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We report on a search for direct scalar bottom quark (sbottom) pair production in p �p collisions atffiffiffi
s

p ¼ 1:96 TeV, in events with large missing transverse energy and two jets of hadrons in the final state,

where at least one of the jets is required to be identified as originating from a b quark. The study uses a

collider detector at Fermilab Run II data sample corresponding to 2:65 fb�1 of integrated luminosity. The

data are in agreement with the standard model. In an R-parity conserving minimal supersymmetric

scenario, and assuming that the sbottom decays exclusively into a bottom quark and a neutralino, 95%

confidence-level upper limits on the sbottom pair production cross section of 0.1 pb are obtained. For

neutralino masses below 70 GeV=c2, sbottom masses up to 230 GeV=c2 are excluded at 95% confidence

level.
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Supersymmetry (SUSY) [1] is an extension of the stan-
dard model (SM) that naturally solves the hierarchy prob-
lem [2] and provides a possible candidate for dark matter in
the Universe. SUSY doubles the SM spectrum of particles
by introducing a new supersymmetric partner (sparticle)
for each particle in the SM. In a generic minimal super-
symmetric extension of the SM (MSSM) and assuming
R-parity conservation [1], sparticles are produced in pairs,
and the lightest supersymmetric particle is stable and iden-
tified as the neutralino ~�0

1. Assuming a SUSY particle mass

hierarchy such that the scalar bottom quark (sbottom) ~b1
decays exclusively as ~b1 ! b~�0

1, the expected signal for

direct sbottom pair production is characterized by the
presence of two energetic jets from the hadronization of
the bottom quarks and large missing transverse energy E6 T

[3] from the two lightest supersymmetric particles in the
final state. Results on searches in this channel using
Tevatron data have been previously reported by both the
collider detector at Fermilab (CDF) and D0 experiments in
Run II [4–6]. This Letter presents new results based on an
almost 10 times larger data sample collected by the CDF
experiment, corresponding to 2:65 fb�1 of total luminosity.

The CDF II detector is described in detail elsewhere [7].
The data are collected using a three-level trigger system
that selects events with at least one calorimeter cluster with
ET above 100 GeV. The events are then required to have a
primary vertex with a z position within 60 cm of the
nominal interaction point. Jets are reconstructed from the
energy deposits in the calorimeter towers using a cone-

based algorithm [8] with cone radius R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
��2 þ��2

p ¼ 0:4, and the measured Ejet
T is corrected

for detector effects and contributions from multiple p �p
interactions per crossing at high instantaneous luminosity,
as discussed in Ref. [9]. The events are initially selected
with E6 T > 10 GeV and two jets with transverse energy

Ejet
T > 25 GeV and pseudorapidity j�jetj< 2:0, where at

least one of the two jets is required to have j�jetj< 1:1.

Events with additional jets with Ejet
T > 15 GeV and

j�jetj< 2:8 are rejected. The effect of the trigger selection
is studied using control data samples and parametrized as a
function of E6 T and the transverse energy of the leading jet

Ejetð1Þ
T [10]. At a given E6 T , the trigger efficiency increases

with increasing Ejetð1Þ
T . Finally, at least one of the two

leading jets is required to originate from a b-quark jet
candidate, using the default CDF b-jet tagging algorithm
(SECVTX) [11], based on the presence of a displaced vertex
due to the decay of a b hadron inside the jet.

The SM QCD multijet background contribution with
large E6 T , due to the mismeasurement of the jet energies
in the calorimeters, is suppressed by requiring an azimuthal
separation ��ðE6 T � jetÞ> 0:4 for the two jets in the
event. The SM background contributions with energetic
electrons [12] from W and Z decays and reconstructed as
jets in the final state are suppressed by requiring

E
jet
T;em=E

jet
T < 0:9 for each jet, where E

jet
T;em denotes the

electromagnetic component of the jet transverse energy.
In addition, events with isolated tracks with transverse
momentum pT;track above 10 GeV=c are vetoed, thus re-

jecting backgrounds with W or Z bosons decaying into
muons or tau leptons. Beam-related backgrounds and cos-
mic rays are eliminated by requiring an average jet elec-
tromagnetic fraction fem > 0:15 and an average charged
particle fraction fch > 0:15, as defined in [13], and have no
significant effect on SUSY signal and SM background
physics samples.
The dominant source of background in the analysis is

due to events with a light-flavor jet which is misidentified
as a b-jet (mistags). There are also contributions from
heavy-flavor QCD multijet events with large E6 T and pass-
ing the��ðE6 T � jetÞ requirement discussed above. In both
cases, the background estimation, after final selection cri-
teria (see below), is extracted from data using a procedure
similar to that described in [11,14], where different data-
driven multidimensional parameterizations are employed
to estimate the probability for a light-flavor jet in each
event to be mistagged, and the probability for a heavy-
flavor jet in QCD multijet events to pass the CDF b-tag
requirements, respectively.
Simulated event samples are used to determine detector

acceptance and reconstruction efficiency, estimate the con-
tribution from the rest of the SM backgrounds with heavy-
flavor jets in the final state, and compute the number of
expected SUSY signal events. Samples of simulated t�t and
diboson (WW,WZ, and ZZ) processes are generated using
the PYTHIA 6.216 [15] Monte Carlo generator with Tune A
[16], and normalized to next-to-leading order (NLO) pre-
dictions [17,18]. Samples of simulated Z=��ð! lþl�Þ þ
jets (l ¼ e, �, �), Zð! � ��Þ þ jets, and Wð! l�Þ þ jets
events with light- and heavy-flavor jets are generated using
the ALPGEN 2.1 program [19] interfaced with the parton-
shower model from PYTHIA. The normalization of the
boson plus jets heavy-flavor samples includes an additional
multiplicative factor kHF ¼ 1:4� 0:4 which brings the
predicted light- to heavy-flavor relative contributions in
agreement with data [11]. The complete Z=�� þ jets and
W þ jets samples are then normalized to the measured Z
and W inclusive cross sections [20]. Finally, samples of
single top events are produced using the MADEVENT gen-
erator [21] and normalized according to NLO predictions
[22]. The SUSY samples are generated in the framework of

MSSM using PYTHIA. Masses ~b1 and ~�0
1 are fixed, and

~b1 is

only allowed to decay via ~b1 ! b~�0
1 channel. A total of

106 different samples have been generated with sbottom
mass M~b1

in the range between 80 GeV=c2 and

280 GeV=c2 and neutralino mass M~�0
1

up to

100 GeV=c2. The samples are normalized to NLO predic-
tions, as implemented in PROSPINO2 [23], using CTEQ6.6
[24] parton distribution functions (PDFs) and renormaliza-
tion and factorization scales set to M~b1

. The production
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cross section depends on M~b1
and decreases from 50 to

0.01 pb as the sbottom mass increases. The Monte Carlo
generated events are passed through a full CDF II detector
simulation and reconstructed and analyzed with the same
analysis chain as for the data.

An optimization is performed with the aim to maximize

the sensitivity to a SUSY signal across the ~b1 � ~�0
1 mass

plane. For each of the 106 signal samples considered, the

procedure maximizes S=
ffiffiffiffi
B

p
, where S denotes the number

of SUSY events and B is the total SM background. As the
difference �M � M~b1

�M~�0
1

increases, the optimal

thresholds on E6 T , E
jetð1Þ
T , Ejetð2Þ

T , and ��½E6 T � jetð2Þ� for
the second leading jet, and HT , defined as HT ¼ P

iE
jetðiÞ
T

(i ¼ 1–2), increase. The results from the different SUSY
samples are combined to define two single sets of thresh-
olds (see Table I) that maximize the search sensitivity in
the widest range of sbottom and neutralino masses at low
�M (�M< 90 GeV=c2) and high �M (�M>
90 GeV=c2), respectively. As an example, for M~�0

1
¼

70 GeV=c2, M~b1
¼ 193 GeV=c2, and a SUSY cross sec-

tion of 0.32 pb, a value S=
ffiffiffiffi
B

p ¼ 5:8 is obtained, corre-
sponding to a selection efficiency of 4.7%.

A number of control samples in data is considered to test
the validity of the SM background predictions. Samples
dominated by QCD multijet events or mistags are obtained

by reversing the requirements on either E6 T or Ejetð2Þ
T , or

using a nonoverlapping sample selected with looser
b-tagging requirements. Control samples dominated by
Z=�� þ jets, W þ jets, and top-quark processes, with
highly energetic leptons in the final state, are obtained after

requiring either E
jet
T;em=E

jet
T > 0:9 for at least one of the jets,

or selecting events with isolated tracks with pT;track >
10 GeV=c. Agreement is always observed between the
data and the SM predictions.

A detailed study of systematic uncertainties was carried
out [10]. The uncertainty on the SM background predic-
tions is dominated by the determination of the b-jet mistag
rates, which propagates into an uncertainty in the SM
prediction between 13% and 11% as �M increases. The
uncertainty on the kHF value applied to the boson plus jets
heavy-flavor samples translates into an 11% uncertainty in
the SM predictions. The dependence on the amount of
initial-state and final-state radiation in the Monte Carlo
generated samples for top, boson plus jets, and diboson

contributions introduces a 6% uncertainty on the SM pre-
dictions. Other sources of uncertainty on the predicted SM
background are: a 3% uncertainty due to the determination
of the b-tagging efficiency in the Monte Carlo simulated
samples; a 3% uncertainty from the uncertainties on the
absolute normalization of the top quark, diboson,W, and Z
Monte Carlo generated processes; and a 2.5% uncertainty
from the knowledge of the jet energy scale [9]. In addition,
uncertainties related to trigger efficiency and the heavy-
flavor QCD multijet background contribute less than 1% to
the final uncertainty. The total systematic uncertainty on
the SM predictions varies between 19% and 18% as �M
increases. In the case of the MSSM signal, various sources
of uncertainty on the predicted cross sections at NLO, as
determined using PROSPINO2, are considered: the uncer-
tainty due to PDFs is computed using the Hessian method
[25] and translates into a 12% uncertainty on the absolute
predictions; variations of the renormalization and factori-
zation scale by a factor of 2 change the theoretical cross
sections by about 26%. Uncertainties on the amount of
initial- and final-state gluon radiation in the MSSM
Monte Carlo generated samples introduce a 10% uncer-
tainty on the signal yields. The 3% uncertainty on the
absolute jet energy scale translates into a 9% to 14%
uncertainty on the MSSM predictions. Other sources of
uncertainty include: a 4% uncertainty due to the determi-
nation of the b-tagging efficiency, and a 2% to 1% uncer-
tainty due to the uncertainty on the trigger efficiency. The
total systematic uncertainty on the MSSM signal yields
varies between 30% and 32% as �M increases. Finally, an
additional 6% uncertainty on the quoted total integrated
luminosity is also taken into account in both SM and SUSY
predictions.

TABLE I. Minimum values of E6 T , HT þ E6 T , E
jetð1Þ
T , E

jetð2Þ
T , and

��½E6 T � jetð2Þ� for each �M region.

Minimum values

E6 T HT þ E6 T E
jetð1Þ
T E

jetð2Þ
T ��ðE6 T � jetð2ÞÞ

GeV radians

low �M 60 165 80 25 0.7

high �M 80 300 90 40 0.7
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FIG. 1 (color online). Measured E6 T and HT þ E6 T distributions
(black dots) for low-�M (top) and high-�M analyses (bottom),
compared to the SM predictions (solid lines) and the SMþ
MSSM predictions (dashed lines). The shaded bands show the
total systematic uncertainty on the SM predictions.
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Figure 1 shows the measured E6 T and HT þ E6 T distribu-
tions compared to the SM predictions after all final selec-
tion criteria are applied. For illustrative purposes, the figure
indicates the impact of two given MSSM scenarios. The
data are in agreement with the SM predictions within
uncertainties for each of the two analyses at low and high
�M. In Table II, the observed number of events and the SM
predictions are presented in each case.

The results are translated into 95% confidence level
(C.L.) upper limits on the cross section for sbottom pair
production at given sbottom and neutralino masses, using a
Bayesian approach [26] and including statistical and sys-
tematic uncertainties. For the latter, correlations between
systematic uncertainties on signal efficiencies and back-
ground predictions are taken into account. For each MSSM
point considered, observed and expected limits are com-
puted separately for both low- and high-�M analyses, and
the one with the best expected limit is adopted as the
nominal result. Cross sections above 0.1 pb are excluded
at 95% C.L. for the range of sbottom masses considered.
Similarly, the observed numbers of events in data are
translated into 95% C.L. upper limits for sbottom and
neutralino masses, for which the uncertainties on the theo-
retical cross sections are also included in the limit calcu-
lation, and where both analyses are combined in the same
way as for the cross section limits. Figure 2 shows the
expected and observed exclusion regions in the sbottom-
neutralino mass plane. For the MSSM scenario considered,
sbottom masses up to 230 GeV=c2 are excluded at 95%
C.L. for neutralino masses below 70 GeV=c2. This analy-
sis extends the previous CDF limits [4] on the sbottom
mass by more than 40 GeV=c2.

In summary, we report results on a search for sbottom
pair production in p �p collisions at

ffiffiffi
s

p ¼ 1:96 TeV, based
on 2:65 fb�1 of CDF Run II data. The events are selected
with large E6 T and two energetic jets in the final state, and at
least one jet is required to originate from a b quark. The
measurements are in agreement with SM predictions for
backgrounds. The results are translated into 95% C.L.
upper limits on production cross sections and sbottom

and neutralino masses in a givenMSSM scenario for which

the exclusive decay ~b1 ! b~�0
1 is assumed, and signifi-

cantly extend previous CDF results.
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TABLE II. Number of events in data for the two analyses
compared to SM predictions, including statistical and systematic
uncertainties summed in quadrature.

(2:65 fb�1) low �M high �M

mistags 51:4� 18:2 18:5� 5:5
QCD jets 7:6� 1:9 1:6� 0:2
top 21:2� 3:4 7:8� 1:3
Z ! � ��þ jets 27:7� 8:8 10:9� 3:5
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W ! l�þ jets 22:3� 7:3 7:3� 2:4
WW, WZ, ZZ 3:1� 0:5 1:4� 0:2
SM prediction 133:8� 26:4 47:6� 8:8
Events in data 139 38
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FIG. 2 (color online). Exclusion plane at 95% C.L. as a func-
tion of sbottom and neutralino masses. The observed and ex-
pected upper limits from this analysis are compared to previous
results from CDF and D0 experiments at the Tevatron in Run II
[4,5], and from LEP [27] experiments at CERN with squark
mixing angle � ¼ 0�. The hatched area indicates the kinemati-
cally prohibited region in the plane.
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