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Abstract

This report presents a search for direct production of bottom squark pairs in proton-
proton collision events at

√
s = 8 TeV collected by the CMS experiment at the LHC in

2012. The data used correspond to an integrated luminosity of 19.4 fb−1. This search
is performed in a final state of two jets, at least one of which is tagged as originat-
ing from a b-quark, accompanied by large missing transverse momentum, as well as
large transverse mass and contransverse mass calculated from the jets and missing
transverse momentum. The observed data in the signal region are consistent with
the standard model backgrounds predicted using data control samples. The results
are interpreted in terms of a simplified model production of a pair of bottom squarks
with each bottom squark decaying to a bottom quark and a weakly interacting sta-
ble neutral particle. The production of bottom squarks with mass up to 700 GeV is
excluded at 95% confidence level for neutralino masses less than 50 GeV.
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1 Introduction
The standard model (SM) has been extremely successful at describing particle physics phenom-
ena. The recently discovered boson with a mass of 125 GeV at the LHC [1, 2] is a prime can-
didate to be the last particle required in this theory, the Higgs boson. However, the SM suffers
from shortcomings such as a mechanism to stabilize the Higgs boson mass against radiative
corrections [3–5]. Supersymmetry (SUSY) is an extension to the SM, which relates fermions
and bosons. For every known boson (fermion) of the SM, it postulates the existence of a yet
unseen fermionic (bosonic) partner. The introduction of these new particles provides solutions
to the hierarchy problem. Under the assumption that R-parity is conserved [6–8], a dark matter
candidate is also provided in the form of the lightest supersymmetric particle (LSP).

A broad range of searches for light squarks and gluinos [9–15] have been performed by the CMS
and ATLAS experiments. SUSY scenarios leading to the production of light top and bottom
squarks are well motivated theoretically and have been explored by existing searches [16–27]
at the LHC. The motivation arises from naturalness considerations related to protecting the
Higgs mass against large loop corrections in the standard model [28]. The first and second
generation squarks, in contrast, are not required to be light in such scenarios.

This paper reports on a search for pairs of SUSY particles produced in pp collisions at
√

s = 8
TeV at the LHC using events with a large imbalance in transverse momentum and two energetic
jets one or both of which are identified as originating from bottom quarks (b-jets). The data
used for this analysis correspond to an integrated luminosity of 19.4 fb−1 [29] collected with
the CMS experiment [30] during 2012. This final state is motivated by the production of pairs of
bottom squarks (b̃) where each b̃ decays into a bottom quark and a weakly interacting neutral
stable particle (χ̃0

1). In a large variety of models χ̃0
1 is the lightest supersymmetric particle and

leaves the detector undetected resulting in a characteristic signature of large missing transverse
energy (Emiss

T ), see Figure 1.

Figure 1: Bottom squark pair production with the bottom squark decaying into a bottom quark
and neutralino.

The main background contributions to the search are: Z(νν̄)+jets, an irreducible background;
tt̄, single top and W(`ν)+jets events, where a W decays to e or µ (directly or via a τ decay)
which survives the lepton veto because it is misidentified, nonisolated or is out of kinematic
acceptance, or a τ that decays hadronically and is reconstructed as a jet; and QCD multijet
events where semileptonic decays of b-quark jets or mismeasurements of jets can result in large
missing transverse momentum.

A brief description of the event reconstruction algorithms is given in Section 2. The simulations
of signal and background are described Section 3. The event selection to define the signal
region is described in Section 4. Section 5 describes the methods to measure the backgrounds
in the search regions using data. Finally, the results are interpreted in Section 6 and concluding
remarks are given in Section 7.
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2 Detector and Event Reconstruction
The central feature of the CMS detector is a superconducting solenoid, which provides an
axial magnetic field of 3.8 T. The bore of the solenoid is instrumented with several particle
detection systems. Silicon pixel and strip tracking systems measure charged particle trajec-
tories with full azimuthal (φ) coverage and a pseudorapidity acceptance of |η| < 2.5, where
η ≡ −ln[tan(θ/2)] and θ is the polar angle with respect to the counterclockwise beam direc-
tion. The silicon pixel and strip tracker, the crystal electromagnetic calorimeter (ECAL) and the
brass/scintillator hadron calorimeter (HCAL) are contained within the solenoid. Muons are
detected in gas-ionization chambers embedded in the steel return yoke. The tracker provides
transverse momentum resolution of approximately 1.5% for charged particles with pT > 100
GeV. The ECAL has an energy resolution of better than 0.5 % above 100 GeV. The HCAL com-
bined with the ECAL measures the jet energy with a resolution ∆E/E ≈ 100%/

√
E(GeV)⊕ 5%.

Events are collected by a two-layer trigger system, based on a hardware filter (L1), followed by
a software-based High Level Trigger (HLT). A detailed description of the CMS detector can be
found elsewhere [30].

All the final state observables used in this analysis are reconstructed using a particle flow (PF)
algorithm [31–33] which combines information from various subdetectors to reconstruct and
identify stable particles produced in the collision, namely charged and neutral hadrons, pho-
tons, electrons and muons. These particles are then used to calculate the Emiss

T and are clustered
to reconstruct jets with the anti-kT algorithm using a distance parameter R=0.5 [34]. The con-
tribution of neutral particles from pileup interactions clustered as jets is subtracted based on
the average pileup energy density in an event and the jet area calculated using FastJet tools
[35]. The jets are then corrected to take into account the detector response as a function of jet
pT and η. These corrections have been derived from Monte Carlo simulated events (MC) and
validated using γ+jets and dijet events from collision data. In the end, the jets measured in
data are corrected for any residual difference in energy scale between data and MC [36].

Muons are reconstructed by finding compatible track segments in the silicon tracker and the
muon detectors [37] and are required to be within |η| < 2.4. Electron candidates are recon-
tructed starting from a cluster of energy deposits in the electromagnetic calorimeter that is
then matched to the momentum associated with a track in the silicon tracker. Electron candi-
dates are required to have |η| < 1.44 or 1.56 < |η| < 2.5 to avoid poorly instrumented regions.
Muon and electron candidates are required to originate within 2 mm of the beam axis in the
transverse plane. A relative isolation parameter is defined as the sum of the pT of the charged
hadrons, neutral hadrons, and photon contributions computed in an η − φ cone of radius 0.3
around the lepton direction, divided by the lepton pT. Lepton candidates with relative isolation
values below 0.2 are considered isolated.

Jets are identified as b-jets using the “Combined Secondary Vertex (CSV) algorithm” [38]. We
use the “loose” and “medium” working point versions of this algorithm. The b-quark identi-
fication efficiency for the jets with pT above 70 GeV and |η| < 2.5 is 80–85% and 46–74% for
the loose and medium working points respectively, and the rate for light quarks and gluons
being mistagged as b-quark jets for the loose working point and the medium working point
are 8–12% and 1–2%, respectively.

3 Monte Carlo event generation
Monte Carlo simulated event samples are used to validate and calibrate the data-driven meth-
ods and to calculate the contributions for some small backgrounds. The MADGRAPH5 [39]
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program, with up to four additional partons, is used for tt̄, W(`ν)+jets, Z(νν̄)+jets and QCD
multijets. The Powheg [40] program is used for single top production and the PYTHIA 6.4.24
[41] program is used to generate diboson samples. Decays of tau leptons are handled by the
TAUOLA 27.121.5 [42] program, and the detector response is simulated with the GEANT4 [43]
package. All the SM background samples, except for the QCD multijet sample, are normalized
to the cross sections calculated at next-to-next-to-leading order (NNLO) [44, 45] or approxi-
mate NNLO [46–50] perturbative QCD when available, and otherwise normalized to the cross
sections calculated at next-to-leading order (NLO) [51, 52].

The signal samples were generated using the leading order (LO) matrix element event gener-
ator MADGRAPH5 with up to 2 additional partons, interfaced with PYTHIA 6.4.24 with tune
Z2star [53] for parton showering and hadronization and the CTEQ 6L1 [54] parton distribu-
tion functions (PDF), and simulated using parametric simulation. To simulate b̃ → bχ̃0

1 events
all SUSY particles except b̃ and χ̃0

1 are assumed to be very heavy and thus do not affect the
signal bottom squark production or decay. A grid of signal events is generated as a function
of the bottom squark and neutralino masses with 25 GeV and 50 GeV spacings, respectively.
The sample covers the range of phase space (mb̃, mχ̃0

1
) = (100 ≤ mb̃ ≤ 1000 GeV, 1 ≤ mχ̃0

1
≤

(mb̃ − 10)GeV).

4 Event Selection
We define a signal enriched baseline, which is also used as a loose validation region for compar-
ison of various kinematic distributions in data and MC, using the following selection criteria:

• Exactly two central jets with pT> 70 GeV and |η| < 2.4. The events are vetoed if
they have an additional jet with pT> 50 GeV and |η| < 5.0.

• One or both of the leading jets are required to be b-jets, using the medium working
point.

• Events containing an isolated electron, muon, or track with pT>10 GeV are rejected
to suppress processes such as tt̄ and W(`ν)+jets.

• HT>250 GeV, where HT is the scalar sum of pT of the two leading jets.

• Emiss
T >175 GeV.

• The azimuthal separation between the leading jet (J1) and sub-leading jet (J2), ∆φ(J1, J2),
should be less than 2.5 radians to reject QCD dijet events.

• To suppress SM processes such as tt̄ and W(`ν)+jets, we require the invariant trans-
verse mass of the sub-leading jet and the missing transverse momentum, as defined
in Equation 1, to be greater than 200 GeV.

MT(J2, Emiss
T ) =

√
[ET(J2)− Emiss

T ]2 + [pT(J2)− Emiss
T ]2, (1)

The distribution of MT(J2, Emiss
T ) is expected to have a kinematic edge at the mass

of the top quark when the jet and Emiss
T originate from semileptonic decay of a top

quark.

The event samples used to search for the signal are collected with a trigger requiring at least
two central jets with pT>50 GeV and |η| < 2.6, and Emiss

T >80 GeV, reconstructed at trigger
level. The trigger efficiency is measured to be larger than 95% for offline selection of Emiss

T > 175
GeV, and jets with pT>70 GeV.
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We characterize events using the boost-corrected contransverse mass (MCT) [55, 56]. For pro-
cesses with two identical decays of heavy particles, b̃→ Jiχ̃

0
1, the MCT is defined as:

M2
CT(J1, J2) = [ET(J1) + ET(J2)]

2 − [pT(J1)− pT(J2)]
2 (2)

= 2pT(J1)pT(J2)(1 + cos ∆φ(J1, J2)),

According to the MCT definition for a given jet pT, events saturate the bound on MCT when
two jets point in the same direction in the transverse plane. The MCT(J1, J2) distribution is
characterized by an endpoint defined by mb̃ and mχ̃0

1
which for the topology in question is at

(m(b̃)2 −m(χ̃0
1)

2)/m(b̃).

To obtain sensitivity in multiple regions across the (mb̃, mχ̃0
1
) plane, a total of eight exclusive

search regions are defined using MCT and the number of b jets (Nb−jets), as summarized in
Table 1.

Table 1: Definition of eight exclusive search regions.
No. of b-jets MCT MCT MCT MCT
Nb−jets = 1 < 250 GeV 250 - 350 GeV 350 - 450 GeV > 450 GeV
Nb−jets = 2 < 250 GeV 250 - 350 GeV 350 - 450 GeV > 450 GeV

In addition, a set of detector and beam-related cleaning algorithms is applied to remove events
with detector noise, which would fake signal-like events with high energy and large transverse
imbalance [57, 58].

Comparisons of simulation and data for the key variables, Emiss
T and MCT, in the baseline search

regions are shown in Figure 2 for events with Nb-jets=1 and Nb-jets=2, respectively. The number
of events for various SM processes in the signal regions predicted by the simulation are given
in Tables 2 and 3. The event yields from simulation are normalized to the integrated luminosity
of the data used for this analysis. According to the MC simulation, the contribution from QCD
multijet production in the signal region with two b-jets is negligible, so only upper limits on
the QCD process are quoted in Table 3. Simulations of the background processes are given in
Tables 2 and 3 for illustration only; the background estimates for the search result are obtained
from data control regions as described in the next section.

Table 2: Event yields, normalized to the integrated luminosity, from MC simulation after ap-
plying all preselection and baseline cuts in the signal region with one b-jet.

MCT < 250 GeV 250 < MCT < 350 GeV 350 < MCT < 450 GeV MCT > 450 GeV
Z(νν̄)+jets 818±12 367±7.8 59±2.8 16±1.5
W(`ν)+jets 398±8.4 149±4.9 17±1.5 6.0±0.9
tt̄ 221±2.5 176±2.2 17± 0.7 2.2±0.2
Single top 33±3.7 13±2.3 0.3±0.3 <0.5
VV 18±0.7 17± 0.6 0.9±0.1 0.3±0.1
ttZ 0.8±0.1 0.5± 0.1 0.2±0.1 <0.04
QCD 12±8.2 6.0± 6.0 < 0.5 <0.5
Total MC 1500±17 729±11 94±3.2 25±1.6
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Figure 2: Distributions of MCT and Emiss
T in data and MC for baseline selected events, with

Nb-jets=1 in the top row and Nb-jets=2 in the bottom row. The distributions of MCT and Emiss
T for

two signal points, one with mb̃ = 750 GeV and LSP mass of 50 GeV and the second point with
mb̃ = 300 GeV and LSP mass of 150 GeV, are shown by hatched lines.
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Table 3: Event yields, normalized to the integrated luminosity, from MC simulation after ap-
plying all preselection and baseline cuts in the signal region with two b-jets. According to the
MC simulation, the contribution from QCD multijet events in the signal region with two b-jets
is negligible, so only the upper limits on the QCD process are quoted here.

MCT < 250 GeV 250 < MCT < 350 GeV 350 < MCT < 450 GeV MCT > 450 GeV
Z(νν̄)+jets 58±3.2 28±2.1 4.8±0.8 1.1±0.3
W(`ν)+jets 13±1.4 4.7±1.0 1.0±0.3 < 0.2
tt̄ 12±0.6 11±0.5 1.8± 0.2 0.3±0.1
Single t 1.3±0.7 2.2±1.1 <0.5 <0.5
VV 1.5±0.1 3.2± 0.2 0.1±0.0 <0.1
ttZ 0.3±0.1 0.2± 0.1 <0.04 <0.04
QCD <0.5 <0.5 < 0.5 <0.5
Total MC 86±3.6 49±2.5 7.7±0.8 1.4±0.4

5 Estimation of Standard Model Backgrounds
In all the search regions, the Z(νν̄)+jets process is the dominant background followed by the
contributions of W(`ν)+jets and tt̄ processes. These backgrounds, as well as the contribution
from QCD multijet production, are determined using the data. A single muon control sample
selected from data is used to estimate the numbers of Z(νν̄)+jets, tt̄ and W(`ν)+jets background
events in the signal regions. The single muon events used to measure Z(νν̄)+jets background
are required to not have any b-jets to select a W(`ν)+jets enriched sample. The W(`ν)+jets,
single top and tt̄ backgrounds are measured using the events selected with the signal definition
except that events are required to have exactly one isolated muon. The contribution of QCD
multijet events is negligible in all the search bins as suggested by the MC predictions but it is
also estimated directly from data control regions. The contribution of diboson and Drell-Yan
processes in the signal regions is less than 3% and is estimated from simulation assuming a
50% systematic uncertainty. These contributions are listed as ”rare processes” in Table 10.

Jet, lepton, b-jet multiplicity and kinematic requirements for the signal regions and all control
samples are summarized in Table 4.

5.1 Estimation of Z(νν̄)+jets Background

The contribution of Z(νν̄)+jets events is estimated using W(µν)+jets events as the two pro-
cesses have similar kinematic characteristics. To mimic the signature of neutrinos from decays
of the Z boson, the muon ~pT is added to Emiss

T to define a “Modified Emiss
T ”, which is then used

to compute the various event selection variables.

This background is estimated from a data sample of single muon events selected from isolated
muon triggers by requiring exactly one isolated muon with pT> 30 GeV and |η| <2.1. The event
is vetoed if there is an additional muon candidate in the event such that the invariant mass
formed by the two muons is within 25 GeV of the mass of the Z boson. The muon is required
to be separated from the closest jet in the event by ∆R =

√
(∆η)2 + (∆φ)2 > 0.3. The events

should satisfy the same criteria for jets as used for the signal regions except that the events with
an identified b-jet using the loose working point are rejected to minimize the contribution of tt̄
or single top events. Selection thresholds for the Modified Emiss

T , HT and MT(J2, ModifiedEmiss
T )

are the same as those used to define the signal regions. The ∆φ(J1, J2) requirement is ignored
in the definition of the single muon control sample. All the requirements that are applied to
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Table 4: Jet, lepton, b-jet, the CSV working points (Loose or Medium WP) and kinematic
requirements for the signal regions and all control samples.

Requirements
Jet Lepton b-jet Kinematics

Signal region
Two Central Jets lepton(e and µ) veto Nb-jets=1,2 MT(J2, Emiss

T ) > 200 GeV, HT> 250 GeV
Veto 3rdjet,pT >50 GeV Isolated Track veto Medium WP Emiss

T > 175 GeV and ∆φ(J1, J2) < 2.5
W(µν)+jets control sample

Two Central Jets One tight µ, |η| <2.1 Nb-jets=0 MT(J2, Emiss
T ) > 200 GeV, HT> 250 GeV

Veto 3rdjet,pT >50 GeV pT> 30 GeV Loose WP Modified Emiss
T > 175 GeV

µ+jets control sample
Two Central Jets One tight µ, |η| <2.1 Nb-jets=1,2 MT(J2, Emiss

T ) > 200 GeV, HT> 250 GeV
Veto 3rdjet,pT >50 GeV pT> 10 GeV Loose WP Emiss

T > 175 GeV
QCD control samples

Two Central Jets lepton(e and µ) veto Nb-jets=0,1,2 HT> 250 GeV
Veto 3rdjet,pT >50 GeV Isolated Track veto Medium WP Emiss

T > 175 GeV and ∆φ(J1, J2) > 2.5

define the W(µν)+jets control sample are summarized in Table 4. Figure 3 compares the MCT
and Modified Emiss

T distributions for simulated and data events in the control sample. The data
is below the MC by up to 50% at high MCT; however our use of the control sample data for
background predictions avoids the effects of such MC mismodelling.
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Figure 3: Comparison of simulation and data for the (a) MCT and (b) Emiss
T distribution in the

single muon control sample used to estimate Z(νν̄)+jets background. The distributions are
shown after applying all cuts in the control sample.

Starting from the single muon control sample as described above, the prediction of the number
of Z(νν̄)+jets events can be written as:

N(Z → νν̄) =
Nobs − NNon−W

εµεHLT
R(

Z → νν̄

W → µν
). (3)

While Equation 3 is defined for each of the eight search regions, the Nobs − NNon−W is the same
for both b-jet multiplicities for a given MCT range. The εµ is the correction for differences in
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Table 5: Predicted event yields for Z(νν̄)+jets background in the MCT and b-jet multiplicity
bins using the method explained in the text. These numbers are comparable with the expected
event yields from simulation for the Z(νν̄)+jets background in Tables 2 and 3.

MCT <250 GeV 250< MCT <350 GeV 350< MCT <450 GeV MCT > 450 GeV

Z(νν̄)+jets 848±12± 79 339±8.1±52 48±3.0±6.0 8.1±1.6±1.7
Nb-jets=1

Z(νν̄)+jets 60±3.4±7.1 28±2.4±3.8 3.9±0.9±1.0 0.7±0.6±0.6
Nb-jets=2

the muon isolation and identification efficiencies for data and MC, εHLT is the trigger efficiency,
Nobs is the number of events passing the W(→ µν) selection and NNon−W represents the number
of single top, tt̄, Drell-Yan, and diboson events. Finally, R( Z→νν̄

W→µν ) is the ratio of number of
Z(νν̄)+jets and W(µν)+jets events expected from simulation in a given search bin defined by
MCT and Nb-jets. R includes the cross sections for W(µν)+light flavor-jets and Z(νν̄)+heavy
flavor-jets processes, acceptance effects for detecting the muon, and the branching fractions for
the W and Z bosons.

The resulting predicted numbers of Z(νν̄)+jets events for each MCT bin are shown in Table 5
for events with one and two b-jets along with the statistical and total systematic uncertainties.

We evaluate systematic uncertainties on the Z(νν̄)+jets background prediction resulting from
the method, simulation mismodelling and misidentifications, as described below.

• Theoretical uncertainties on R: We consider theoretical uncertainties on the produc-
tion of W(`ν)+jets and Z(νν̄)+jets processes from higher-order QCD corrections, the
PDF uncertainties and higher-order electroweak corrections. The total theoretical
QCD uncertainty is expected to be less than 5% and the uncertainty from the choice
of the PDFs is negligible as it almost completely cancels in the ratio W/Z as a func-
tion of boson pT. The higher-order electroweak corrections are similar for the W and
Z production and largely cancel in the cross section ratios [59].

• Cross section for W and Z production in association with b jets: Another source
of uncertainty on the ratio R can arise from the difference in production of Z bosons
in association with one or two b-jets in data and MC simulation. An overall con-
servative systematic uncertainty is assigned on the Z(νν̄)+b-jets cross section. This
uncertainty is obtained from the statistical precision of the Data/MC ratio for the
Z → µµ̄ events with at least one b-jet. This is measured to be about 5% with the data
covering MCT values up to 250 GeV; we apply that value for all MCT regions.

• Statistical uncertainty on R( Z→νν̄
W→µν ): The statistical uncertainties of the simulated

Z(νν̄)+jets and W(`ν)+jets samples are propagated for each search bin.

• Contamination from other SM processes: The W(µν)+jets event sample selected
from data also has contributions from Drell-Yan, diboson, and tt̄ and single top pro-
cesses, as indicated by NNon−W in Equation 3. As mentioned earlier, events with a
reconstructed b-jet are vetoed and this requirement efficiently rejects most of the tt̄
events. The total contribution from all the processes other than W(µν)+jets produc-
tion is less than (10− 12)% in the various MCT bins. We use the MC event yields
of these processes and subtract them from the number of events in the single muon
data control sample. We vary the production cross section of these processes up
and down by 50% to assign an additional systematic uncertainty on the number of
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Z(νν̄)+jets predicted from the data. The total uncertainty is less than 9% for one b-jet
and 8% for two b-jets for the various search regions.

• Non-Closure: This uncertainty is motivated to account for any lack of closure which
may be hidden by the statistical precision of the method due to the size of the MC
sample. The statistical uncertainty on the closure test performed on the MC dataset
is used as an additional uncertainty on the number of Z(νν̄)+jets events predicted
from data. The systematic uncertainty due to closure tests varies from 2 to 13% for
Nb-jets=1 and from 6 to 30% for Nb-jets=2.

The total uncertainties on the predicted number of Z(νν̄)+jets events in the eight search regions
are summarized in Table 6. The table also provides a detailed breakdown of the various com-
ponents of the systematic with respect to the Z(νν̄)+jets background in a given search region.

Table 6: Systematic uncertainties on the predicted numbers of Z(νν̄)+jets events for various
search regions.

MCT <250 GeV 250< MCT <350 GeV 350< MCT <450 GeV MCT > 450 GeV
Nb-jets=1 Nb-jets=1 Nb-jets=1 Nb-jets=1

R( Z→νν̄
W→µν ) ±0.3% ±3.2% ±2.1% ±10.0%

DY+VV+Top ±4.2% ±8.6% ±3.3% ±7.4%
εµ(Iso+ID) ±3.4% ±6.1% ±5.6% ±9.5%
εHLT ±1.2% ±2.6% ±2.5% ±2.5%
Theroretical Unc. ±5.2% ±5.2% ±5.2% ±5.0%
Non-Closure ±2% ±8% ±7% ±13%
(Z+b) X-section ±5.3% ±5.3% ±5.3% ±5.3%
Total Sys.Unc ±9.3% ±15.3% ±12.5% ±21.7%

MCT <250 GeV 250< MCT <350 GeV 350< MCT <450 GeV MCT > 450 GeV
Nb-jets=2 Nb-jets=2 Nb-jets=2 Nb-jets=2

R( Z→νν̄
W→µν ) ±1.3% ±2.5% ±18% ±85.7%

DY+VV+Top ±4.3% ±5.0% ±2.6% ±7.1%
εµ(Iso+ID) ±5.7% ±6.1% ±10.2% ±5.7%
εHLT ±2.3% ±2.5% ±2.6% ±2.8%
Theroretical Unc. ±5.2% ±4.3% ±5.0% ±4.3%
Non-Closure ±6% ±8% ±17% ±30%
(Z+bb) X-section ±5.3% ±5.3% ±5.3% ±5.3%
Total Sys.Unc ±11.9% ±13.5% ±26.8% ±91.5%

5.2 Estimation of W(`ν) background

The background due to tt̄, single top and W(`ν)+jets processes is estimated using events col-
lected with the same trigger and selection as for the search regions, except for requiring rather
than vetoing events with a single muon. In addition, the requirement on ∆φ(J1, J2) < 2.5 is not
used. To increase the control sample statistics, the loose b-jet identification working point is
used instead of the medium working point. A summary of the cuts is provided in Table 4. MCT
and Emiss

T distributions comparing data and simulation in the control samples with Nb-jets=1 or
Nb-jets=2 are shown in the top and bottom rows of Figure 4, respectively.

Starting from the numbers of single muon events in a search region, the numbers of tt̄, single
top and W(`ν)+jets are predicted according to Equation 4 using a translation factor obtained
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Figure 4: Distributions of MCT and Emiss
T for data versus simulation for the events with exactly

one b-jet (top row) and exactly two b-jets (bottom row). The distributions are shown after
applying all cuts in the control sample.
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from MC simulated events.

NPred
Signal(MCT, Nb-jets) = Nobs

Control(MCT, Nb-jets)× (
NMC

Signal

NMC
Control

)(MCT, Nb-jets), (4)

where NMC
Signal(MCT, Nb-jets) are the numbers of W(`ν)+jets, tt̄ and single top in a given (MCT, Nb-jets)

region, and NMC
Control(MCT, Nb-jets) are the numbers of events in the single muon control sample

due to the processes W+jets, tt̄, single top, diboson and Drell-Yan obtained using simulated
samples. The Nobs

Control(MCT, Nb-jets) are the numbers of events selected in the control region
for data. The predicted numbers of tt̄, single top and W(`ν)+jets events in the various search
regions are given in Table 7, along with the statistical and total systematic uncertainties.

Table 7: Predicted event yields for W+jets, tt̄ and single top from data for all search regions.
The errors on the predicted numbers are the statistical and the total systematic uncertainties.

MCT < 250 GeV 250 < MCT < 350 GeV 350 < MCT < 450 GeV MCT > 450 GeV

Top+W(`ν)+jets 645±24±57 381±17±38 36±4.9±5.7 7.8 ±2.6±2.0
Nb-jets=1

Top+W(`ν)+jets 29±2.9±5.5 17±2.5±3.3 2.4±0.9±0.6 0.2±0.2
Nb-jets=2

Since the data and simulation control and signal samples are defined to be kinematically sim-
ilar, most of the uncertainties in the mismodelling of event kinematics in simulation or instru-
mental effects observed in data are expected to largely cancel in the ratio of the number of
events used to construct the translation factors. Possible sources of the remaining uncertain-
ties on the predicted numbers of tt̄, single top and W(`ν)+jets events in the signal regions are
described next.

The tt̄ and W(`ν)+jets composition changes in different kinematic regions or different b-jet mul-
tiplicity selections. For example, in various MCT regions, tt̄+jets events constitute 25–50% of the
control sample with one b-jet and 50–100% for the control sample with two b-jets. Therefore,
the translation factors obtained from simulated samples are validated using data. To probe the
sensitivity of the translation factors to the admixture of tt̄ and W(`ν)+jets processes, a muon
control sample with one b-jet is used to predict event yields in the single muon control sam-
ple with two b-jets using the translation factors obtained from MC. The predicted numbers of
events are then compared with the numbers of events with two b-jets observed in data. An-
other source of uncertainty on the translation factors results from the differences in modeling
of lepton isolation and the isolated track veto in the data and the MC. To probe this effect, the
numbers of events with exactly one muon are predicted starting from a control sample with an
isolated track and no isolated muon or electron with pT > 10 GeV using translation factor de-
rived from MC. The average weighted error of the two tests results in 8–20% uncertainty on the
predicted tt̄ and W(`ν)+jets background in various signal regions. Uncertainties of 3–15% and
8–42% are assigned to the predicted background due to the statistics of the MC samples used
for events with one and two b-jets respectively. The uncertainties on correcting efficiencies for
identifying b-jets results in 2- 20% uncertainties on the final prediction. The uncertainty due to
the contributions of dibosons and other rare processes is less than 2% across all the search bins.
Table 8 provides a detailed breakdown of the various components of the systematic uncertain-
ties with respect to the background in a given search region.
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Table 8: The uncertainties on the predicted top and W(`ν)+jets background are shown for all
MCT and Nb-jets bins. TF stands for the translation factor.

MCT <250 GeV 250< MCT <350 GeV 350< MCT <450 GeV MCT > 450 GeV
Nb-jets=1 Nb-jets=1 Nb-jets=1 Nb-jets=1

TF (Stat) ±2.6% ±2.4% ±6.6% ±14.6%
TF (Sys) ±8.0% ±9.0% ±13.7% ±20.0%
SF(b-tag) ±2.8% ±3.7% ±3.6% ±8.8%
DY+VV Cont ±1.5% ±1.6% ±1.6% ±1.1%
Total Sys.Unc ±8.9% ±10.1% ±15.7% ±26.3%

MCT <250 GeV 250< MCT <350 GeV 350< MCT <450 GeV MCT > 450 GeV
Nb-jets=2 Nb-jets=2 Nb-jets=2 Nb-jets=2

TF (Stat) ±8.1% ±9.8% ±20.7% ±41.8%
TF (Sys) ±8.0% ±9.0% ±13.7% ±20.0%
SF(b-tag) ±14.9% ±13.7% ±6.1% ±11.9%
DY+VV Cont ±1.1% ±2.9% ±3.03% ±8.0%
Total Sys.Unc ±18.8% ±19.3% ±25.7% ±48.5%

5.3 Estimation of QCD Background

Due to the ∆φ requirement the QCD contribution is expected to be at the less than a percent
level for all the search bins. An estimate of this contribution is made by measuring the num-
ber of QCD multijet events in a QCD enriched control region and scaling this number by a
translation factor. The control regions are identical to the search regions except that the ∆φ
requirement is inverted. The translation factor is found in a sideband region by measuring the
ratio between the number of QCD multijet events with the standard and inverted ∆φ require-
ments as determined from data.

To define the sideband region we use the observation that for the QCD events ∆φ is uncorre-
lated with the CSV discriminator of the leading jet (CSV1) and sub-leading jet (CSV2). The ratio
between the number of QCD multijet events with the standard ∆φ requirement to the number
of QCD events in the inverted ∆φ region remains constant as a function of the sum of the CSV
discriminators for the two leading jets (CSVJ1 J2= CSV1+CSV2). The sideband is selected by a
0.24 < CSVJ1 J2 < 0.68 requirement.

Since the sideband with ∆φ(J1, J2) < 2.5 is dominated by Z(νν̄)+jets, tt̄ and W(`ν)+jets events,
we try to select the QCD events using the feature of the QCD events that pass the ∆φ require-
ment. The QCD events that survive in the sideband with the standard ∆φ requirement are
usually due to under-measurement of one of the two leading jets as a third leading jet. In these
events Emiss

T is closely aligned with the direction of third leading jet (J3), so these events can
then be selected using a ∆φ(J3, Emiss

T ) < 0.3 requirement. To estimate the number of QCD mul-
tijet events in the sideband with the standard ∆φ requirement, we subtract the contribution of
non-QCD processes from the observed events and in order to take into account any data and
MC discrepancy, the numbers of non-QCD events are scaled by a data/MC correction factor
which is determined in a QCD free region. The resulting predictions for the numbers of QCD
events in each search region using the method explained above are shown in Table 9. The sta-
tistical uncertainties on the predicted numbers of QCD background events, originating from
the statistics of the numbers of observed events in the control samples and the statistical uncer-
tainty on the numbers of non-QCD events, are propagated as a systematic uncertainty on the
QCD prediction.
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Table 9: QCD background predictions in the signal regions.

MCT < 250 GeV 250 < MCT < 350 GeV 350 < MCT < 450 GeV MCT > 450 GeV
QCD 25±9.4±5.2 16±7.4±2.8 1.0+1.2

−1.0 1.0+1.2
−1.0

Nb-jets=1
QCD 1.9±0.7±0.4 1.2±0.8±0.2 0.1+0.1

−0.1 0.1+0.1
−0.1

Nb-jets=2

6 Results and Interpretation
Table 10 summarizes the background predictions as described in Section 5, and compares them
to the yields observed in the eight signal regions; the visual representation is shown in Figure 5.
The data are consistent with the backgrounds expected from the SM processes. Therefore, we
proceed to set limits on sparticle masses; the result is interpreted in simplified models (SMS)
[60–63]. The simplified models are formulated as an effective Lagrangian describing a small
number of new particles and their interactions with arbitrary correlation. The masses of the
primary particles and their decay products are free parameters. This makes it possible to study
the SUSY or SUSY-like parameter space in a generic way. Although the nomenclature of par-
ticles is phrased in terms of superpartner names, the results are applicable to any theoretical
model which would result in a given final state topology. We consider an SMS scenario, known
as T2bb, in which sbottom squarks are produced in pairs, with each decaying to a bottom quark
and an invisible massive particle.

Table 10: Predicted event yields for the different background contributions are compared with
data in each search region. The uncertainties on predicted background yields are the quadratic
sum of the systematic and statistical uncertainties.

MCT <250 GeV 250< MCT <350 GeV 350< MCT <450 GeV MCT > 450 GeV
Nb-jets=1 Nb-jets=1 Nb-jets=1 Nb-jets=1

Z(νν̄)+jets 848±12±79 339±8.1±52 48±3.0±6.0 8.1±1.6±1.7
Top+W(`ν)+jets 645±24±57 381±17±38 36±4.9±5.7 7.8 ±2.6±2.0
QCD 25±9.4±5.2 16±7.4±2.8 1.0+1.2

−1.0 1.0+1.2
−1.0

Rare processes 18 ± 9.2 18±8.9 1.1±0.5 0.3±0.1
Total Background 1536±102 754±68 86±10 17 ±4.1
Data 1556 807 101 23

MCT <250 GeV 250< MCT <350 GeV 350< MCT <450 GeV MCT > 450 GeV
Nb-jets=2 Nb-jets=2 Nb-jets=2 Nb-jets=2

Z(νν̄)+jets 60±3.4±7.1 28±2.4±3.8 3.9±0.9±1.0 0.7±0.6±0.6
Top+W(`ν)+jets 29±2.9±5.5 17±2.5±3.3 2.4±0.9±0.6 0.2±0.2
QCD 1.9±0.7±0.4 1.2±0.8±0.2 0.1±0.1 0.1±0.1
Rare processes 1.8 ± 0.9 3.4±1.7 0.1±0.1 0.1±0.1
Total Background 93±10 50±6.4 6.5±1.7 1.0 ±0.9
Data 101 55 8 1

We evaluate 95% confidence level (CL) exclusion limits on the signal production cross section
using the CLs method, which assumes a fully frequentist approach. We use the standard limit
setting tools from the ROOSTATS package to perform the CLs calculation [64, 65].

The eight signal bins in MCT and b-jet multiplicity are used as separate statistically independent
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Figure 5: Comparison of data and predicted backgrounds in the various MCT and b-jet multi-
plicity bins. The hatched lines represent the total uncerainties on the total numbers of predicted
events.

channels in the limit calculation, and the correlations among the systematic uncertainties in
different bins are taken into account.

Uncertainties on the signal yield predictions are accounted for as follows: the luminosity deter-
mination (2.6%) [66], the signal acceptance and efficiency arising from the jet energy corrections
and jet energy resolution (5%), parton distribution functions (PDF) of the proton, trigger inef-
ficiency (5%), the event cleaning procedure (2.5%) [57, 58], modelling of initial or final state
radiation (1%-20%) [22] and b-tagging data and MC scale factors (2%-25%). The acceptance
of the signal is obtained after re-weighting the signal events with both the b-tagging scale fac-
tors and corrections for the initial state radiation [22] in signal MC generation to match that
measured in data.

Figure 6 shows the expected and observed 95% confidence level upper limits on the bottom
squark cross sections in the (mLSP, mb̃) plane. The cross sections are determined at NLO in the
strong coupling constant and include the resummation of soft gluon emission at the accuracy
of next-to-leading-log (NLL) level [67–71]. We choose to depict the one standard deviation ex-
perimental (theoretical) error around the expected (observed) exclusion curve. The theoretical
error is based on changing the renormalization and factorization scales by a factor of 2 and us-
ing the PDF4LHC recommendation [72] for the PDF uncertainty to illustrate the sensitivity of
the exclusion to the signal cross section uncertainty. For small LSP masses, the observed limit
less one standard deviation of the theory uncertainty excludes bottom squark masses below
700 GeV at 95% confidence level.

7 Conclusions
A search for pair production of bottom squarks is reported, based on a data sample of pp colli-
sions collected with the CMS detector at

√
s = 8 TeV, corresponding to an integrated luminosity

of 19.4 fb−1. Final states with two jets and significant Emiss
T have been analysed. The search has

been performed in exclusive binned signal regions defined by the number of jets identified to
originate from a b-quark and the contransverse mass, MCT. The standard model backgrounds
per bin have been estimated from µ + jets samples, with and without a b-tag. We observe no
excess above the SM predictions. Exclusion limits are set at the 95% CL on the simplified model
production of a pair of bottom squarks with each bottom squark decaying to a bottom quark
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and the lightest neutralino. The production of bottom squarks with mass up to 700 GeV is
excluded at 95% confidence level for neutralino masses less than 50 GeV.
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