
Available on the CERN CDS information server CMS PAS SUS-13-009

CMS Physics Analysis Summary

Contact: cms-pag-conveners-susy@cern.ch 2014/01/23

Search for top squarks decaying to a charm quark and a
neutralino in events with a jet and missing transverse

momentum

The CMS Collaboration

Abstract

A search for the pair production of light top squarks in 8 TeV pp collision events
containing a jet and missing transverse momentum is presented. The data sample is
collected by the CMS detector at the LHC and corresponds to an integrated luminos-
ity of 19.7 fb−1. The number of observed events is found to be consistent with the
standard model contributions determined from the collision data, and limits are set
down to a minimum mass difference, mt̃ - mχ̃0 of 10 GeV/c2.

http://cdsweb.cern.ch/collection/CMS%20PHYSICS%20ANALYSIS%20SUMMARIES
mailto:cms-pag-conveners-susy@cern.ch?subject=SUS-13-009




1

1 Introduction
Supersymmetry (SUSY) is one of the most widely studied extensions of the standard model
(SM) [1–8]; proposed to potentially solve many of the problems with the SM such as a mecha-
nism to stabilize the Higgs boson mass against radiative corrections.

In R-parity conserving SUSY, the lightest supersymmetric particle (LSP or χ̃0) is stable and
a good dark matter candidate. However, the lack of any evidence for its presence at energies
probed thus far at the Large Hadron Collider (LHC) has led to looking at new ways of searching
for SUSY. Compressed mass spectra, where the LSP is very close in mass to at least one of the
other SUSY particles is one possibility for hidden SUSY. For example, a phenomenologically
well motivated scenario puts the mass difference between the lighter top squark (̃t) and the
LSP as 80 GeV/c2 or less, resulting in t̃ → cχ̃0 decays [9–12]. In such scenarios, the charm jet
is expected to be relatively soft and hidden by low energy QCD background events or too soft
for the CMS detector to identify.

SUSY searches typically require events with energetic multijet final states, missing transverse
energy and/or leptons. Soft visible final states arising from these compressed spectra scenarios
would be indistinguishable from the QCD backgrounds in such searches. Rather than focus-
ing triggering and event selections on discriminating soft charm jets from SM backgrounds,
looking for particles produced in association with such decays offers scope for searching for
compressed spectra. These interactions can be detected if they are accompanied by initial state
radiation (ISR), produced in a boosted system. Provided final state particles are invisible, such
events contain a high pT jet and missing energy; a monojet signal thus arises.

In this analysis, we present a search for top squarks in events with one or two jets and a large
imbalance in transverse momentum in pp collisions at a center-of-mass energy

√
s = 8 TeV

corresponding to an integrated luminosity of 19.7 fb−1. These data were collected using the
CMS detector at the LHC. For a small mass difference, the top squark can not decay into a
W boson, b-quark and an LSP, and decays primarily into a charm quark and an LSP through
loop-induced two body decays [13]. In this search, the top squark is assumed to always decay
to cχ̃0 and the branching fractions to the three-body decay t̃ → bWχ̃0 and four-body decay
t̃→ b f f̄ χ̃0 [14] are assumed to be negligible. Squarks and gluinos are assumed to be decoupled
from the third generation squarks. This analysis closely follows the procedure described in
[15].

2 The CMS detector and event reconstruction
CMS uses a right-handed coordinate system in which the z axis points in the anticlockwise
beam direction, the x axis points towards the center of the LHC ring, and the y axis points
up, perpendicular to the plane of the LHC ring. The azimuthal angle φ is measured in the x-y
plane, and the polar angle θ is measured with respect to the z axis. A particle with energy E and
momentum ~p is characterized by transverse momentum pT = |~p| sin θ, and pseudorapidity
η = − ln [tan(θ/2)].

The CMS superconducting solenoid, 12.5 m long with an internal diameter of 6 m, provides
a uniform magnetic field of 3.8 T. The inner tracking system is composed of a pixel detector
with three barrel layers at radii between 4.4 and 10.2 cm and a silicon strip tracker with 10
barrel detection layers extending outwards to a radius of 1.1 m. This system is complemented
by two endcaps, extending the acceptance up to |η| = 2.5. The momentum resolution for
reconstructed tracks in the central region is about 1% at pT = 100 GeV/c. The calorimeters inside
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the magnet coil consist of a lead tungstate crystal electromagnetic calorimeter (ECAL) and a
brass-scintillator hadron calorimeter (HCAL) with coverage up to |η| = 3. The quartz/steel
forward hadron calorimeters extend the calorimetry coverage up to |η| = 5. The HCAL has
an energy resolution of about 10% at 100 GeV for charged pions. Muons are measured up to
|η| < 2.4 in gas-ionization detectors embedded in the flux-return yoke of the magnet. A full
description of the CMS detector can be found in Ref. [16].

Particles in an event are individually identified using particle-flow reconstruction [17]. This
algorithm reconstructs each particle produced in a collision by using an optimised combination
of information from the tracker, the calorimeters, and the muon system, and identifies them as
either charged hadrons, neutral hadrons, photons, muons, or electrons. These particles are used
as inputs to the anti-kT jet clustering algorithm [18] with a distance parameter of 0.5. Jet energies
are corrected to particle level with pT- and η-dependent correction factors. These corrections
are derived from Monte Carlo (MC) simulation and, for data events, are supplemented by a
correction derived by measuring the pT balance in dijet events from collision data [19]. The
missing transverse momentum (Emiss

T ) in this analysis is defined as the magnitude of the vector
sum of the transverse momentum of all particles reconstructed in the event, excluding muons.
This definition allows the use of a control sample of Z→ µµ events for estimating the Z→ νν
background.

Muons are reconstructed by finding compatible track segments in the silicon tracker and the
muon detectors [20] and are required to be within |η| < 2.4. Electron candidates are recon-
structed starting from a cluster of energy deposits in the ECAL that is then matched to the
momentum associated with a track in the silicon tracker. Electron candidates 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 a cone of radius 0.3 around the lepton direc-
tion, divided by the lepton pT. Lepton candidates with relative isolation values below 0.2 are
considered isolated.

Hadronically decaying taus are reconstructed using the “hadron-plus-strips” (HPS) algorithm [21],
which reconstructs candidates with one or three charged pions and up to two neutral pions.

3 Monte Carlo event generation
The signal samples have been generated using the leading order (LO) matrix element event
generator MADGRAPH 5 [22] with up to 2 partons and interfaced with PYTHIA 6.42 [23] with
tune Z2star [24] for parton showering and hadronization and the CTEQ 6L1 [25] parton dis-
tribution functions (PDF). The samples consist of 42 mass points covering the range of phase
space (mt̃, mt̃ − mχ̃0) = ( 100 ≤ mt̃ ≤ 250 GeV/c2 , 10 ≤ mt̃ − mχ̃0 ≤ 80 GeV/c2 ). The signal
samples are Simplified Model Spectra (SMS) [26]. The use of the simplified model framework
allows one to quantify the dependence of the experimental limit of a t̃→ cχ̃0 with 100% branch-
ing fraction in a manner that is more general than the constrained minimal supersymmetric
Standard Model.

The parton showering program generates partons in a phase space that overlaps with the phase
space of the partons generated by the matrix element calculator. Double-counting by the ma-
trix element calculation and parton showering is resolved by using the MLM matching pre-
scription [27], as implemented in [22]. Samples have been generated with the CMSSW FastSim
program, which has been fully validated and tuned with the full GEANT-based CMS simula-
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tion.

The Z+jets, W+jets, tt̄, and single-top event samples are produced using MADGRAPH interfaced
with PYTHIA 6.42, using tune Z2star and the CTEQ 6L1 PDFs. The Z+jets and W+jets samples
are generated with a cut on the transverse momentum of the boson, pT > 100 GeV/c. The
QCD multijet sample is generated with PYTHIA 6.42, using tune Z2star and CTEQ 6L1 PDFs.
The diboson WW, WZ, ZZ and W+gamma samples are generated with PYTHIA 6.42, using
tune Z2star and CTEQ 6L1 PDFs. The Z+gamma samples are produced using MADGRAPH

interfaced with PYTHIA. In order to avoid double counting photons from the PYTHIA shower
in W+jets and W+gamma samples (and similarly for Z+jets), we remove events from the W+jets
simulation which have a photon from ISR or final state radiation (FSR), of pT(γ) > 5 GeV/c.
All the generated background events are passed through a GEANT4 [28] simulation of the CMS
detector.

4 Event selection
The data used in this analysis are recorded by two triggers, one that requires Emiss

T > 120 GeV
as measured online by the trigger system, where the Emiss

T is calculated using the calorimeter
information only. The second trigger requires a particle-flow jet with pT > 80 GeV/c within
|η| < 2.6 and for less than 95% of the jet energy in the electromagnetic calorimeter to be carried
by neutral hadrons. In addition, it requires Emiss

T > 105 GeV, where the Emiss
T is reconstructed

using the particle-flow algorithm and excludes muons. Events are required to have at least
one well-reconstructed primary vertex [29]. To suppress the instrumental and beam-related
backgrounds, events are rejected if less than 20% of the energy of the highest pT jet is carried
by charged hadrons or more than 70% of this energy is carried by either neutral hadrons or
photons.

Such spurious jets primarily arise from instrumental noise, where the energy deposition is
limited to one sub-detector. Jets resulting from energy deposition by beam halo or cosmic-ray
muons do not have associated tracks and are also rejected by these selections. The application
of these data cleanup requirements are very effective in rejecting non-collision backgrounds.

Events are required to have Emiss
T > 250 GeV and the jet with the highest transverse momentum

( j1) is required to have pT( j1) > 110 GeV/c and |η( j1)| < 2.4. The triggers used to collect these
data are fully efficient for events passing these selection cuts. To increase signal acceptance, a
second jet ( j2) is allowed. As signal events contain both a jet from ISR or FSR and (soft) charm
jets, the second jet is required to have pT > 60 GeV/c, |η| < 4.5. The pT requirement on the
second jet keeps soft charm jets ‘invisible’ while maintaining a low QCD contribution; as the
jet counting threshold is raised further more QCD multijet events fall below threshold and the
QCD background increases. Jets must pass a loose PF jet ID, which helps to remove events
where a photon fakes a jet, and ∆φ( j1, j2) < 2.5. The angular requirement between the two
jets suppresses QCD dijet events. Events with more than two jets with pT above 60 GeV/c and
|η| < 4.5 are discarded.

To reduce background from Z and W production and top-quark decays, events with well
reconstructed and isolated electrons with pT > 10 GeV/c and |η| < 2.5, and muons recon-
structed with pT > 10 GeV/c and |η| < 2.4 are rejected. Events with a well identified tau with
pT > 20 GeV/c and |η| < 2.3 are also removed. The analysis is performed in 7 inclusive regions
of leading jet pT: pT( j1) > 250, 300, 350, 400, 450, 500, and 550 GeV/c.

The pT(j1), η(j1), Njets, and ∆φ(j1, j2) distributions are shown in Fig. 1. The Emiss
T distribution
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Figure 1: Plots of basic selection variables for jets with all cuts applied except on the variable
plotted. Discrepancy between data and simulation in the first few bins of pT( j1) is due to
mis-modelling of ISR. These bins are cut out into inclusive signal regions, where the minimum
pT( j1) is 250 GeV/c. For the jet multiplicity and the ∆φ(j1, j2) distributions, the leading jet
is required to have pT > 110 GeV/c and |η| < 2.4, and the second jet is required to have
pT > 60 GeV/c and |η| < 4.5. The leading SM backgrounds from Z→ νν and W+jet events are
normalised using a data-driven technique.
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Figure 2: Missing transverse momentum Emiss
T after all selection cuts for data and SM back-

grounds. A representative signal distribution for t̃ → cχ̃0 is also shown, where mt̃ =
250 GeV/c2, mχ̃0 = 240 GeV/c2.

from data and the expected backgrounds after all selection criteria and requiring pT( j1) > 110
GeV/c is shown in Fig. 2.

Table 1 lists the number of background events obtained from the simulation at each step of
the analysis event selection, where ’Preselection’ includes jet cleaning requirements and the
following cuts for which the trigger is fully efficient; Emiss

T > 200 GeV, pT( j1) > 110 GeV/c
and |η( j1)| < 2.4. A further cut of Emiss

T > 250 GeV is made concurrently with the initial
pT( j1) > 250 GeV/c selection. Here, W+jets and Z → νν+jets are normalised to the LO cross
sections; these are later estimated with data driven methods. Z+jets events are normalised to
the NNLO cross section and diboson events (WW, WZ and ZZ) are normalised to NLO cross
sections. To ensure QCD simulation agrees reasonably well with data, the QCD rich control
region ∆φ(Emiss

T , j2) < 0.3 is used to normalise QCD events. tt̄ events are normalised to the
NNLO cross section. More information on these normalisations can be found in Section 5. The
dominant background in the signal region is Z→ νν+jets, followed by W+jets.

5 Background estimate from data
Table 1 shows that the SM backgrounds remaining after the full event selection are dominated
by the following processes: Z+jets with the Z boson decaying into a pair of neutrinos and
W+jets with the W boson decaying leptonically. These backgrounds are estimated from data
utilizing a control sample of µ+jet events, which is derived from the same dataset as used for
the signal search (using the same triggers). The monojet event selection is applied, with the
exception of the lepton vetoes. From this lepton rich data sample, Z → µµ events are used
to estimate the Z → νν background and W → µν events are used to estimate the remaining
W+jets background.

The sample of Z → µµ events is selected by requiring two muons with pT > 20 GeV/c and
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Table 1: Number of events selected at each step of the analysis and for the pT( j1) regions.
Backgrounds are obtained from MC and normalised as described in the text. Also shown are
the cross sections used for each process.

Selection W+jets Z+jets Z→ νν+jets tt̄ QCD Single top Diboson Total MC
Cross section (pb) 228.9 40.5 588.3 234.0 1.1e6 114.8 105.7
Trigger 2514352 190332 4337526 65666 461413 77284 5429269 13075841
Emiss

T > 200 GeV 317656 30242 134578 9572 63174 9289 87605 652117
Noise Cleaning 292550 27880 123420 8706 59412 8525 81668 602162
pT( j1) >110 GeV/c 279323 26652 117513 8045 53353 7752 80844 573484
NJets ≤ 2 254058 24413 109313 7287 29364 5596 44247 474278
∆φ(j1, j2) < 2.5 237533 22947 104158 6984 25312 4815 8433 410181
Muon veto 106236 1511 104152 4051 9826 1892 7444 235112
Electron veto 79407 1004 104065 3459 6557 1325 7401 203218
Tau veto 71808 807 103106 3248 5599 1147 7047 192762
pT( j1) >250 GeV/c, 13641 127 22615 639 602 172 819 38615
Emiss

T >250 GeV
pT( j1) >300 GeV/c 6873 75 11093 369 344 97 546 19397
pT( j1) >350 GeV/c 3182 40 5231 206 178 49 332 9218
pT( j1) >400 GeV/c 1501 25 2617 113 91 21 181 4549
pT( j1) >450 GeV/c 751 17 1335 64 48 11 92 2318
pT( j1) >500 GeV/c 376 11 727 36 27 5.2 61 1244
pT( j1) >550 GeV/c 204 7.4 406 21 18 3.2 34 693

|η| < 2.1, with at least one muon also passing the isolation cut. The requirements on muons for
this control sample are tighter than used in the lepton veto, to ensure a clean, well identified
set of muons. The dimuon reconstructed invariant mass is required to be between 60 and
120 GeV/c2. Table 2 shows the event yields obtained for the Z → µµ control sample and the
predicted backgrounds from MC.

Table 2: Event yields for the Z → µµ data control sample and the backgrounds from MC. Total
uncertainty on the MC yield is < 50%; each contribution is assigned 50% error and uncertain-
ties are combined in quadrature.

Z+jets W+jets Z→ νν tt̄ Single t QCD Diboson All MC Data
pT( j1) >250 GeV/c 3067 0 0 37 5.7 0 68 3177 2547
pT( j1) >300 GeV/c 1577 0 0 21 2.2 0 41 1641 1235
pT( j1) >350 GeV/c 757 0 0 9.9 0.9 0 24 791 567
pT( j1) >400 GeV/c 382 0 0 4.8 0.9 0 13 401 277
pT( j1) >450 GeV/c 198 0 0 0.7 0 0 8.2 207 150
pT( j1) >500 GeV/c 109 0 0 0 0 0 4.4 113 79
pT( j1) >550 GeV/c 62 0 0 0 0 0 2.6 65 40

The dimuon invariant mass and dimuon pT distributions in the data control sample and the
simulation for a Emiss

T cut of 250 GeV are shown in Fig. 3.

The production of a Z boson in association with jets and its subsequent decay into neutrinos has
similar kinematic characteristics to Z+jets events where the Z boson decays to muons. By treat-
ing the pair of muons as a pair of neutrinos, the topology of the Z→ νν process is reproduced.
The number of Z→ νν events can then be predicted using:

N(Z→ νν) =
Nobs − Nbgd

A× ε
· R (1)
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Figure 3: The dimuon invariant mass and dimuon pT distributions for data (black full points
with error bars) and simulation (histogram) for 60 < Mµµ < 120 GeV/c2. There is no significant
non-Z background.

Table 3: Data-driven prediction of Z→ νν+jets events for different pT(j1) regions.
pT( j1) > 250 > 300 > 350 > 400 > 450 > 500 > 550
Z→ νν 21209±1115 10077±592 4597±324 2250±197 1250±137 663±94 334±65

where Nobs is the number of dimuon events observed, Nbgd is the estimated number of back-
ground events contributing to the dimuon sample, A is the acceptance, and ε is the selection ef-
ficiency for the event. The acceptance A is defined as the fraction of simulated events that pass
all signal selection requirements (except muon veto) and have two muons with pT > 20 GeV/c
and |η| < 2.1 and with an invariant mass within the Z mass window, calculated using Z+jets
simulation. The selection efficiency ε is defined as the fraction of events that have two recon-
structed muons passing identification and isolation cuts, with pT > 20 GeV/c and |η| < 2.1 and
with an invariant mass within the Z mass window of 60 to 120 GeV/c, given they are within
the acceptance. The muon selection efficiency is also estimated from Z+jets simulation but cor-
rected to account for differences in the measured muon efficiency between data and MC. R is
the ratio of branching fractions for the Z decay to a pair of neutrinos and to a pair of muons,
R = BF(Z → νν)/BF(Z → µµ) = 5.942 ± 0.019 [30]. R is corrected for contamination from
virtual photon exchange in the Z+jets sample and for the Z mass window restricting phase
space, and 2% uncertainty is assigned to it.

The final prediction for the number of Z → νν+jets events is given in Table 3. The uncertainty
on the prediction includes both statistical and systematic contributions. The sources of uncer-
tainty are: (i) the statistical uncertainty on the number of Z → µµ events in the data and sim-
ulation, (ii) a 50% uncertainty from backgrounds taken from MC, (iii) uncertainties associated
with parton distribution function choice (2%) [31–33] as recommended in [34], (iv) the uncer-
tainty in the selection efficiency ε as determined from the e in measured efficiencies in data and
MC simulation, including a 2% uncertainty due to hadronization and (v) a 2% uncertainty on
R. A summary of the contributions of these uncertainties, added in quadrature (where A and
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Table 4: Summary of the contributions (in %) to the total uncertainty on the Z→ νν background
from the various factors used in the data-driven estimation.

pT( j1) > 250 > 300 > 350 > 400 > 450 > 500 > 550
Statistics (Nobs) 2.1 3.0 4.5 6.5 8.7 12 17
Background (Nbgd) 1.6 2.0 2.4 2.7 2.9 2.9 3.5
Acceptance 2.0 2.1 2.1 2.2 2.4 2.5 2.9
Efficiency 2.1 2.1 2.3 2.6 3.3 4.4 5.5
R 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Total 5.3 5.9 7.0 8.8 11 14 19

ε are considered to be correlated) to get the total error on the Z→ νν background, is shown in
Table 4.

The second largest background arises from W+jets events that are not removed by the lepton
veto. These events can come from W decays in which the lepton (electron or muon, including
leptonically decaying taus) is either not identified, not isolated, or out of the acceptance region,
or events in which a tau decays hadronically. Contributions to the signal sample from these
events where the lepton is ‘lost’ are estimated from the W → µν+jets control sample, derived
from the same set of triggers as those used for signal search.

A W→ µν sample is selected by requiring an isolated muon with pT > 20 GeV/c and |η| < 2.1
and the transverse mass MT to be between 50 and 100 GeV/c2. The transverse mass is defined
as MT =

√
2pµ

TEmiss
T (1− cos(∆φ)), where pµ

T is the transverse momentum of the muon and
∆φ is the angle between the muon pT and the Emiss

T vectors. Table 5 shows the event yields
obtained from the W → µν control sample and the predicted backgrounds from MC. Figure 4
shows the W transverse mass and transverse momentum distributions for data and simulation
in the W→ µν control sample.

Table 5: Event yields for the W→ µν data control sample and the backgrounds from MC. Total
uncertainty on the MC yield is < 50%; each contribution is assigned 50% error and uncertain-
ties are combined in quadrature.

W+jets Z+jets Z→ νν tt̄ Single t QCD Diboson All MC Data
pT( j1) >250 GeV/c 11436 183 0 608 158 0.3 197 12582 11371
pT( j1) >300 GeV/c 5712 94 0 313 80 0.3 121 6320 5477
pT( j1) >350 GeV/c 2694 44 0 151 41 0.3 71 3001 2547
pT( j1) >400 GeV/c 1349 22 0 76 22 0.3 41 1509 1258
pT( j1) >450 GeV/c 712 9.9 0 41 13 0.3 22 798 668
pT( j1) >500 GeV/c 389 6.6 0 20 7.8 0.3 13 437 352
pT( j1) >550 GeV/c 223 3.7 0 11 4.8 0.3 6.5 249 184

W → µν candidate events (Nobs), after subtracting non-W contamination (Nbgd), (taken from
the non W+jets events in Table 5) are corrected for the detector acceptance (A′) and selection
efficiency (ε′) to obtain the total number of produced events Ntot µ = (Nobs − Nbgd)/(A′ × ε′).
This number is subsequently weighted by the inefficiency of the selection criteria used in the
muon veto to predict the number of events that are not rejected by the veto and thus remain in
the signal sample.

The total background from W→ µν+jet events that are ‘lost’ because they are either out of the
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Figure 4: Distributions of the transverse mass MT (left) of the muon and the transverse mo-
mentum of the muon in the W mass window, 50 - 100 GeV/c2, (right) in the W → µν control
sample, compared with MC predictions for W→ µν, tt̄, Z→ µµ and single-top production.

Table 6: Data-driven prediction of W+jets events for different pT(j1) regions.
pT( j1) ( GeV/c) > 250 > 300 > 350 > 400 > 450 > 500 > 550
W+jets 12328±707 5939±366 2690±180 1246±92 627±52 301±29 150±18

acceptance or are not identified or are not isolated can be written as:

Nlost µ = Ntot µ × (1− Aµεµ) (2)

where Aµ is the acceptance, and εµ is the efficiency of the muon selection used in the lepton
veto.

An estimate of the ‘lost’ electron background is obtained in a similar way from the W→ µν+jets
data sample, using Ntot µ. To get the total number of produced electron events, the ratio of the
produced W → µν and W → eν events passing the signal selection is taken from W+jets
simulation and used to obtain Ntot e. The same procedure is then applied to obtain the number
of events where the electron is either not reconstructed or not isolated or out of the acceptance
to get the total background from ‘lost’ electrons from W→ eν events.

The remaining component of the W+jets background from events where the W decays to a tau
lepton and the tau decays hadronically is estimated using the same method. The ratio of the
produced W → µν and W → τν events are used to obtain the total number of produced tau
events, Ntot τ. This is subsequently multiplied by the inefficiency of the tau selection used in
the veto to obtain the remaining W background from ‘lost’ taus.

The detector acceptance for electrons, muons and taus is obtained from simulation. The selec-
tion efficiency is also obtained from simulation but corrected for any difference in the efficiency
measured in data and simulation.

The final prediction for the number of W+jets from the sum of Nlost µ, Nlost e, Nlost τ events
is given in Table 6. The uncertainty on the prediction includes both statistical and system-
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Table 7: Summary of the contributions (in %) to the total uncertainty on the W+jets background
from the various factors used in the data-driven estimation.

pT( j1) ( GeV/c) > 250 > 300 > 350 > 400 > 450 > 500 > 550
Statistics (Nobs) 1.0 1.5 2.3 3.2 4.4 6.2 8.6
Background (Nbgd) 3.3 3.7 4.0 4.2 4.2 4.3 4.4
Acceptance and efficiency 4.5 4.7 4.9 5.2 5.5 6.1 7.1
Total 5.7 6.2 6.7 7.4 8.2 9.7 12.0

atic contributions. The sources of this uncertainty are: (i) the uncertainties on the number of
single-muon events in the data and simulation samples, (ii) a 50% uncertainty on the non-W
contamination obtained from simulation, (iii) both statistical uncertainties and systematic un-
certainties (from PDFs) incorporated to total uncertainty on acceptances and efficiencies. A
summary of the contributions of these uncertainties, added in quadrature to get the total error
on the W+jets background, is shown in Table 7.

Remaining background contributions come from diboson, QCD multijet, top and Z → `+`−

+jets events. They are estimated using MC and data driven cross section normalisations.

A pT( j1) dependent scale factor derived from comparisons between simulation and data in
the QCD rich region ∆φ(Emiss

T , j2) < 0.3 is applied to the QCD cross section. The jet counting
threshold is varied between 20 and 80 GeV/c and the monojet event selection applied, except
for ∆φ(j1, j2) < 2.5, and Njet < 3 as these are the cuts which significantly reduce QCD back-
ground. QCD simulation is normalised to data in each pT( j1) bin, and we find a scale factor of
1.53 at pT( j1) > 250 GeV/c, decreasing to 1.35 at pT( j1) > 550 GeV/c. Uncertainty on this scale
factor, both statistical and from the 50% error assigned to non-QCD backgrounds in the region,
is added to the 50% uncertainty on the QCD background.

The NNLO cross section of 234.0 pb [35] is used to normalise tt̄ events. To verify this normali-
sation in data, a control sample of events with a single electron and a single muon (eµ events)
is derived from the same dataset as the signal search. The basic monojet selection is applied;
Preselection, Emiss

T > 250 GeV and ∆φ(j1, j2) < 2.5. Events are required to have one well identi-
fied particle flow electron, and a particle flow muon of opposite sign. To reject Z+jets events, a
cut is placed on the invariant mass of the eµ system (M(eµ)): M(eµ) > 60 GeV/c2. Agreement
between data and simulation in this control sample was found to be within 3%. Single top back-
grounds account for < 1% of total background and are estimated using MC with approximate
NNLO [35] cross sections.

The diboson (WW, WZ and ZZ) backgrounds are estimated using MC with NLO cross sections
[36], using CTEQ PDFs and requiring the invariant mass of the lepton pair M(ll) > 12 GeV/c2.
Additional diboson background from W+gamma and Z+gamma events are treated inclusively
with W+jets and Z+jets. Simulated W+gamma events are combined with W+jets events, so
that W+gamma events are treated as part of the large W+jets background. They are therefore
estimated as part of the data driven W+jets background shown in Table 6. In the same way,
simulated Z+gamma events have been combined with Z → ``+jets and Z → νν+jets events.
The Z → νν+gamma background is estimated within the data driven estimation of the Z →
νν+jets background, shown in Table 3. The Z→ ``+gamma background is estimated using MC
with the Z → ``+jets background, which together account for < 1% of the total background
(here, the Z → ``+gamma events have an almost negligible contribution and are included
only for completeness). Simulated W+jets and Z+jets events that overlap with W+gamma and
Z+gamma simulation have been cut to ensure no double counting between samples; events
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Table 8: SM background predictions compared with data after passing the selection require-
ments for various pT( j1) thresholds, corresponding to an integrated luminosity of 19.7 fb−1.
The uncertainties include both statistical and systematic terms and are considered to be uncor-
related.

pT( j1) ( GeV/c) > 250 > 300 > 350 > 400 > 450 > 500 > 550
Z→ νν+jets 21209±1115 10077±592 4597±324 2250±197 1250±137 663±94 334±65
W+jets 12328±707 5939±366 2690±180 1246±92 627±52 301±29 150±18
tt̄ 602±301 344±172 178±89 91±46 48±24 27±14 18±9.0
Z→ ``+jets 127±64 75±38 40±20 25±13 17±8.3 11±5.6 7.4±3.7
Single t 172±86 97±49 49±24 21±10 11±5.7 5.2±2.6 3.2±1.6
QCD Multijets 786±473 508±306 304±184 162±99 80±49 52±32 28±18
DiBoson 639±320 369±184 206±103 113±56 64±32 36±18 21±10
Total SM 35862±1474 17409±803 8064±437 3907±250 2098±160 1096±106 563±71
Data 36582 17646 8119 3896 1898 1003 565

from PYTHIA which have a prompt photon with pT > 5 GeV/c, radiated from a quark or
antiquark, are removed from W+jets and Z+jets simulation.

A 50% uncertainty is assigned to these background estimations. An additional uncertainty
on the QCD background, arising from the scale factor calculation, increases the total QCD
uncertainty to approximately 60%.

6 Results
A summary of the predictions and corresponding uncertainties for all the SM backgrounds
compared to the data for different values of pT( j1) is shown in Table 8. No significant deviation
from the SM predictions is observed.

7 Interpretation
To interpret a consistency of the observed number of events with the background expectation
in the context of top squarks decaying to a charm and an LSP, limits are set on the production
cross section of top squarks as a function of the top squark mass and the LSP mass in the
context of t̃ → cχ̃0 decays. Signal acceptance is greatest for large top squark mass and small
mass differences, where the final state charm jets are softest and events are most boosted; these
events are most ’monojet’ like. Signal acceptances at pT( j1) > 300 GeV/c for all mass points
studied are shown in Fig 5.

The selection of signal events (and therefore the signal acceptance) in this analysis relies on
a high-pT ISR jet, so the modelling of ISR must be reliable. The predicted and measured pT
spectra of recoiling systems against ISR jets is studied in [37] for Z+jets, tt̄ and other processes
and the simulation is found to over predict the data by 20% for ISR jets with pT > 250 GeV/c.
All signal acceptances have therefore been weighted to correct for this difference between data
and simulation.

The total systematic uncertainty on the signal is found to be 25%. This uncertainty is dominated
by the mismodelling of ISR jets, which is assigned an uncertainty of 20% to account for the
above-mentioned difference between data and simulation for ISR jets with pT > 250 GeV/c.
Also considered are the jet energy scale uncertainty (< 5% from the change in acceptance when
varying energy scales up and down), PDFs (≈ 5%) [34, 38], and the difference in acceptance
that is obtained from generating signal events with up to 3 partons in MADGRAPH rather than
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Figure 5: Signal acceptances at pT( j1) > 300 GeV/c for all mass points studied. The accep-
tance is greatest for small mass differences and large top squark mass where the signal is most
’monojet’ like. Acceptance values shown are before reweighting due to ISR mis-modelling.

2 partons (< 4% for pT( j1) > 500 GeV/c). The error on the luminosity measurement is 2.6%
[39].

The CLs method is used to estimate a 95% credible interval limit for a signal cross section in
a counting experiment [40]. Given the integrated luminosity, signal acceptance, background
expectation and number of observed events (with associated uncertainties), the 95% CL upper
limit on the signal cross section is set. Expected limits are calculated as a function of pT( j1)
for every (mt̃, mχ̃0) using the background expectation in each signal region. The signal region
where the best (ie. lowest) expected limit is found is selected as the optimal region in which
to set limits for that mass point. Figure 6 shows the optimised expected and observed limits
on the production cross section as a function of the top squark mass for mass differences be-
tween the top squark and LSP (mt̃ − mχ̃0) of 10, 20, 30, 40, 60 and 80 GeV/c2. Figure 7 shows
95% CL expected ±1σexp and observed limits ±1σtheory on the top squark production cross sec-
tion as a function of top squark mass and LSP mass, and top squark mass and ∆M. Signal
cross sections include resummation of soft gluon emission at next-to-leading-logarithmic ac-
curacy (NLO+NLL) [41–45]. Theory uncertainties are dominated by PDF uncertainties and
calculations are detailed in [46].

The softer the charm jets in the final state, the more ‘monojet’-like an event appears. To be
within the signal acceptance, an invisible final state is required; final state charm jets must fall
below the jet counting threshold at 60 GeV/c. Charm jets are increasingly soft as mass split-
tings decrease below 10 GeV/c2, therefore signal acceptance increases. For this reason, mass
splittings smaller than 10 GeV/c2 are also excluded; the acceptance increases as ∆M decreases,
leading to a stronger limit.

Limits are therefore set in an area of phase space unavailable to previous searches, down to
small mass splittings. We exclude the region above a line which goes approximately from
(mt̃ = 120 GeV/c2 , mχ̃0 = 50 GeV/c2) to (mt̃ = 250 GeV/c2 , mχ̃0 = 240 GeV/c2). As the charm
jets in this interpretation are invisible, the limits set can be generalised to t̃ → xχ̃0 where x is
any state invisible to our analysis cuts.
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Figure 6: Observed and expected limits on top squark production cross section as a function of
the top squark mass for ∆M = 10, 20, 30, 40, 60 and 80 GeV/c2.

8 Conclusions
A search has been performed for signatures of top squark production in the monojet and Emiss

T
channel using 19.7 fb−1 of pp collisions at

√
s = 8 TeV. Contributions from tt̄ and QCD multijet

processes are reduced to a small level using topological selections. The dominant backgrounds
after the complete selection has been applied are from Z → νν̄ and W+jet events. These are
estimated from data samples of Z → µµ and W → µν events. The data are found to be in
good agreement with expected contributions from SM processes. Limits on the top squark
production cross section are set in a mass parameter space insensitive to previous searches,
where mass splittings between t̃ and χ̃0 are 80 GeV/c2 to less than 10 GeV/c2. A top squark
mass less than 250 GeV/c is also excluded if ∆M < 10 GeV/c.
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Figure 7: Observed and expected ±1σ limits on top squark production cross section on both
the (mt̃, mχ̃0) and (mt̃, mt̃ −mχ̃0) mass planes. The colour plot shows the observed production
cross section for each mass point.
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