,) (GeVic")

~ cX))? (pb)
5

a(pp - ) x BR(;

10

1

CDF Run Il Preliminary (295 pb*)

L B e e L B e e B I En e e e
) (b) Theory Cross Section (Prospino)

e \ N NLO =
- [ ] Uncertainty (scale+PDF) A
B CDF Upper Limit, 95% CL ]|
B —— Observed 7
| —e— Expected B
- M(X)=55 GeVic’ :

I ‘ I T ‘ I ‘ | T | ‘ I ‘ I ‘ I ‘ I

70 80 90 100 110 120 130 140

E 150
M(t,) (GeVic?)

FIG. 3: The observed 95% C.L. upper limit on the pair production cross section of scalar top quarks for (a) M(%?) = 50 GeV,
(b) M(%?) =55 GeV, (c) M(x?) = 60 GeV.
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FIG. 4: The observed 95% C.L. upper limit on the pair production cross section of scalar bottom quarks for (a) M(%?) = 60

GeV, (b) M(x3) =70 GeV, (c) M(x?) =80 GeV.
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FIG. 5: The 95% CL exclusion region in the mass plane of M(f) vs M(%?). The upper mass limit from CDF and D@ Run2
does not include the uncertainties of the theoretical cross section due to PDF and renormalization and factorization scale.
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FIG. 6: The 95% CL exclusion region in the mass plane of M(f) vs M(%}). The upper mass limit from CDF and D@ Run2
includes the uncertainties of the theoretical cross section due to PDF and renormalization and factorization scale.
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FIG. 7: The 95% CL exclusion region in the mass plane of M (b) vs M(x?). The upper mass limit from CDF Run2 does not

include the uncertainties of the theoretical cross section due to PDF and renormalization and factorization scale.
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FIG. 8: The 95% CL exclusion region in the mass plane of M(b) vs M(%?). The upper mass limit from CDF Run2 includes

the uncertainties of the theoretical cross section due to PDF and renormalization and factorization scale.



