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1 Introduction
Searches for new physics in states with 3rd generation quarks at the Large Hadron Collider
(LHC) are motivated by various extensions of the Standard Model (SM). Amongst these, super-
symmetric models [1–6] are regarded as attractive, because they resolve the hierarchy problem
and may permit the unification of the electroweak and strong interactions.

Supersymmetry (SUSY) predicts that for each particle in the SM there exists a partner particle,
often referred to as a sparticle, with identical gauge quantum numbers, but spins differing
by 1/2. Assuming R parity1 conservation, sparticles are produced in pairs and their decay
chains terminate with the lightest supersymmetric particle (LSP). In some scenarios the LSP is
the lightest neutralino (χ̃0

1), a heavy, electrically neutral, weakly interacting particle, which is a
viable dark-matter candidate. In this case, SUSY events are characterised by missing transverse
energy in the final state. There exist models in which top (̃t) or bottom (b̃) squarks may be
copiously produced at the LHC. This may happen by direct squark production e.g.

t̃ t̃∗ → t t̄ χ̃0
1 χ̃0

1 .

Another example is a model where the mass of the gluino (g̃) is larger than the masses of
the third generation squarks, but lighter than the squarks of the first two generations. Conse-
quently, the gluino may dominantly decay into the third generation squarks. As the decays of
the top and bottom squarks into light quarks are strongly flavor suppressed, this may result in
an excess of events with large b-jet multiplicities, e.g.

g̃ → t t̃∗ → t t̄ χ̃0
1 .

Hence gluino pair production could even produce events containing four 3rd generation quarks
and isolated leptons may originate from leptonically decaying top quarks and two- or three-
body decays of neutralinos and charginos.

In this note a search for SUSY in final states with a single lepton, b-jets, and missing transverse
energy (ET/ ) is described. The search is based on the full set of data recorded at the CMS exper-
iment during proton-proton collisions at a center of mass energy of

√
s = 7 TeV during 2011,

which corresponds to an integrated luminosity of 4.96 fb−1.

The analysis presented here is not limited to a particular theory. However, due to its simplicity,
the constrained Minimal Supersymmetric extension of the Standard Model (cMSSM) [7, 8] is
chosen as a benchmark to illustrate the sensitivity of this search for new physics processes. In
addition, the impact of the analysis is also tested on different heavy flavor simplified models.

A brief description of the CMS detector is given in Section 2. The datasets and simulated event
samples used in this analysis are discussed in Section 3. In Section 4 the selection of physics
objects and events is outlined. A definition of the signal region and a description of the data-
driven background estimation method are given in Section 5. Systematic uncertainties and
selection efficiency corrections applied on simulated events are discussed in Section 6. Results
are summarized in Section 7 and interpreted in Section 8.

1R parity is defined as R = (−1)3(B−L)+2S, where B is the baryon number, L the lepton number and S the spin.



2 3 Event Samples

2 CMS Detector
The CMS detector is a multipurpose apparatus designed to study high-pT physics processes
in proton-proton collisions, as well as a broad range of phenomena in heavy-ion collisions.
The central feature of the detector is a superconducting solenoid, 13 m in length and 6 m in
diameter, which provides an axial magnetic field of 3.8 T. Within the magnet are (in order of
increasing radius from the beam pipe) the high-precision silicon-pixel and silicon-strip detec-
tors for charged particle tracking, covering 0 < φ < 2π in azimuth, and |η| < 2.5. The angle
φ is measured in a plane perpendicular to the z axis, which points along the direction of the
counterclockwise rotating beam, while the pseudorapidity η is defined as η = − ln[tan(θ/2)],
with θ being the polar angle of the trajectory of a particle with respect to the z axis. The sep-
aration between two momentum vectors in η-φ space is characterized by the quantity ∆R =√
(∆η)2 + (∆φ)2, which is approximately invariant under Lorentz boosts along the z axis.

A lead tungstate crystal electromagnetic calorimeter for measurements of photons, electrons,
and the electromagnetic component of jets, and a hadron calorimeter, constructed from scin-
tillating tiles and brass absorbers, for jet-energy measurements, surround the tracking volume
and cover the region |η| < 3. A quartz-steel Cerenkov-radiation-based forward hadron calor-
imeter extends the coverage to |η| ≤ 5. The detector is nearly hermetic, allowing for energy
balance measurements in the plane transverse to the beam directions. Beyond the magnet
is the muon system, comprising drift-tube, cathode-strip, and resistive-plate detectors inter-
leaved with steel absorbers. Each detector system comprises subsystems that cover the central
(barrel) and forward (endcap) regions. A detailed description of the CMS detector can be found
elsewhere [9].

3 Event Samples
The data analyzed here has been recorded using triggers requiring the presence of a muon
or electron with a transverse momentum (pT) above a certain threshold in association with a
significant hadronic activity, quantified by Htrigger

T , and missing transverse momentum ET/ trigger.
The variable Htrigger

T is the scalar sum of the pT from jets reconstructed in the calorimeter [10]
with pT > 40 GeV, whereas ET/ trigger is calculated based on the CMS particle-flow algorithm [11,
12], which combines information from different sub-detectors to reconstruct all visible particles.
The absolute value of the vectorial sum of these particles is defined as ET/ trigger.

In order not to exceed the maximal rate of data acquisition and processing, trigger thresholds
have been raised with increasing LHC luminosity, resulting in a threshold for muon transverse
momentum pT from pT(µ) > 8 GeV to pT(µ) > 15 GeV; and for electrons from 10 to 15 GeV.
The requirement on the hadronic activity has been raised from Htrigger

T > 200 GeV to Htrigger
T >

300 GeV in the muon and Htrigger
T > 250 GeV in the electron channel. The requirement on

the missing transverse energy, absent in the first data-taking period, has been introduced with
ET/ trigger > 20 GeV and raised towards the end of 2011 to ET/ trigger > 40 GeV. Only runs where
all sub-detectors performed well are included in this analysis.

Simulated event samples were produced using different event generators and the GEANT4
package [13] for the full detector simulation except for the SUSY scans discussed below. The
production and the decay of tt pairs and vector bosons in association with the production of
hard jets are generated using MADGRAPH [14]. The produced parton events are then passed
to PYTHIA6 [15] with tune Z2 [16] for simulating parton showers, multiple interactions and
fragmentation processes. The decay of τ leptons is simulated using TAUOLA [17]. The pro-
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duction and decay of single top and anti-top quarks are simulated with the event generator
POWHEG [18, 19] and TAUOLA interfaced to PYTHIA6. QCD-multijet production is simulated
using PYTHIA6 directly.

SUSY mass spectra and branching ratios have been calculated at the electroweak scale using the
renormalization equations implemented in the SOFTSUSY package [20], interfaced to PYTHIA6.
The low mass scenarios LM3, LM8 and LM13 [21] are used as cMSSM benchmark scenarios,
as they are consistent with the assumption of one top or bottom squark being lighter than the
quarks of the 1st and 2nd generation. In addition, the gluino is lighter than the 1st and 2nd

generation squarks in these scenarios, resulting in a large branching ratios for its decays into
3rd generation quarks. The LM3 (LM8, LM13) scenario is defined by m0 = 330 GeV (500 GeV,
270 GeV), m1/2 = 240 GeV (300 GeV, 218 GeV) A0 = 0 GeV (−300 GeV, −553 GeV), tan β = 20
(10, 40), and µ > 0. The leading order (LO) cross section for the LM3 (LM8, LM13) scenario is
3.4 pb (0.73 pb, 6.90 pb). The corresponding next-to leading order (NLO) k-factors, calculated
with PROSPINO [22], are 1.40, 1.41 and 1.42, respectively. The cMSSM benchmark points have
been generated with the full detector simulation. A scan in the cMSSM parameter space is
performed for a fixed set of parameters A0, tan β and sign µ, where a grid in the m0 - m1/2 plane
is defined by varying m0 and m1/2 in steps of a size of 20 GeV. NLO k factors are applied to all
contributing subprocesses. For each grid point in the scans 10 000 events are generated using a
fast detector simulation.

In addition, the results are interpreted in the context of two different simplified models [23].
The model ”T1tttt” contains the pair-production of gluinos, which subsequently decay with
branching fraction: B(g̃ → t + t̄ + χ̃0

1) = 1. The model ”T2ttww” covers the direct production
of a b̃b̃

∗
pair decaying each to a top quark and a chargino (χ̃±1 ), with the chargino decaying to

a W boson and the lightest neutralino (χ̃0
1). The chargino mass in this model is fixed to be half-

way between the squark and the neutralino mass. For this model, only the acceptance times
efficiency is presented, as its cross-section is too low to allow the exclusion of any part of the
parameter space with the current luminosity.

4 Event Selection
Except for a lower ET/ criterion and additional b-jet requirements, the selection of physics objects
and events is identical to that applied in the CMS search for new physics with a single lepton
based on 2011 data [24].

The primary vertex must satisfy a set of quality requirements, including the longitudinal and
transverse distances of the primary vertex with respect to the nominal interaction point, |zPV| <
24 cm and ρPV < 2 cm, respectively.

Muon candidates [25] are required to satisfy pT(µ) > 20 GeV and |η| < 2.1. The reconstructed
track of a muon candidate must have an impact parameter d0 < 0.02 cm in the transverse
plane with respect to the beam spot and an impact parameter |dz| < 1.0 cm with respect to
the primary vertex along the z direction. To suppress background contributions from muons
originating from heavy flavor quark decays, the muon is required to be isolated within a cone
of size ∆R = 0.3. The relative combined isolation of the muon, defined as the sum of the
transverse energy ET (as measured in the electromagnetic and hadron calorimeters) and the
transverse momentum pT (as measured in the silicon tracker) of all reconstructed objects within
this cone, excluding the muon, Icomb

rel = ∑∆R<0.3(ET + pT)/pT(µ) , is required to satisfy Icomb
rel <

0.1.
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Figure 1: The number of b-tagged jets for data and simulated SM events after all selection steps
except the b-jet requirement (a) and the pT of the leptons in our signal region D, as defined in
Section 5, including the requirement of at least one b-tagged jet (b). The muon and electron
channels are combined. The CMS data are represented by solid points and the simulated SM
events by stacked histograms. The three dashed lines represent possible signal scenarios. The
simulation is normalized to the integrated luminosity.

Electron candidates [26] are required to have pT > 20 GeV and |η| < 2.4, excluding the barrel-
endcap transition region (1.44 < |η| < 1.57). The reconstructed track of an electron candidate
has to fulfill the same impact parameter requirements as the muon tracks described above.
The relative combined isolation variable, similar to that defined in the muon case, must satisfy
Icomb
rel < 0.07 in the barrel region and Icomb

rel < 0.06 in the endcaps, as well as a set of quality and
photon-conversion rejection criteria. Exactly one selected muon or electron are required to be
in the event. Events with a second lepton passing looser selection criteria, e.g. pT > 15 GeV
and looser isolation requirements, are rejected.

The reconstruction of jets is based on the CMS particle-flow algorithm. Extra energy clus-
tered into jets due to pileup is taken into account with an event-by-event correction to the jet
four-vectors. Jets are reconstructed from particle-flow candidates using the anti-kT clustering
algorithm [27] with a distance parameter of 0.5. Different corrections are applied on the raw jet
energy to obtain a relative uniform response across the detector in η and an absolute calibrated
response in pT [28]. Each event is required to contain at least four jets with pT > 40 GeV and
|η| < 2.4 which are spatially separated from a selected muon or electron by ∆R > 0.3 and pass
different quality criteria in order to suppress noise and spurious energy deposits.

The missing transverse energy is reconstructed by summing up the transverse momentum vec-
tors of all particle-flow objects and required to be larger in magnitude than 60 GeV. A measure
of the hadronic activity, HT, calculated by summing up the pT of selected jets, is required to be
larger than 375 GeV.

Except for the ET/ requirement, the offline selection criteria are designed to be well above the
trigger thresholds, where the efficiency reaches a plateau. For events with ET/ < 80 GeV the
efficiency of the triggers with a ET/ trigger threshold of 40 GeV drops down to 80%, which is
corrected for in this analysis, as discussed in Section 6.
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Figure 2: HT (a) and YMET (b) for data compared to the different SM processes. At least one b-
tag is required. The muon and electron channels are combined. The CMS data are represented
by solid points and the simulated SM events by stacked histograms. The three dashed lines
represent possible signal scenarios. The simulation is normalized to the integrated luminosity.

Jets are tagged as b-jets if they have at least two tracks with impact parameter significance
greater than 3.3 (Track Counting algorithm). B-tag efficiency and mistag rate (the efficiency of
tagging a c-jet, light quark or gluon jet as b-jet) have been measured up to transverse momenta
of pT = 670 GeV [29].

The multiplicity of b-jets in the selected events and the pT spectrum of the lepton in the signal
region D (as defined in Section 5) are shown in Fig. 1.

5 Background Estimation from Data
Most SUSY events are expected to have several high-energetic jets leading to high HT, while
the lightest SUSY particles are expected to lead in many scenarios to a significant amount
of missing energy in the detector. Therefore, the signal region is defined as the region with
HT > 650 GeV and YMET > 5.5

√
GeV, with YMET ≡ ET/ /

√
HT. YMET is sometimes called

ET/ significance, as the denominator is proportional to the uncertainty on ET/ arising from jet
mismeasurements. This signal region is populated with events described by the tails of SM
distributions, and smearing effects related to the finite detector resolution. Since a reliable sim-
ulation of such contributions is subtle, the background is estimated from data.

HT and the YMET are nearly uncorrelated for the main background, tt events. Therefore, a fac-
torization ansatz in the YMET - HT plane can be used to estimate the background contribution,
namely from control regions with low HT and/or YMET. This method has been described in
an earlier paper [30]. HT and YMET are shown for the inclusive 1 b-tag selection for data and
simulated SM events in Fig. 2.

The control regions A, B, C and the signal region D used for the factorization method with HT
and YMET are defined in Table 1.

The number of events expected in region D N̂D is estimated from the three control regions:
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Table 1: Definition of the different regions used for the factorization method with HT and the
ET/ significance YMET.

Region HT / GeV YMET /
√

GeV
A 375 < HT < 650 3.25 < YMET < 5.5
B 650 < HT 3.25 < YMET < 5.5
C 375 < HT < 650 5.5 < YMET
D 650 < HT 5.5 < YMET

N̂D = κNB
NC

NA
. (1)

If the two variables are completely uncorrelated, the correlation factor κ is equal to unity. As
YMET and HT have a small correlation, κ differs slightly from one, which is discussed in Sec-
tion 6.

The analysis is performed in three channels according to the number n of b-tags: exactly one
b-tag, exactly two b-tags and three or more b-tags. In addition we include the exclusive no
b-tag bin for cross checks. For the limit setting these bins are combined into one single channel
with n or more b-tags, where n is selected to give the best expected limit. The best limits in the
cMSSM scan and for the ”T2ttww” simplified model are obtained with the inclusive one b-tag
selection (n ≥ 1), while for the ”T1tttt” simplified model the inclusive three b-tag bin (n ≥ 3) is
favored. Our measurements, combined for muons and electrons, are sumarized in Table 5.

The distribution of events in the YMET - HT plane after the event selection in the muon chan-
nel with the requirement of exactly 1 b-tag is presented in Fig. 3 for simulated SM events (a)
compared to simulated signal events in the LM8 benchmark scenario (b). Corresponding dis-
tributions in the electron channel look very similar.
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Figure 3: YMET vs HT for the SM background (a) compared to the low mass signal point LM8
(b) for the muon selection. Exactly one b-tag is required.
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6 Efficiencies and Systematic Uncertainties
The uncertainties can be divided into two categories, the uncertainty on acceptance and ef-
ficiencies of the signal, and the uncertainty on the background prediction. They have been
determined for the inclusive 1 b-tag requirement and for the exclusive b-tag selections.

The determination of the trigger efficiency is done separately for each part of the trigger; the
leptonic, the HT, and the ET/ selection. The leptonic trigger selection is always found to be 97%
to 98% efficient after the offline requirements.

The HT requirements are even more efficient (> 99%), as well as the requirement on ET/ in
earlier data taking period (ET/ trigger > 20 GeV). The ET/ requirement in the later part of data
taking (ET/ trigger > 40 GeV) has an efficiency of about 80% at the offline reconstructed ET/ of
60 GeV.

The prediction in data obtained for region D is corrected for the trigger efficiency based on a
fit with an error function to the turn-on curve. Triggers are not used in the simulation, but
scale factors to account for the lower trigger efficiencies are applied to the simulation when
compared to data.

The lepton efficiencies have been measured with a tag-and-probe method on the Z peak [31]:
a sample of events containing two leptons with an invariant mass close to the mass of the Z
boson is selected. One of the leptons has to fulfill tight selection criteria (”tag” lepton), while
the 2nd has to fulfill looser criteria (”probe” lepton), not including the requirement for which
the efficiency is measured.

The overall muon selection efficiency including isolation is measured to be between 92% and
96%, depending on the detector region and the data taking period. It is found to be well de-
scribed by the simulation except for one data taking period, where the forward detector had
some inefficiencies, which are not included in the simulation. Here the efficiency between data
and simulation differs by ≈ 3%.

The overall electron efficiency, which is divided into tracking and identification efficiency, is
measured in a similar way. The electron tracking efficiency rises with the pT of the electron. At
the offline pT threshold of 20 GeV the tracking efficiency is at the level of 96% and continues
to increase with pT, which is reasonably well reproduced by the simulation. The identifica-
tion efficiency increases with pT as well and saturates in data at about 87% (83%) in the central
(forward) regions. This overall efficiency, including the pT dependence, is described by the sim-
ulation within ≈ ±2%. The identification efficiency includes the isolation requirement, which
depends on the number of vertices and jets. For high vertex and jet multiplicities an increas-
ing deviation between data and simulation is observed, which is included in the systematic
uncertainty given above.

We conclude that the total lepton selection efficiency in simulation is modeled to within 3%.

In the data-driven background determination most uncertainties cancel out. As an example,
an upwards shift of the jet energy leads to larger HT. Events in region A and C (with HT <
650 GeV) might be shifted to the regions B and D, leading to a larger number of events in the
signal region D. But, given that HT and YMET are almost uncorrelated, the prediction for the
events in region D, which is proportional to the number of events in region B, increases by the
same amount.

Values of κ for the main SM background processes are shown in Table 2. For the dominant
background, tt, as well as for Single Top production, it is slightly higher than one, indicating
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Figure 4: Ratio of events in the high HT region to those in the low HT region vs YMET for
simulated tt events (a) and the ratio of events in the high YMET region to those in the low YMET
region vs HT. The behavior is linear except for the region with YMET > 13, where less than 1%
of all events are located. The dashed red line indicates the lower border of the control regions.

a small remaining correlation. Besides tt and Single Top we expect small contributions from
W+jets and Z+jets events, for which the correlation factor can only be determined with large
uncertainties due to very small statistics of the simulated samples, especially in the signal re-
gion D.

Table 2: Correlation factor κ of HT and YMET for the main SM background processes and a
different number of b-tags. For illustration, also the value for exclusive 0 b-tags is included.
While the 0 b-tag bin is dominated by W+jets events, the channels which include b-tags contain
mainly tt events. Only statistical uncertainties are displayed.

No. of b-tags κ(tt) κ(SingleTop) κ(W+jets ) κ(All SM bkgs)
0 b-tags 1.14 ± 0.06 1.36 ± 0.14 1.01 ± 0.17 1.08 ± 0.13
1 b-tag 1.20 ± 0.05 1.29 ± 0.10 1.03 ± 0.20 1.19 ± 0.06
2 b-tags 1.19 ± 0.06 1.34 ± 0.12 1.42 ± 0.58 1.23 ± 0.06

≥ 3 b-tags 1.19 ± 0.08 1.36 ± 0.18 1.23 ± 0.91 1.21 ± 0.07
≥ 1 b-tags 1.19 ± 0.04 1.31 ± 0.07 1.08 ± 0.18 1.20 ± 0.04

The stability of the correlation factor κ has been tested extensively, e.g by analyzing the ratio
of events in the high and low HT (YMET) regions as defined in Table 1, binned as a function
of YMET (HT). This is demonstrated in Fig. 4 (a), where the ratio of simulated tt events with
HT > 650 GeV to events with 375 GeV< HT < 650 GeV is shown vs YMET. The behavior is
linear up to a value of YMET > 13, less than 1% of all events are above that value. The analogous
plot for the ratio of high over low YMET values vs HT is presented in Fig. 4 (b). In addition, the
shape of the HT distribution has been compared for different intervals of YMET (and vice versa).
The small correlation is accounted for by the value of κ.

The following experimental systematic uncertainties have been investigated. The effect of the
jet energy scale (JES) uncertainty is determined by shifting the energy of jets with pT > 10 GeV
and |η| < 4.7 in simulated events up and down by pT and η dependent uncertainties that have
been measured using dijet and γ/Z+jets events [10]. The applied uncertainties, which are 1-3%
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for jets with pT > 40 GeV and |η| < 2.0 and increase towards lower pT and higher |η|, are
propagated to the missing transverse energy. The simulated jet energy resolution (JER) [10] of
jets with pT > 10 GeV and |η| < 4.7 is globally increased by 10% to provide a more realistic
description of the data. The uncertainty on the jet energy resolution is then determined by
variation of the corrected simulated JER up and down by 10%, and propagated to ET/ . The un-
certainty on the energy of jets with pT < 10 GeV, referred to as unclustered energy, is assumed
to be 10%. This uncertainty is also propagated to the missing transverse energy. The lepton
transverse momenta are shifted according to their resolution of 1% for the selected muon and
1% (2.5%) for the selected electron in the barrel (endcap) region, and propagated to the missing
transverse energy calculation as well. The number of pileup (PU) interactions in data is esti-
mated from the measured luminosity per bunch-crossing and the total inelastic cross-section.
Corresponding uncertainties are investigated by scaling the distribution of the multiplicity of
PU interactions in a way that the mean value gets shifted by ±0.6. The efficiencies to tag b,
c and light flavor jets were corrected in the simulation using scale factors (SF). These pT and
η dependent scale factors were obtained by comparing the simulated tagging efficiencies to
those in data [29]. The applicability of the measured b-tag scale factors within this analysis
has been cross-checked in different ways. The uncertainties on the measured SF are of the or-
der of a few percent. Their effect is investigated by scaling up and down the scale factors in
simulated events. This is done separately for the b-tag efficiency SF and the mistag rate SF.
To account for possible uncertainties in the cross-section of the main SM processes, each cross-
section has been scaled up and down by 50% and the corresponding uncertainty on κ has been
determined. An additional 0.2% accounts for the uncertainty of the trigger efficiency correction
for the prediction in data.

As the studies above are based on simulation, a cross-check is performed on data in the zero
b-tag channel, which can be considered as signal-free, since previous analyses have already
excluded this part of phase space [24]. From this channel a value of κ = 1.15± 0.13 is observed
in data, while for the SM simulation a value of 1.08± 0.13 is extracted in the same channel.
Although the values are consistent within their statistical uncertainties, a smaller value of κ
cannot be excluded with the present statistics in data and simulation. This is accounted for by
an additional systematic uncertainty on κ of 10%. The uncertainties for the different selections
are summarized in Table 3.

In summary, the value of κ is found to be consistent for all channels within their statistical
fluctuations. Therefore, for the prediction in all channels the value of the inclusive one b-tag
channel is chosen, κ = 1.20± 0.04stat. The corresponding systematic uncertainty for each chan-
nel is taken from Table 3. The sum of the statistical and systematic uncertainty on κ corresponds
to the systematic uncertainty for the prediction N̂D.

For the comparison with simulation, the absolute uncertainties for the signal and SM back-
ground and the scale factors between data and simulation have to be taken into account. These
scale factors correct for the differences in the lepton identification efficiency, trigger efficiencies,
b-tag efficiency and pileup. A combination of these scale factors is typically within 10% from
unity per event.

In addition, the impact of model uncertainties has been taken into account. For the domi-
nant background, tt, the uncertainties for the total cross section are determined using MCFM
[32]. The uncertainties associated with scales are determined by varying both factorisation and
renormalisation scale by a factor of 2 up and down. Including PDF uncertainties we apply a
total uncertainty of 16%.

The uncertainties for SM simulation in the signal region D, shown in Table 4, are needed for the
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Table 3: Overview of the uncertainties on the correlation factor κ for the different selections. All
systematic uncertainties are added in quadrature. The variation in JES, JER, pT

lepton and un-
clustered energy is propagated to the ET/ . The statistical uncertainty in simulation is relatively
small, as the b-tagging is applied in the simulation by event weights.

Variation ∆κ ∆κ ∆κ ∆κ ∆κ
(0 b-tags) (1 b-tag) (2 b-tags) (≥ 3 b-tags) (≥ 1 b-tags)

JES ±7.5% ±2.2% ±1.4% ±4.0% ±1.5%
JER ±4.2% ±1.7% ±1.8% ±5.5% ±1.1%
pT

lepton ±0.6% ±1.5% ±0.7% ±1.2% ±0.7%
Uncl. energy ±3.1% ±0.3% ±0.7% ±0.8% ±0.4%
Pile-up ±1.7% ±0.5% ±1.1% ±0.9% ±0.8%
B-tag SF ±0.3% ±0.1% ±0.1% ±0.1% ±0.0%
Mis-tag SF ±0.0% ±0.1% ±0.0% ±0.1% ±0.1%
Cross-sect. var. ±3.4% ±1.0% ±2.0% ±1.4% ±0.4%
0b-data ±10.0% ±10.0% ±10.0% ±10.0% ±10.0%
Total syst. uncert. ±14.1% ±10.6% ±10.5% ±12.3% ±10.3%
Stat. error ±11.8% ±4.9% ±4.6% ±6.2% ±3.3%

Table 4: Systematics uncertainties in the signal region for the different selections for the SM
simulation, needed for the comparison with the SM simulation (as in Table 5). All uncertain-
ties are summed in quadrature. The variation in JES, JER, pT

lepton and unclustered energy is
propagated to the ET/ .

Variation ∆ND ∆ND ∆ND ∆ND ∆ND
(0 b-tags) (1 b-tag) (2 b-tags) (≥ 3 b-tags) (≥ 1 b-tags)

JES ±26.3 % ±20.9 % ±17.9 % ±17.1 % ±19.6 %
JER ±7.7 % ±6.1 % ±7.0 % ±9.5 % ±6.7 %
pT

lepton ±2.3 % ±1.8 % ±2.0 % ±2.2 % ±1.9 %
Uncl. energy ±2.1 % ±0.3 % ±0.3 % ±0.3 % ±0.3 %
Pile-up ±0.2 % ±0.7 % ±0.3 % ±0.2 % ±0.5 %
B-tag SF ±2.3 % ±0.9 % ±3.8 % ±7.4 % ±1.5 %
Mis-tag SF ±1.9 % ±0.6 % ±1.1 % ±5.7 % ±1.2 %
Model uncert. ±16.0 % ±16.0 % ±16.0 % ±16.0 % ±16.0 %
Lep. trig. & ID ±3.0 % ±3.0 % ±3.0 % ±3.0 % ±3.0 %
Lumi. uncert. ±2.2 % ±2.2 % ±2.2 % ±2.2 % ±2.2 %
Total uncert. ±32.2 % ±27.3 % ±25.7 % ±27.3 % ±26.6 %
Stat. error ±8.4 % ±3.4 % ±3.1 % ±4.3 % ±2.2 %

comparison with the SM simulation (as in Table 5), but are not used in the limit determination
with the scans.

The systematic uncertainties for the signal have been determined for each point of the scans, as
they depend on the signal parameters. They are shown in Fig. 5 (a) for the cMSSM mass scan
with tan β = 10 for the inclusive one b-tag selection and in Fig. 5 (b) for the simplified model
”T1tttt” with the inclusive three b-tag selection. The shape of the total systematic uncertainty
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distributions are dominantly driven by the uncertainty in the jet energy corrections, which
depend upon the mass scale of the signal process.
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Figure 5: Systematic uncertainties for the cMSSM scan with tan β = 10 (a) with the inclusive
one b-tag selection and for the simplified model ”T1tttt” with the inclusive three b-tag selection
(b).

7 Results
The number of events in the signal region ND and the predicted value N̂D are shown in Fig. 6.
The measured number of events ND and the predicted value N̂D are in good agreement; we do
not observe an excess. The small systematic uncertainties demonstrate nicely the advantage of
the data-driven background estimation, while for the comparison of data and simulation, sev-
eral scale factors have been taken into account, as described in Section 6. The SM simulation is
able to describe the measurements. The measured number of events in bin D and the predicted
value N̂D are in good agreement also for the SM simulation. This demonstrates the validity of
the factorization ansatz for the background estimation.

The information displayed in Fig. 6 is also given in Table 5, which additionally includes expec-
tations for several possible signal scenarios.
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Figure 6: The number of events ND and the predicted number of events N̂D in signal region D
for data and simulation. In data the systematic uncertainty on N̂D is given by the uncertainty
on κ only and thereby benefits from the data-driven background estimation. The systematic
uncertainty in simulation includes in addition the uncertainty on the absolute rate of simulated
events, see text. The exclusive 0 b-tag selection is shown for comparison as well. The number
of events in the ≥ 3-btag channel have been multiplied by a factor of two in order to be better
visible on this plot.
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Table 5: Number of observed (ND) vs predicted (N̂D) events in the signal region with statistical
and systematic uncertainties for SM, several possible signal scenarios and data.

b-tags Sample ND N̂D

0 Σ SM 192.4 ± 22.2 ± 61.6 216.2 ± 24.2 ± 75.6
Σ SM+LM3 295.1 ± 25.5 ± 87.6 252.7 ± 27.0 ± 83.0
Σ SM+LM8 219.8 ± 23.3 ± 69.0 223.7 ± 24.8 ± 77.0

Σ SM+LM13 263.4 ± 25.1 ± 79.7 248.0 ± 27.0 ± 82.7
Data 168 177.3 ± 13.7 ± 24.9

1 Σ SM 195.6 ± 7.2 ± 53.0 198.3 ± 6.8 ± 57.6
Σ SM+LM3 340.3 ± 9.6 ± 81.1 258.6 ± 8.3 ± 67.4
Σ SM+LM8 257.5 ± 8.0 ± 67.3 214.4 ± 7.1 ± 60.4

Σ SM+LM13 337.4 ± 9.4 ± 82.4 265.9 ± 8.6 ± 70.8
Data 163 151.3 ± 11.7 ± 16.0

2 Σ SM 124.5 ± 4.2 ± 31.6 123.2 ± 3.8 ± 33.9
Σ SM+LM3 218.9 ± 6.2 ± 47.1 165.0 ± 4.9 ± 39.6
Σ SM+LM8 179.2 ± 5.2 ± 43.3 138.2 ± 4.1 ± 36.5

Σ SM+LM13 242.8 ± 6.7 ± 54.1 184.2 ± 5.5 ± 45.4
Data 84 103.4 ± 9.6 ± 10.9

≥ 3 Σ SM 24.6 ± 1.1 ± 6.7 24.8 ± 1.1 ± 7.4
Σ SM+LM3 67.1 ± 3.4 ± 13.2 48.0 ± 2.6 ± 11.1
Σ SM+LM8 58.9 ± 2.9 ± 13.7 35.5 ± 1.7 ± 9.3

Σ SM+LM13 68.1 ± 3.2 ± 14.1 59.0 ± 3.3 ± 14.2
Data 17 15.9 ± 3.7 ± 1.9

≥ 1 Σ SM 344.7 ± 8.4 ± 90.7 346.9 ± 7.8 ± 98.0
Σ SM+LM3 626.4 ± 11.9 ± 139.7 470.2 ± 10.0 ± 115.4
Σ SM+LM8 495.7 ± 10.0 ± 124.0 388.7 ± 8.4 ± 105.1

Σ SM+LM13 648.3 ± 12.0 ± 149.5 505.6 ± 10.7 ± 127.6
Data 264 272.2 ± 15.6 ± 27.9
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8 Interpretation
Using the results presented in Section 7, limits are set upon the parameters of several super-
symmetric models, including the constrained MSSM and the ”T1tttt” simplified model (SMS)
as described in Section 3.

Limits are set using the CLs method [33] with a test statistic given by a profile likelihood ratio.
The likelihood L is built to model the important aspects of the background estimation method.
For brevity it is not presented in its full form, but the most important components are given:

L = P(κ, ε,A, L)ΠD
j=APois(Nj|bj + sεjAjσL) , (2)

where L is the integrated luminosity, σ is the cross-section for the production of supersymmet-
ric states, and s is a signal strength parameter. Each bin is modelled by a Poisson distribution
Pois(N|〈N〉). The Ni, εiAi, and bi represent, for each control and signal region, the number
of data events, the acceptance times efficiency for detecting the supersymmetric events (as cal-
culated in simulation), and the expected SM contribution, respectively. The SM contributions
bi are nuisance parameters that are determined by maximizing the likelihood for each model,
subject to the constraint:

bD = κ
bCbB

bA
. (3)

In this way, the possible contamination of the regions A, B and C by SUSY events is taken into
account. The factor P(κ, ε,A, L) in Eq. 2 represents the additional constrains due to systematic
uncertainties on nuisance parameters. For all systematic uncertainties, the correlation between
all four regions are taken into account in the likelihood model and are modeled separately for
each point in the scan. The primary sources of the systematic uncertainties are discussed in the
context of each model below.

8.1 Constrained MSSM

Within the cMSSM limits are set upon two of the five possible parameters: the scalar mass,
m0, and gaugino mass, m1/2. The remaining three parameters are fixed to the following set of
values: {tan β = 10, A0 = 0 GeV, µ > 0}.

For the cMSSM limits the inclusive one b-tag bin is used. The acceptance and efficiency factors
εiAi are calculated in a scan over the parameters m0 and m1/2. This is done with LO simulation,
combined with NLO k-factors which are calculated separately for each SUSY sub-process. The
systematic uncertainties from sources discussed in Section 6 are evaluated for each point. The
dominant contributions to these systematic uncertainties are found to arise from the JES, which
has a 5 – 15% effect depending upon the point in the m0–m1/2 plane, and the uncertainty in the
tagging of b-jets, which contributes ∼ 5%. Models with larger masses were generically found
to have a smaller JES uncertainty.

The 95% CL limit using the CLs technique obtained for the model with tan β = 10 is presented
in Fig. 7. Theoretical uncertainties on cross-sections, arising from scale and PDF uncertainties
are illustrated by bands of the expected and observed limits with these uncertainties added or
subtracted.

8.2 Simplified models

In simplified models a limited set of hypothetical particles are introduced to produce a given
topological signature. Two simplified models which produce final states containing a lepton
and b-jets as described in Section 3 are studied. Each model contains two free parameters: the
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Figure 7: The 95% CL limit using the CLs technique for the CMSSM model with tan β = 10,
A0 = 0 GeV and µ > 0. The area below the solid red line is excluded.

mass of the LSP mχ̃0 and the mass of the particle that is initially produced. For each point in the
parameter plane, the acceptance times efficiency and a cross-section upper-limit is calculated.
The systematic uncertainties are, as in the cMSSM case, determined for each point.

The acceptance times the efficiency for the ”T1tttt” and the ”T2ttww” model are presented in
Fig. 8. For the ”T2ttww” model the inclusive one b-tag (n≥ 1) selection is used. Despite the
betterAiεi factors compared to the ”T1tttt” model, it is not possible to exclude any point, as the
cross-section for direct squark production is much lower than for gluino production. For the
”T1tttt” model the inclusive three b-tag selection (n≥ 3) is used. In this case acceptance times
efficiency in the control regions is near the exclusion region below 3%. The 95% CL upper-limit
on the cross-section is presented in Fig. 9.

9 Conclusion
A search for light 3rd generation squarks and light gluinos has been performed on data collected
in 2011 by the CMS experiment in proton-proton collisions at a center-of-mass energy of 7 TeV,
corresponding to an integrated luminosity of 4.96 fb−1. The search is based on a selection
including a single lepton, missing transverse energy and b-tagged jets.

No deviation from the SM has been found and upper limits have been set on production cross-
sections in the cMSSM model, and in the ”T1tttt” and ”T2ttww” simplified models. Regions
of parameter space of the cMSSM and T1tttt models are excluded based on these cross-section
limits. Upper limits on the production cross-section of the ”T2ttww” do not yet constrain the
parameter space of this model.
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Figure 8: Acceptance times efficiency for two simplified models. For the ”T1tttt” model (a) the
inclusive three b-tag selection is used and for the ”T2ttww” model (b) the inclusive one b-tag
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