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1 Introduction

Supersymmetry (SUSY) [1–9] postulates the existence of particles (sparticles) which differ

by half a unit of spin from their Standard Model (SM) partners. The squarks (q̃L and q̃R)

and sleptons (˜̀
L and ˜̀

R) are the scalar partners of the left-handed and right-handed quarks

and leptons, the gluinos (g̃) are the fermionic partners of the gluons, and the charginos (χ̃±i
with i = 1, 2) and neutralinos (χ̃0

i with i = 1, 2, 3, 4) are the mass eigenstates (ordered from

the lightest to the heaviest) formed from the linear superpositions of the SUSY partners

of the Higgs and electroweak gauge bosons. An attractive feature of SUSY is that it can

solve the SM hierarchy problem [10–15] if the gluino, higgsino and top squark masses are

not much higher than the TeV scale.

If strongly interacting sparticles exist at the TeV scale, they should be accessible at

the Large Hadron Collider (LHC). In the minimal supersymmetric extension of the SM

such particles decay into jets, possibly leptons, and the lightest sparticle (LSP). If the LSP

is stable owing to R-parity conservation [15–19] and only weakly interacting, it escapes

detection, leading to missing transverse momentum (pmiss
T and its magnitude Emiss

T ) in the

final state. In this scenario, the LSP can be a dark-matter candidate. Significant Emiss
T can

also arise in R-parity-violating scenarios in which the LSP decays to final states containing

neutrinos or in scenarios where neutrinos are present in the cascade decay chains of the

produced sparticles.

This paper presents a search with the ATLAS detector [20, 21] for SUSY in final states

containing jets, at least one isolated lepton (electron or muon) and large Emiss
T . Different

search channels are used in order to cover a broad parameter space: the events are selected

by different requirements on the transverse momentum (pT) of the leptons, either using

low-pT leptons (referred to as the “soft” lepton selection), or high-pT leptons (referred

to as the “hard” lepton selection). Each of these categories is further subdivided into a

single-lepton and a dilepton search channel. The soft-lepton and hard-lepton channels are

complementary, being more sensitive to supersymmetric spectra with small or large mass

splittings, respectively, while the different lepton multiplicities cover different production

and decay modes. To enhance the sensitivity to gluino or squark production, high and low

jet multiplicity signal regions are defined.

Previous searches in these final states have been conducted by the ATLAS [22, 23] and

CMS [24] collaborations using their full 2011 dataset at a centre-of-mass energy of 7 TeV.

In this paper, the analysis is performed on the full 2012 ATLAS dataset at a centre-of-mass

energy of 8 TeV, corresponding to an integrated luminosity of up to 20.3 fb−1. All signal

regions defined in this search are optimised for this dataset.

The paper is organised as follows. After a brief description of the ATLAS detector

in section 2, the simulation of the background and signal processes used in the analysis

is detailed in section 3. Section 4 discusses the trigger strategy and the dataset used,
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while the object reconstruction and the event selection are addressed in sections 5 and 6.

The background estimation and the systematic uncertainties are discussed in sections 7

and 8. The fitting procedure used is described in section 9 and the results are presented

in section 10. Finally, section 11 presents the conclusions.

2 The ATLAS detector

ATLAS is a multi-purpose detector which provides a nearly full solid angle coverage around

the interaction point.1 It consists of a tracking system (inner detector or ID) surrounded

by a thin superconducting solenoid providing a 2 T magnetic field, electromagnetic and

hadronic calorimeters and a muon spectrometer (MS). The ID consists of pixel and silicon

microstrip detectors covering the pseudorapidity region |η| < 2.5, surrounded by the tran-

sition radiation tracker (TRT) which provides electron identification in the region |η| < 2.0.

The calorimeters cover |η| < 4.9, the forward region (3.2 < |η| < 4.9) being instrumented

with a liquid-argon (LAr) calorimeter for both the electromagnetic and hadronic mea-

surements. In the central region, a high-granularity lead/LAr electromagnetic calorimeter

covers |η| < 3.2, while the hadronic calorimeter uses two different detector technologies,

with scintillator tiles (|η| < 1.7) or LAr (1.5 < |η| < 3.2) as active medium. The MS is

based on three large superconducting toroids arranged with an eight-fold azimuthal coil

symmetry around the calorimeters, and a system of three layers of precision tracking cham-

bers providing coverage over |η| < 2.7, while dedicated fast chambers allow triggering over

|η| < 2.4. The ATLAS trigger system [25] consists of three levels; the first level (L1) is a

hardware-based system, while the second and third levels are software-based systems and

are collectively referred to as the High Level Trigger (HLT).

3 SUSY signal modelling and simulated event samples

3.1 Signal event samples

The signal models considered cover simplified [26, 27] and phenomenological SUSY models,

as well as a minimal Universal Extra Dimension (mUED) scenario [28, 29]. Some of these

models were also probed by other ATLAS searches based on the 8 TeV pp dataset, using

different final-state selections [30–34]. The simplified models studied here include the pair

production of gluinos or first- and second-generation squarks with different hypotheses for

their decay chains, as well as gluino-mediated top squark pair production. In these models,

the LSP is always the lightest neutralino. The phenomenological models include scenarios

for minimal super-gravity-mediated SUSY breaking (mSUGRA/CMSSM) [35–40], bilinear

R-parity violation (bRPV) [41], natural gauge mediation (nGM) [42] and a non-universal

Higgs-boson mass with gaugino mediation (NUHMG) [43].

1The nominal pp interaction point at the centre of the detector is defined as the origin of a right-handed

coordinate system. The positive x-axis is defined by the direction from the interaction point to the centre

of the LHC ring, with the positive y-axis pointing upwards, while the beam direction defines the z-axis.

The azimuthal angle φ is measured around the beam axis and the polar angle θ is the angle from the z-axis.

The pseudorapidity is defined as η = − ln tan(θ/2).
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Figure 1. Examples of the decay topologies of the q̃L (top) or g̃ (middle) pair production, in the

simplified model with “one step” (left) and “two steps” with (centre) or without (right) sleptons.

The bottom diagrams show examples of the topologies considered for gluino-mediated production

of top squarks.

3.1.1 Simplified models

The topologies of the simplified models considered in this paper are illustrated in figure 1.

In these simplified models, all the sparticles which do not directly enter the production

and decay chain are effectively decoupled.

The first category of simplified models focuses on the pair production of left-handed

squarks or of gluinos, the latter assuming degenerate first- and second-generation squarks.

This category of models is subdivided into three different decay chains: “one-step” models,

“two-step” models with sleptons, and “two-step” models without sleptons.

In the “one-step” models, the pair-produced strongly interacting sparticles decay via

the lighter chargino into a W boson and the lightest neutralino. The free parameters in

these models are chosen to be the mass of the squark/gluino and either the mass of the

chargino, with a fixed χ̃
0
1 mass set to 60 GeV, or the mass of the χ̃

0
1, with the chargino mass

set to mχ̃±1
= (mg̃/q̃ +mχ̃0

1
)/2.

In the “two-step” models with sleptons, the strongly interacting sparticles decay with

equal probability via either the lightest chargino or the next-to-lightest neutralino. These

subsequently decay via left-handed sleptons (or sneutrinos) which decay into a lepton

(or neutrino) and the lightest neutralino. In these models, the free parameters are cho-

sen to be the initial sparticle mass and the χ̃0
1 mass. The masses of the intermediate
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charginos/neutralinos are set to be equal, mχ̃±1 ,χ̃
0
2

= (mg̃/q̃ +mχ̃0
1
)/2, while the slepton and

sneutrino masses (all three lepton flavours are mass degenerate in this model) are set to

m˜̀
L,ν̃

= (mχ̃±1 /χ̃
0
2

+mχ̃0
1
)/2.

Finally, in the “two-step” models without sleptons, the initial sparticle decays via the

lighter chargino, which itself decays into a W boson and the next-to-lightest neutralino.

The latter finally decays into a Z boson and the χ̃
0
1. The lighter chargino mass is fixed

at mχ̃±1
= (mg̃/q̃ + mχ̃0

1
)/2 and the next-to-lightest neutralino mass is set to be mχ̃0

2
=

(mχ̃±1
+mχ̃0

1
)/2. This signature could be realised in the Minimal Supersymmetric Standard

Model (MSSM) in a region of parameter space where additional decay modes, not contained

in the simplified model, may lead to a significant reduction in the cross section times

branching fraction of the WZ signature.

The second category of simplified models considers the gluino-mediated production of

top squarks.2 In these models, the lightest squark is the lightest top squark mass eigenstate

t̃1 formed from the mixing of t̃L and t̃R, and the squarks of all other flavours are effectively

decoupled. Two models are considered in this specific search for gluino-mediated top squark

production. In the first model, t̃1 is effectively decoupled and its mass is set to 2.5 TeV, a

mass for which there is no current sensitivity to direct production. Each gluino decays with

100% branching fraction to a top quark and a virtual top squark, the latter exclusively

decaying to a top quark and the χ̃
0
1, leading to a final state with a pair of top quarks and

a neutralino, g̃ → tt̄χ̃
0
1. The mass of the gluino is a free parameter and is varied up to

1.4 TeV, a value representative of the expected reach of the analysis. This final state is

therefore characterised by the presence of four top quarks (decaying to four b-jets and four

W bosons) and two χ̃0
1. In the second model, the gluino is heavier than the t̃1, and the

mass gap between the t̃1 and the χ̃
0
1 is smaller than the W boson mass and fixed to 20 GeV.

Gluinos decay to a top quark and a top squark, g̃ → t̄t̃1, and the t̃1 is set to exclusively

decay to a charm quark and the χ̃
0
1, t̃1 → cχ̃

0
1. Using gluino-mediated production to probe

this decay is particularly interesting as it is complementary to the direct pair production

of t̃1, which is more difficult to extract from the background for this specific decay mode

of t̃1 (see ref. [44]). This final state is therefore characterised by the presence of two top

quarks (decaying to two b-jets and two W bosons), two c-quarks and two χ̃
0
1.

3.1.2 Phenomenological models

Phenomenological models are also considered in this paper. The mSUGRA/CMSSM model

is specified by five parameters: the universal scalar mass m0, the universal gaugino mass

m1/2, the universal trilinear scalar coupling A0, the ratio tan β of the vacuum expectation

values of the two Higgs fields, and the sign of the higgsino mass parameter µ. In the

mSUGRA/CMSSM model studied here, the values tan β = 30, A0 = −2m0 and µ > 0

were chosen, such that the lightest scalar Higgs boson mass is approximately 125 GeV in

most of the (m0,m1/2) parameter space studied.

A bRPV scenario is also studied; it uses the same parameters as the mSUGRA/CMSSM

model, but with non-zero bilinear R-parity-violating couplings, which are determined by a

2In these models, the t̃ mixing angle is taken to be 56◦, but the value of this mixing angle has no impact

on the results of the analyses presented in this paper.
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fit to atmospheric and solar neutrino data [45] under the tree-level dominance scenario [46].

In this scenario, the χ̃
0
1 LSP decays promptly to Wµ, Wτ , Zν or hν (where the W/Z/h

boson can either be on shell or off shell) with branching fractions which are weakly depen-

dent on m0 and m1/2 but which are typically of the order of 20–40%, 20–40%, 20–30% and

0–20%, respectively.

The nGM scenario differs from the general gauge mediation models [47, 48] in that

all sparticles that are not relevant to the tuning of the Higgs sector are decoupled. The

relevant sparticles are thus the higgsinos, one or two light top squarks, a light gluino and

a very light gravitino (G̃) LSP. This configuration results in minimal fine tuning while

obeying all current collider constraints. The sparticles that play no role in fine tuning

can subsequently be reintroduced while retaining the naturalness of the model. In the

model considered here, and described in detail in ref. [34], the stau (τ̃) is assumed to be

the next-to-lightest SUSY particle (NLSP), and the gluino is assumed to be the only light

coloured sparticle. Therefore, the only relevant production process in this model is gluino

pair production followed by two possible decay chains: g̃ → gχ̃
0
1,2 → gτ̃τ → gττG̃ and g̃ →

qq′χ̃
±
1 → qq′ντ τ̃ → qq′νττG̃, where q and q′ are almost exclusively top or bottom quarks.

The exact proportion of the two processes depends on the mass of the decoupled squarks,

with the first process only happening for low gluino masses. The higgsino mass parameter µ

is set to 400 GeV, which fixes the mass of the chargino and the neutralinos, such that strong

production is the dominant process at the LHC. A range of signals with varying gluino and

stau masses are studied. The lightest Higgs-boson mass is specifically set to 125 GeV.

NUHMG is an R-parity-conserving model with the tau-sneutrino as the NLSP. There

are six parameters which can be varied to obtain different phenomenologies: tan β, m1/2, A0

and the sign of µ, defined above, as well as the squared mass terms of the two Higgs doublets:

m2
H1

and m2
H2

. These parameters are set as follows: tan β = 10, µ > 0, m2
H2

= 0; m1/2 and

m2
H1

are chosen such that the NLSP is a tau-sneutrino with properties satisfying Big Bang

Nucleosynthesis constraints (see ref. [43]); A0 is chosen to maximise the mass of the lightest

Higgs boson (in NUHMG models, the Higgs boson mass obtained is usually lower than the

measured value: varying A0 allows the models considered here to minimise this difference

to the level of a few GeV). In this model, there is a significant production of gluinos and

squarks throughout the parameter space studied. The gluino decays mainly to a first- or

second-generation quark/squark pair qq̃ (≈ 50%), but also to tt̃ (≈ 30%) or bb̃ (≈ 20%),

while the squark cascade decay typically involves charginos, neutralinos and/or sleptons.

This analysis also considers the mUED model, which is the minimal extension of the

SM with one additional universal spatial dimension. The properties of the model depend

on only three parameters: the compactification radius Rc, the cut-off scale Λ and the

Higgs boson mass mh. In this model, the mass spectrum is naturally degenerate and the

decay chain of the Kaluza-Klein (KK) quark to the lightest KK particle, the KK photon,

gives a signature very similar to the supersymmetric decay chain of a squark to the lightest

neutralino. Signal events for this model are generated with a Higgs-boson mass of 125 GeV.
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3.1.3 Event generation

SUSY-HIT and SDECAY 1.3b [49, 50], interfaced to SOFTSUSY 3.1.6 [51], are used to

calculate the sparticle mass spectra and decay tables, and to ensure consistent electroweak

symmetry breaking in the mSUGRA/CMSSM models. All the simplified models except

the gluino-mediated top squark production are generated with up to one extra parton

in the matrix element using Madgraph 5 1.3.33 [52] interfaced to Pythia 6.426 [53];

MLM matching [54] is applied with a scale parameter that is set to a quarter of the mass

of the lightest sparticle in the hard-scattering matrix element. Herwig++ 2.5.2 [55] is

used to generate the mUED, mSUGRA and nGM samples, as well as the samples for

the simplified model with gluino-mediated top squark production. Finally, the NUHMG

and bRPV samples are generated with Pythia 6.426. The ATLAS underlying-event tune

AUET2 is used [56] for Madgraph 5 and Pythia 6 samples while the CTEQ6L1-UE-EE-3

tune [57] is used for Herwig++ samples. The parton distribution functions (PDFs) from

CTEQ6L1 [58] are used for all signal samples.

For all except the mUED sample, the signal cross sections are calculated at next-to-

leading order (NLO) in the strong coupling constant, adding the resummation of soft gluon

emission at next-to-leading-logarithmic accuracy (NLO+NLL) [59–63]. The nominal cross

section is taken from an envelope of cross-section predictions using different PDF sets and

factorisation and renormalisation scales, as described in ref. [64]. For the mUED model,

the cross section is taken at leading order from Herwig++.

3.2 Standard Model event samples

The simulated event samples for the SM backgrounds are summarised in table 1, along

with the PDFs and tunes used. Further samples are also used to compute systematic

uncertainties, as explained in section 8. The Drell-Yan samples used in the hard-lepton

analyses have a filter which selects events at generation level by requiring the leptons to

satisfy pT
`1(`2) > 9(5) GeV and |η`1,2 | < 2.8. This filter prevents its use in the soft-lepton

analyses which use Alpgen samples with a lepton pT cut at 5 GeV. The Alpgen [85]

samples are generated with the MLM matching scheme and with 0 ≤ Nparton ≤ 5; for these

samples Herwig 6.520 [86] is used for simulating the parton shower and fragmentation

processes in combination with Jimmy [87] for underlying-event simulation. Pythia 6.426

is used for the Madgraph 5, AcerMC [75] and all powheg [69–71] samples except

for the diboson powheg samples, which use Pythia 8.163 [88]. The powheg diboson

samples have dilepton filters which increase the number of Monte Carlo events available

for the dilepton analyses. Sherpa uses its own parton shower and fragmentation, and the

SherpaW+jets and Z/γ∗+jets samples are generated with massive b/c-quarks to improve

the treatment of the associated production of W/Z bosons with heavy flavour.

3.3 Detector simulation

The detector simulation is performed either with a full ATLAS detector simulation [89]

based on Geant4 [90] or a fast simulation based on the parameterisation of the per-

formance of the ATLAS electromagnetic and hadronic calorimeters [91] and on Geant4

– 7 –
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Physics process Generator Cross-section PDF set Tune

normalisation

W (→ `ν) + jets Sherpa 1.4.1 [65] NNLO [66, 67] NLO CT10 [68] Sherpa default

Z/γ∗(→ ``) + jets

(m`` > 40 GeV) Sherpa 1.4.1 NNLO [66, 67] NLO CT10 Sherpa default

tt̄ powheg-box r2129 NNLO+NNLL NLO CT10 Perugia2011C

[69–71] [72, 73] [74]

Single-top

(t-channel) AcerMC 3.8 [75] NNLO+NNLL [76] CTEQ6L1 [58] Perugia2011C

Single-top

(s-channel and Wt) powheg-box r1556 NNLO+NNLL [77, 78] NLO CT10 Perugia2011C

t+ Z Madgraph 5 1.3.28 [52] LO CTEQ6L1 AUET2 [56]

tt̄+W (W )/Z Madgraph 5 1.3.28 NLO [79, 80] CTEQ6L1 AUET2

Single-lepton analyses:

WW , WZ and ZZ Sherpa 1.4.1 NLO [81, 82] NLO CT10 Sherpa default

Wγ and Zγ Sherpa 1.4.1 LO NLO CT10 Sherpa default

Dilepton analyses:

WW , WZ and ZZ powheg-box r1508 [83] NLO [81, 82] NLO CT10 AUET2

Hard-lepton analyses:

Drell-Yan Sherpa 1.4.1 NNLO [84] NLO CT10 Sherpa default

(8 < m`` < 40 GeV)

Soft-lepton analyses:

Z/γ∗(→ ``) + jets Alpgen 2.14 [85] NNLO [84] CTEQ6L1 AUET2

(10 < m`` < 60 GeV)

Table 1. Simulated background event samples used in this paper (where ` = e, µ, τ): the corre-

sponding generators, cross-section normalisation, PDF set and underlying event tune are shown.

More details (e.g. concerning the parton showers) can be found in the text.

elsewhere. All simulated samples are generated with a range of minimum-bias interactions

(simulated using Pythia 8 with the MSTW2008LO PDF set [92] and the A2 tune [93])

overlaid on the hard-scattering event to account for the multiple pp interactions in the same

bunch crossing (pile-up). The overlay also treats the impact of pile-up on bunch crossings

other than the bunch crossing in which the event occurred. Event-level weights are ap-

plied to the simulated samples to account for differences between data and simulation for

the lepton trigger, identification and reconstruction efficiencies, and for the efficiency and

misidentification rate of the algorithm used to identify jets containing b-hadrons (b-tagging).

4 Trigger and data collection

The data used in this paper were collected in 2012, during which the instantaneous luminos-

ity of the LHC reached 7.7× 1033 cm−2s−1. The average number of expected interactions

per bunch crossing ranged from approximately 6 to 40, with a mean of 21. After applying

data-quality requirements related to the beam and detector conditions, the total integrated
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luminosity is 20.1 fb−1 in the soft-lepton channel and 20.3 fb−1 in the hard-lepton chan-

nel; the integrated luminosities differ as these channels use different trigger requirements.

The uncertainty on the integrated luminosity is ±2.8%. It is derived, following the same

methodology as that detailed in ref. [94], from a preliminary calibration of the luminosity

scale derived from beam-separation scans performed in November 2012.

In the hard single-electron channel the L1 decision is based on electron requirements

only, while electron and Emiss
T requirements are used at the HLT. The trigger thresholds on

HLT objects are 24 GeV for the electron and 35 GeV for Emiss
T . The Emiss

T trigger is fully effi-

cient for Emiss
T > 80 GeV. The electron trigger selects events containing one or more electron

candidates, based on the presence of an energy cluster in the electromagnetic calorimeter,

with a shower shape consistent with that of an electron, and has no explicit electron isola-

tion requirement except a loose one at L1. For electrons with pT > 25 GeV, the trigger effi-

ciency increases from 70% to close to 100% as the electron pT increases from 24 to 30 GeV.

In the hard single-muon channel the L1 decision is based on muon and jet requirements

only, while the HLT also includes requirements on Emiss
T . The trigger thresholds on HLT

objects are at 24 GeV for the muon, 65 GeV for the jet and 40 GeV for Emiss
T . The muon

trigger selects events containing one or more muon candidates based on the hit patterns

in the MS and ID, and has no muon isolation requirement. The combined trigger reaches

its maximal efficiency of approximately 70% (90%) for a muon in the barrel (end-cap) for

muons satisfying pT>25 GeV, Emiss
T > 100 GeV and fully calibrated jets with pT > 80 GeV.

In the hard two-lepton channel, a combination of single-lepton and dilepton triggers is

used with different pT requirements on the electron(s) and muon(s). The maximal trigger

efficiency is reached when requiring the leading lepton to have pT > 14 GeV in ee and µµ

events or peT(pµT) > 10(18) GeV in eµ events. If both leptons are in the barrel (end-cap),

these plateau efficiencies are approximately 96%, 88% and 80% (91%, 92% and 82%) for

ee, eµ and µµ events, respectively.

Since the thresholds in the single-lepton and dilepton triggers are too high to be suitable

for the soft-lepton event selections, this channel relies on a Emiss
T > 80 GeV trigger which is

fully efficient for events with a jet with pT>80 GeV and Emiss
T > 150 GeV.

5 Object reconstruction

In this section, the final-state object reconstruction and selection requirements are de-

scribed. The preselection described below identifies candidate objects. Some objects are

also required to pass a tighter selection before they are used in the event selection. The

event selection criteria and the various signal regions are described in detail in section 6.

5.1 Object preselection

The primary vertex of the event [95] is required to be consistent with the beam-spot

envelope. When more than one such vertex is found, the vertex with the largest summed

|pT|2 of the associated tracks is chosen.

Jets are reconstructed from three-dimensional calorimeter energy clusters using the

anti-kt algorithm [96, 97] with a radius parameter R = 0.4. Jets arising from detector noise,
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cosmic rays or other non-collision sources are rejected, as described in ref. [98]. To take into

account the differences in calorimeter response between electrons/photons and hadrons,

each cluster is classified, prior to the jet reconstruction, as coming from an electromagnetic

or hadronic shower on the basis of its shape [21]. The jet energy is then corrected at clus-

ter level by weighting electromagnetic and hadronic energy deposits with correction factors

derived from Monte Carlo simulation. A correction is applied to subtract the expected con-

tamination from pile-up: it is calculated as the product of the jet area in the (η, φ) space

and the average energy density of the event [99]. A further calibration, relating the response

of the calorimeter to true jet energy [98, 100], is then applied, with a residual correction to

account for differences between the data in situ measurements and the Monte Carlo simula-

tion. Once calibrated, the “preselected” jets are required to have pT > 20 GeV and |η| < 2.5.

Electrons are reconstructed from clusters in the electromagnetic calorimeter matched

to tracks in the ID [101]. The “preselected” electrons are required to pass a variant of the

“medium” selection of ref. [101], which was modified in 2012 to reduce the impact of pile-up.

These electrons must have |η| < 2.47 and pT > 7 (10) GeV in the soft(hard)-lepton channel.

As each electron can also be reconstructed as a jet, electrons with ∆R(e, jet) < 0.2 are kept,

where ∆R =
√

(∆η)2 + (∆φ)2, and the jet is discarded in order to resolve the ambiguity;

for 0.2 < ∆R(e, jet) < 0.4, the electron is discarded and the jet is kept; for ∆R(e, jet) > 0.4

both the electron and the jet are kept. The electrons are also required to be well separated

from the preselected muons described below, with ∆R(e, µ) > 0.01. If two preselected

electrons are found to have an angular separation ∆R(e, e) < 0.05, only the higher-pT elec-

tron is kept. Finally, any event containing a preselected electron in the transition region

between the barrel and end-cap electromagnetic calorimeters, 1.37 < |η| < 1.52, is rejected.

Muons are identified either as a combined track in the MS and ID systems, or as an

ID track matched to a MS segment [102]. Requirements on the quality of the ID track

are identical to those in ref. [103]. “Preselected” muons in the soft(hard)-lepton channel

are required to have pT > 6 (10) GeV, |η| < 2.40 and ∆R(µ, jet) > 0.4 with respect to the

closest preselected jet.

The missing transverse momentum is computed from the transverse momenta of iden-

tified electrons, photons, jets and muons, and from all calorimeter clusters within |η| < 4.5

not associated with such objects [104].

5.2 Signal object selection

For the final selection of events used to define the various signal regions, some objects are

required to pass more stringent requirements, which are described below.

“Signal” jets have a higher threshold than preselected jets, with pT > 25 GeV. Signal

jets with |η| < 2.4 are further required to be associated with the hard-scattering process

by demanding that at least 25% of the scalar sum of the pT of all tracks associated with

the jet comes from tracks associated with the primary vertex in the event. This jet vertex

fraction requirement is applied in order to remove jets which come from pile-up [105]; it is

not applied to jets with pT greater than 50 GeV nor to the b-tagged jets (see below), since

the probability of a pile-up jet satisfying either of these requirements is negligible.
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Signal jets containing b-hadrons are identified using the neural-network-based algo-

rithm MV1 described in ref. [106], which uses information about track impact parameters

and reconstructed secondary vertices. The presence of b-jets is vetoed in the hard dilep-

ton signal regions and in some of the soft-lepton signal regions in order to reduce the

tt̄ background. In the single-lepton channels, there is no requirement on b-jets in the event

selection, but they are used in the background estimation, as explained in section 7. The

tightness of the selection criteria used in the b-tagging is optimised for each channel. In all

signal regions except for the soft dimuon signal region, the chosen criteria give an inclusive

b-tagging efficiency of 60% in a simulated sample of tt̄ events; in the soft dimuon signal

region they are chosen to give an inclusive efficiency of 80%. For a b-jet efficiency of 60%

(80%), the algorithm provides a rejection factor of approximately 585 (25) for light-quark

and gluon jets, and of approximately 8 (3) for charm jets [107].

The “signal” electrons are required to be isolated, and the isolation requirement de-

pends on the electron transverse momentum. For pT < 25 GeV (pT ≥ 25 GeV), the scalar

sum of the pT of tracks within a cone of size ∆R = 0.3 (0.2) around the electron, excluding

the electron itself, is required to be less than 16% (10%) of the electron pT. For pT <

25 GeV, the distance |z0 sin θ| must be ≤ 0.4 mm, where z0 is the longitudinal impact pa-

rameter with respect to the primary vertex. For pT ≥ 25 GeV, |z0| is required to be ≤ 2 mm.

Finally, for electrons with pT < 25 GeV, the significance of the distance of closest approach

of the electron to the primary vertex in the transverse plane must be |d0/σd0 | < 5, while for

electrons with pT ≥ 25 GeV, the distance of closest approach itself must be |d0| ≤ 1 mm.

Isolation is also required in the “signal” muon definition. For pT < 25 GeV, the scalar

sum of the pT of tracks within a cone of size ∆R = 0.3 around the muon candidate, exclud-

ing the muon itself, is required to be less than 12% of the muon pT, while for pT ≥ 25 GeV,

the same sum within a cone of size ∆R = 0.2 is required to be less than 1.8 GeV. Muons

with pT < 25 GeV are required to have |z0 sin θ| less than 1 mm and |d0/σd0 | less than 3.

With the lepton selection described above, the combined isolation and identification

efficiency measured in simulated tt̄ events for electrons (muons) is 56% (72%) at pT =

20 GeV and 84% (82%) at pT = 100 GeV.

6 Event selection

Events selected by the triggers are required to have a primary vertex with at least five

associated tracks with pT > 400 MeV. An event is rejected if it contains any preselected

jet which fails to satisfy the quality criteria which are designed to suppress non-collision

backgrounds and detector noise [108, 109], or any preselected muon with |z0| > 1.0 mm and

|d0| > 0.2 mm in order to remove cosmic-ray muons. These selection criteria remove O(2%)

of data events.

This analysis is based on a number of signal regions (SR), each designed to maximise

the sensitivity to different SUSY topologies in terms of the chosen discriminating variables.

As described in detail in section 7, a number of control regions (CR) are constructed to

constrain the dominant backgrounds. These control regions are designed to have a high

purity, a small statistical uncertainty in terms of the background process of interest and to
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contain only a small fraction of the potential SUSY signal. Because of these requirements,

the CRs are not necessarily close to the SRs in terms of the main discriminating variables.

As described in section 9, validation regions (VR), closer to the SRs than the CRs, are used

to verify the compatibility between data and MC. Figures 2–4 illustrate these concepts,

respectively for the soft-lepton, hard single-lepton and hard dilepton analyses.

6.1 Signal regions

The selection criteria used to define the various signal regions in this paper are summarised

in table 2 for the soft-lepton signal regions, in table 3 for the hard single-lepton signal

regions and in table 4 for the hard dilepton signal regions.

The soft and hard single-lepton signal regions are designed with lower jet multiplici-

ties to cover squark pair production and with higher jet multiplicities to cover gluino pair

production. The soft single-lepton channel focuses on models with a compressed mass

spectrum, with the 3-jet inclusive selection being defined to make the analysis sensitive

to squark pair production in the case where there is a large mass gap between the squark

and the LSP. The soft dimuon channel is optimised for mUED searches. The hard dilep-

ton channel targets gluino and first- and second-generation squark production, as well as

mUED searches; it is not designed to search for signal events in which a real Z boson is

present. The correspondence between the analysis channels and the various models probed

is summarised in table 5.

The following variables, derived from the kinematic properties of the objects, are used

in the event selection.

The minimum angular separation between the signal lepton ` and all preselected jets,

∆Rmin(jet, `) = min (∆R(jet1, `),∆R(jet2, `), . . . ,∆R(jetn, `)), (6.1)

is used to reduce the background coming from misidentified or non-prompt leptons in the

soft-lepton signal region with three jets and in the soft dimuon signal region. In the latter

case, the subleading signal muon is used to compute ∆Rmin. As the expected signal jet

multiplicity grows, the ∆Rmin requirement starts to impair the signal acceptance; this

requirement is hence not applied in the soft-lepton 5-jet and 3-jet inclusive signal regions

(see table 2).

The dilepton mass m`` for leptons of the same flavour and opposite charge is required

to be outside the Z boson mass window in the soft and hard dileptonic channels in order

to reject background events in which a real Z boson decays to leptons.

The transverse mass (mT) of the lepton (`) and pmiss
T is defined as

mT =

√
2p`TE

miss
T (1− cos[∆φ(~̀,pmiss

T )]), (6.2)

and is used in all signal regions to reject events containing a W → `ν decay, except in the

hard dilepton signal regions where this background is expected to be small. In the soft

dimuon channel, the transverse mass is defined using the subleading muon.
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Single-bin (binned) soft single-lepton Soft dimuon

3-jet 5-jet 3-jet inclusive 2-jet

N` 1 electron or muon 2 muons

p`T[GeV] [7,25] for electron, [6,25] for muon [6,25]

Lepton veto No additional electron or muon with pT> 7 GeV or 6 GeV, respectively

mµµ [GeV] − − − [15,60]

Njet [3,4] ≥ 5 ≥ 3 ≥ 2

pT
jet[GeV] > 180, 25, 25 > 180, 25, 25, 25, 25 > 130, 100, 25 > 80, 25

Nb−tag − − 0 0

Emiss
T [GeV] >400 >300 > 180

mT [GeV] > 100 >120 > 40

Emiss
T /mincl

eff > 0.3 (0.1) > 0.1 > 0.3

∆Rmin(jet, `) > 1.0 − − > 1.0 (2nd muon)

Binned variable (Emiss
T /mincl

eff in 4 bins) −
Bin width (0.1, 4th is inclusive) −

Table 2. Overview of the selection criteria for the soft single-lepton and dimuon signal regions.

For each jet multiplicity in the single-lepton channel, two sets of requirements are defined,

corresponding to single-bin and binned signal regions (see the text at the end of section 6.1).

The requirements of the binned signal region are shown in parentheses when they differ from

those of the single-bin signal region. The variables ∆Rmin(jet, `), mT and mincl
eff are defined in

equations (6.1)), (6.2) and (6.3), respectively.

The inclusive effective mass (minc
eff ) is the scalar sum of the pT of the lepton(s), the jets

and Emiss
T :

minc
eff =

N∑̀
i=1

p`T,i +

Njet∑
j=1

pT,j + Emiss
T (6.3)

where the index i identifies all the signal leptons and the index j all the signal jets in the

event. The inclusive effective mass is correlated with the overall mass scale of the hard scat-

tering and provides good discrimination against SM backgrounds, without being too sensi-

tive to the details of the SUSY decay cascade. It is used in the hard single-lepton channel.

The ratio Emiss
T /minc

eff is used in the soft-lepton signal regions; it reflects the change

in the Emiss
T resolution as a function of the calorimeter activity in the event. In the hard

single-lepton channel, a similar ratio is computed, Emiss
T /mexcl

eff , where the exclusive effec-

tive mass, mexcl
eff , is defined in a similar way to minc

eff , with the exception that only the

three leading signal jets are considered. This variable is used to remove events with large

Emiss
T coming from a poorly reconstructed jet.

Razor variables [110] are used in the hard dilepton signal region. They are a set

of kinematic variables that exploit the symmetry in the visible portion of sparticle decays

when sparticles are produced in pairs. The final-state jets and leptons are grouped into two

“mega-jets”, where all visible objects from one side of the di-sparticle decay are collected
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Single-bin (binned) hard single-lepton

3-jet 5-jet 6-jet

N` 1 electron or muon

p`T[GeV] > 25

Lepton veto pT
2ndlepton < 10 GeV

Njet ≥ 3 ≥ 5 ≥ 6

pT
jet[GeV] > 80, 80, 30 > 80, 50, 40, 40, 40 > 80, 50, 40, 40, 40, 40

Jet veto (pT
5thjet < 40 GeV) (pT

6thjet < 40 GeV) −
Emiss

T [GeV] >500 (300) >300 >350 (250)

mT [GeV] > 150 > 200 (150) > 150

Emiss
T /mexcl

eff > 0.3 − −
mincl

eff [GeV] > 1400 (800) > 600

Binned variable (mincl
eff in 4 bins) (Emiss

T in 3 bins)

Bin width (200 GeV, 4th is inclusive) (100 GeV, 3rd is inclusive)

Table 3. Overview of the selection criteria for the hard single-lepton signal regions. For each jet

multiplicity, two sets of requirements are defined, corresponding to single-bin and binned signal

regions (see the text at the end of section 6.1). The requirements of the binned signal region

are shown in parentheses when they differ from those of the single-bin signal region. The variables

mT and mincl
eff are defined in equations (6.2) and (6.3), respectively, while mexcl

eff is defined in the text.

Single-bin (binned) hard dilepton

Low-multiplicity (≤ 2-jet) 3-jet

ee/µµ eµ ee/µµ eµ

N` 2, 2 of opposite sign or ≥ 2

p`T[GeV] >14,10

N`` with 81< m`` <101 GeV 0 − 0 −
Njet ≤ 2 ≥ 3

pT
jet[GeV] > 50,50 > 50, 50, 50

Nb−tag 0

R >0.5 >0.35

M
′
R [GeV] > 600 (> 400 in 8 bins) > 800 (> 800 in 5 bins)

M
′
R bin width [GeV] (100, the last is inclusive )

Table 4. Overview of the selection criteria for the hard dilepton signal regions. The requirements

on the number and charge of the leptons depend on the model probed (see the text). For each

jet multiplicity, two sets of requirements are defined, corresponding to single-bin and binned signal

regions (see the text at the end of section 6.1). The requirements of the binned signal region are

shown in parentheses when they differ from those of the single-bin signal region. The variables M
′

R

and R are defined in equations (6.4) and (6.6), respectively.
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Figure 2. Graphical illustration of the soft lepton signal regions (SR) used in this paper. The

soft single-lepton signal regions are shown in the plane of transverse mass mT (see equation (6.2))

versus missing transverse momentum Emiss
T : the 3- and 5-jet regions are depicted in the upper left

plot while the 3-jet inclusive region is shown in the upper right plot; the soft dimuon signal region

is shown in the bottom plot in the plane of the dimuon mass, mµµ, versus the pT of the leading

muon, pT(µ1). The control regions (CR) and validation regions (VR) described in sections 7 and 9,

respectively, are also shown.

together to create a single four-vector, representing the decay products of a single sparticle.

The mega-jet construction involves iterating over all possible combinations of the four-

vectors of the visible reconstructed objects, with the favoured combination being that which

minimises the sum of the squared masses of the mega-jet four-vectors. Using this mega-jet

configuration, with some simplifying assumptions (e.g. symmetric sparticle production),

the rest frame of the sparticles (the so-called “R-frame” described in ref. [110]) can be
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Figure 3. Graphical illustration of the hard single-lepton 3-jet (top left), 5-jet (top right) and 6-jet

(bottom) signal regions (SR) used in this paper, shown in the plane of transverse mass mT (see

equation (6.2)) versus missing transverse momentum Emiss
T . The control regions (CR) and validation

regions (VR) described in sections 7 and 9, respectively, are also shown.
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Figure 4. Graphical illustration of the hard dilepton signal regions (SR) used in this paper. The

low-multiplicity (left) and 3-jet (right) hard dilepton signal regions are shown in the plane of R-

frame mass M ′R versus razor variable R (see equations (6.2) and (6.6)). The control regions (CR)

and validation regions (VR) described in sections 7 and 9, respectively, are also shown.
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Model Soft Hard

single-lepton dimuon single-lepton dilepton

mSUGRA/CMSSM X

bRPV mSUGRA/CMSSM X

nGM X

NUHMG X

mUED X X

g̃g̃ production, g̃ → tcχ̃
0
1 X

g̃g̃ production, g̃ → tt̄χ̃
0
1 X

g̃g̃ production, g̃ → qqWχ̃0
1 X X

q̃q̃ production, q̃ → qWχ̃0
1 X X

g̃g̃ production, g̃ → qq(``/`ν/νν)χ̃
0
1 X X

q̃q̃ production, q̃ → q(``/`ν/νν)χ̃
0
1 X

g̃g̃ production, g̃ → qqWZχ̃
0
1 X

Table 5. Analysis channels used to probe each of the models described in section 3.1.

reconstructed, and a characteristic mass M ′R can be defined in this frame:

M ′R =
√

(j1,E + j2,E)2 − (j1,L + j2,L)2, (6.4)

where ji,L denotes the longitudinal momentum, and ji,E the energy in the R-frame, of

the mega-jet i. The transverse information of the event is contained in another variable,

MR
T . In the di-sparticle decay there are two mega-jets, each with associated Emiss

T from

the escaping LSPs. Assigning half of the missing transverse momentum per event to each

of the LSPs, MR
T is defined as

MR
T =

√
|pmiss

T |(|~j1,T|+ |~j2,T|)− pmiss
T · (~j1,T +~j2,T)

2
, (6.5)

where ji,T denotes the transverse momentum of the mega-jet i.

Finally, the razor variable is defined as:

R =
MR

T

M ′R
. (6.6)

For SM processes, R tends to have a low value, while it is approximately uniformly dis-

tributed between zero and one for SUSY-like signal events. Thus R can be used as a discrim-

inant between signal and background. A selection using R is made to reduce background

processes before a search for new physics phenomena is performed using the distribution

of the variable M ′R.

In order to have signal regions which are orthogonal to each other in lepton multiplicity,

a veto is placed on the presence of a second lepton in the hard and soft single-lepton

channels. Following this veto, all signal regions are orthogonal except the inclusive and
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exclusive soft single-lepton signal regions and the soft dilepton and hard dilepton signal

regions. A veto on the third lepton in the soft dimuon channel is placed to reduce the fake

lepton contribution (see section 7). For the hard dilepton channel, the requirements on the

number of leptons and on their charge depends on the model probed: in the case of models

where only two leptons are expected in the final state, events containing any additional

lepton are vetoed. Furthermore, for models with squark pair production followed by one-

step decays, only events with opposite-sign dilepton pairs are selected.

In all the search channels except the soft dimuon channel, two sets of requirements

are optimised for each jet multiplicity: one single-bin signal region optimised for discovery

reach, which is also used to place limits on the visible cross section, and one signal region

which is binned in an appropriate variable in order to exploit the expected shape of the

distribution of signal events when placing model-dependent limits. The binned variables

are: Emiss
T /mincl

eff in the soft single-lepton regions (four bins of width 0.1), mincl
eff in the hard

single-lepton 3-jet and 5-jet signal regions (four bins of 200 GeV), Emiss
T in the hard single-

lepton 6-jet signal region (three bins of 100 GeV) and M ′R in the hard dilepton signal regions

(eight bins of 100 GeV in the low-multiplicity signal region and five bins of 100 GeV in

the 3-jet signal region). In all regions, the last bin is inclusive. The binned signal regions

can differ from the single-binned signal regions in that some requirements may be relaxed.

The binned hard single-lepton signal regions are made orthogonal in jet multiplicity to one

another by placing a jet veto, as can be seen in table 3, in order to allow their statistical

combination and have finer-grained requirements than in a single combined signal region.

7 Background estimation

The dominant background in all the analyses presented here is top quark pair produc-

tion. The W+jets and Z+jets backgrounds are also important in the single-lepton and

hard dilepton channels, respectively. These backgrounds are estimated using control re-

gions optimised to be enriched in SM events from the background process of interest,while

containing only a small contribution from the signal of interest, as described below. The

normalisation of the simulation for these background processes is obtained simultaneously

in all control regions for each signal region using the fit described in section 9. The simu-

lation is thus used only to extrapolate the results to the signal region, and is therefore not

affected by potentially large theoretical uncertainties on the total expected rates in specific

regions of phase space. The control regions are chosen to be kinematically close to the

signal regions in order to minimise the theoretical uncertainties related to the extrapola-

tion, while containing enough events to avoid compromising the background estimate with

a large statistical uncertainty.

Events with “fake” or non-prompt leptons can also mimic the signal if they have

sufficiently large Emiss
T . A jet can be misidentified as a lepton (fake lepton), or a real

lepton can arise as a decay product of b- or c-hadrons in jets but can still be sufficiently

isolated (non-prompt lepton). Such lepton-like objects are collectively referred to as fake

leptons in this paper.
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7.1 Backgrounds from tt̄ and W/Z+jets

The control regions used in the soft single-lepton and soft dimuon channels are illustrated

in figure 2 and summarised precisely in table 6. The soft single-lepton control regions

are built using events with lower Emiss
T and mT values than in the signal regions by re-

quiring 180 <Emiss
T < 250 GeV and 40 <mT< 80 GeV, and by removing the requirement

on Emiss
T /mincl

eff . The W+jets and tt̄ background components in these control regions are

separated by a requirement on the number of b-tagged signal jets. Events in the tt̄ control

region are defined by requiring that at least one signal jet is b-tagged; otherwise, they are

associated with the W+jets control region.

In the soft dimuon analysis, the tt̄ control region is defined by requiring the leading

muon to have pT > 25 GeV instead of pT < 25 GeV. The veto on b-tagged jets is reversed

to require at least one b-tagged signal jet among the three leading jets and the requirement

on Emiss
T /mincl

eff is removed. The dimuon mass is required to be higher than in the signal

region, mµµ > 60 GeV, and at least 10 GeV away from the Z boson mass.

The hard single-lepton control regions are defined by lowering the requirements on

Emiss
T and mT and by removing the Emiss

T /mexcl
eff requirement in the 3-jet region. Table 7

lists the control region requirements which differ from the signal region selections for the

hard single-lepton channel. These various control regions are illustrated in figure 3. The

different regions are kept orthogonal by vetoing on the presence of a fifth (sixth) jet in the 3

(5)-jet control region. To increase the number of events, the pT requirements on subleading

jets are also lowered with respect to the signal regions. Finally, the W+jets and tt̄ com-

ponents of these control regions are separated by a requirement on the number of signal

jets which are b-tagged, considering the first three leading jets. In order to enhance the

W+jets contribution over the tt̄ contribution in the 6-jet W+jets control region, the mT and

Emiss
T requirements are lowered in this region with respect to the 6-jet tt̄ control region.

As summarised in table 8 and illustrated in figure 4, the control regions for the hard

dilepton channel are defined at lower values of the R variable for events in which there are

exactly two leptons of opposite sign in order to enhance the background processes. The

Z+jets and tt̄ components of these control regions are separated by a requirement on the

number of signal jets which are b-tagged. The control regions are binned in the discrimi-

nating variable M
′
R in order to use the same shape information as in the signal regions.

The tt̄ control regions in all channels include a small fraction of at most 11% of Wt

events; this background is not normalised by the fit in the control region, but evaluated

directly from simulation, as are other lower-rate background processes involving top quarks

(see section 7.3).

Figures 5–7 show the mT and mµµ distributions, prior to the upper mT and lower

mµµ cuts, in the soft single-lepton and soft dimuon control regions, respectively. Figures 8

and 9 show the Emiss
T distribution, prior to the upper Emiss

T cut, in the hard single-lepton

control regions. Figure 10 shows the R distribution in the hard dilepton control regions.

All these distributions are shown after the fitting procedure is applied to adjust the MC

normalisation, as described in section 9. For illustration, examples of expected signal

distributions are also shown in these figures. The fraction of events in the control regions
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Soft single-lepton Soft dimuon

3-jet 5-jet 3-jet inclusive 2-jet

W+jets / tt̄ tt̄

p`T[GeV] [7,25] (electron) , [6,25] (muon) >25,6

mµµ [GeV] − > 60, |mµµ −mZ | > 10

Nb−tag 0 / ≥ 1 ≥ 1

Emiss
T [GeV] [180,250] > 180

mT [GeV] [40,80] > 40

∆Rmin(jet, `) > 1.0 − − > 1.0

Table 6. Overview of the selection criteria for the CR used in the soft single-lepton and soft dimuon

channels: only the criteria which differ from the corresponding signal region selections in at least

one CR are shown (see figure 2 for an illustration of the above CRs).

Hard single-lepton

3-jet 5-jet 6-jet

W+jets / tt̄

pT
jet[GeV] > 80, 80, 30 > 80, 50, 30, 30, 30 > 80, 50, 30, 30, 30, 30

Jet veto pT
5thjet < 30 GeV pT

6thjet < 30 GeV −
Nb−tag 0 / ≥ 1

Emiss
T [GeV] [150,300] [100,200] / [150,250]

mT [GeV] [80,150] [60,150] [40,80] / [40,150]

Emiss
T /mexcl

eff − − −

Table 7. Overview of the selection criteria for the W+jets and tt̄ CR used in the hard single-lepton

channel: only the criteria which differ from the corresponding signal region selections in at least

one CR are shown (see figure 3 for an illustration of the above CRs).

coming from the background of interest, hereafter called purity, is given in the caption

of these figures. As the normalisation factors are obtained in a simultaneous fit to all

control regions for a given signal region, the cross-contamination of the control regions

with different processes is taken into account and lower purity in some regions does not

degrade significantly the accuracy of the background estimation. The agreement between

the data and the SM background estimate is reasonable within the statistical and systematic

uncertainties. The systematic uncertainties shown do not include an uncertainty on the

cross sections of the backgrounds that are normalised using the fitting procedure, but

do include the relevant theoretical uncertainties on the extrapolation of the background

normalisation obtained from each CR to the relevant SR (see section 8). The results of the

fit, in particular the signal region predictions, are further discussed in section 10.
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Figure 5. Distribution of the transverse mass mT in the 3-jet (top) and 5-jet (bottom) tt̄ (left)

and W+jets (right) control regions used in the soft single-lepton channel. The upper mT cut,

indicated by the arrow, is not applied in these distributions. The purity in the background of

interest is 56% (87%) for the 3-jet tt̄ (W ) control region and 82% (66%) for the 5-jet tt̄ (W ) control

region. The “Data/SM” plots show the ratio of data to the summed Standard Model expectation,

which is derived from the fit described in section 9. The uncertainty band on the Standard Model

expectation shown here combines the statistical uncertainty on the simulated event samples with

the relevant systematic uncertainties (see text). The last bin includes the overflow. The “Top

Quarks” label includes all top-quark-related backgrounds, while “V+jets” includes W+jets, Z+jets

and other Drell-Yan backgrounds such as Z → τ+τ− and γ∗/Z outside the Z pole region. For

illustration, the expected signal distribution is shown for first- and second-generation squark pair

production with mq̃ = 425 GeV, mχ̃±1
= 385 GeV and mχ̃0

1
= 345 GeV (top), and for gluino pair

production with mg̃ = 625 GeV, mχ̃±1
= 545 GeV and mχ̃0

1
= 465 GeV (bottom).
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Hard dilepton

Low-multiplicity 3-jet

ee/µµ eµ ee/µµ eµ

Z CR tt̄ CR tt̄ CR Z CR tt̄ CR tt̄ CR

N` 2 of opposite sign

Nb−tag 0 1 0 1

R [0.15,0.3] [0.2,0.4] [0.05,0.2] [0.1,0.3]

M
′
R [GeV] [400,1200] [800,1600]

M
′
R bin width [GeV] 100 200

Table 8. Overview of the selection criteria for the Z+jets and tt̄ CR used in the hard dilepton

channel: only the criteria which differ from the corresponding signal region selections in at least

one CR are shown (see figure 4 for an illustration of the above CRs).
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Figure 6. Distribution of the transverse mass mT in the 3-jet inclusive tt̄ (left) and W+jets

(right) control regions used in the soft single-lepton channel. The upper mT cut, indicated by

the arrow, is not applied in these distributions. The purity in the background of interest is 70%

(82%) for tt̄ (W ) control region. The “Data/SM” plots show the ratio of data to the summed

Standard Model expectation, which is derived from the fit described in section 9. The uncertainty

band on the Standard Model expectation shown here combines the statistical uncertainty on the

simulated event samples with the relevant systematic uncertainties (see text). The last bin includes

the overflow. The “Top Quarks” label includes all top-quark-related backgrounds, while “V+jets”

includes W+jets, Z+jets and other Drell-Yan backgrounds such as Z → τ+τ− and γ∗/Z outside

the Z pole region. For illustration, the expected signal distribution is shown for first- and second-

generation squark pair production with mq̃ = 300 GeV, mχ̃±1
= 110 GeV and mχ̃0

1
= 60 GeV.
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Figure 7. Distribution of the dimuon invariant mass mµµ in the tt̄ control region used in the soft

dimuon channel. The lower mµµ cut, indicated by the arrow, is not applied in this distribution.

The purity in tt̄ is 83% for this region. The “Data/SM” plots show the ratio of data to the summed

Standard Model expectation, which is derived from the fit described in section 9. The uncertainty

band on the Standard Model expectation shown here combines the statistical uncertainty on the

simulated event samples with the relevant systematic uncertainties (see text). The last bin includes

the overflow. The “Top Quarks” label includes all top-quark-related backgrounds, while “V+jets”

includes W+jets, Z+jets and other Drell-Yan backgrounds such as Z → τ+τ− and γ∗/Z outside

the Z pole region. For illustration, the expected signal distribution of the mUED model point with

R−1
c = 1000 GeV and ΛRc = 5 is also shown.

7.2 Fake-lepton background

The multijet and Z(→ νν)+jets processes are important sources of fake-lepton background

in the single-lepton analyses, while W (→ `ν)+jets and tt̄ production (where one of the

leptons comes from a W boson decay and the other is from a b-hadron decay) are expected

to dominate the fake-lepton background in the soft dimuon and hard dilepton analyses.

The fake-lepton background in the signal region as well as in the control regions, where

it is more significant, is estimated entirely from the data by means of a matrix method

described in ref. [111] and briefly summarised below; the procedure is applied separately

for electrons and muons.

In this method, the process creating the fake lepton is enhanced in a control sample

where preselected leptons are used instead of the signal leptons, and all signal or control

region criteria are applied. If Npass and Nfail are the number of events found passing or

failing the signal lepton selection in this control sample, then the number of events with a

fake lepton in a single-lepton signal or control region is given by:

N fake
pass =

Nfail − (1/εreal − 1)Npass

1/εfake − 1/εreal
(7.1)

where εreal is the relative identification efficiency (from preselection to selection) for prompt

leptons and εfake is the probability to misidentify jets or non-prompt leptons as prompt
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Figure 8. Distribution of the missing transverse momentum Emiss
T in the 3-jet (top) and 5-jet

(bottom) tt̄ (left) and W+jets (right) control regions used in the hard single-lepton channel. The

upper Emiss
T cut, indicated by the arrow, is not applied in these distributions. The purity in

the background of interest is 66% (72%) for the 3-jet tt̄ (W ) control region and 81% (45%) for

the 5-jet tt̄ (W ) control region; the 5-jet W control region is cross-contaminated by tt̄ events at

the level of 40%. The “Data/SM” plots show the ratio of data to the summed Standard Model

expectation, which is derived from the fit described in section 9. The uncertainty band on the

Standard Model expectation shown here combines the statistical uncertainty on the simulated

event samples with the relevant systematic uncertainties (see text). The last bin includes the

overflow. The “Top Quarks” label includes all top-quark-related backgrounds, while “V+jets”

includes W+jets, Z+jets and other Drell-Yan backgrounds such as Z → τ+τ− and γ∗/Z outside

the Z pole region. For illustration, the expected signal distributions are shown for gluino pair

production with mg̃ = 1025 GeV,mχ̃±1
= 545 GeV and mχ̃0

1
= 65 GeV.

– 24 –



J
H
E
P
0
4
(
2
0
1
5
)
1
1
6

E
v
e

n
ts

 /
 5

0
 G

e
V

1

10

210

3
10

410

ATLAS  
­1=8 TeV, 20.3 fbs

µhard 1L e/

6­jet TR

)
T

miss
(no upper E

Data

Standard Model

Top Quarks

V+jets

Fake Leptons

Dibosons

)=
0

1
χ
∼

, 
±

1
χ
∼

, g
~

 1­step, m(g
~

g
~

(1025, 545, 65) GeV

 [GeV]T

miss
E

150 200 250 300 350 400 450 500 550 600

D
a

ta
 /

 S
M

0

1

2

E
v
e

n
ts

 /
 5

0
 G

e
V

1

10

210

3
10

410

ATLAS  
­1=8 TeV, 20.3 fbs

µhard 1L e/

6­jet WR

)
T

miss
(no upper E

Data

Standard Model

Top Quarks

V+jets

Fake Leptons

Dibosons

)=
0

1
χ
∼

, 
±

1
χ
∼

, g
~

 1­step, m(g
~

g
~

(1025, 545, 65) GeV

 [GeV]T

miss
E

100 150 200 250 300 350 400 450 500 550 600

D
a

ta
 /

 S
M

0

1

2

Figure 9. Distribution of the missing transverse momentum Emiss
T in 6-jet tt̄ (left) and W+jets

(right) control regions used in the hard single-lepton channel. The upper Emiss
T cut, indicated

by the arrow, is not applied in these distributions. The purity in the background of interest is

90% (21%) for the tt̄ (W ) control region; the W control region is cross-contaminated by tt̄ events

at the 70% level. The “Data/SM” plots show the ratio of data to the summed Standard Model

expectation, which is derived from the fit described in section 9. The uncertainty band on the

Standard Model expectation shown here combines the statistical uncertainty on the simulated

event samples with the relevant systematic uncertainties (see text). The last bin includes the

overflow. The “Top Quarks” label includes all top-quark-related backgrounds, while “V+jets”

includes W+jets, Z+jets and other Drell-Yan backgrounds such as Z → τ+τ− and γ∗/Z outside

the Z pole region. For illustration, the expected signal distributions are shown for gluino pair

production with mg̃ = 1025 GeV,mχ̃±1
= 545 GeV and mχ̃0

1
= 65 GeV.

leptons. For dileptonic signal or control regions, the estimation of this background is

based on the same principle, this time using a four-by-four matrix to take into account

the different fake combinations for the leading and subleading lepton: one prompt and one

fake lepton, two fake leptons, or two prompt leptons.

The relative identification efficiency εreal is obtained from data in bins of pT and η using

a tag-and-probe method in Z → `` events. The value of εfake is estimated in control

regions enriched in multijet events. The multijet control region is composed of events

with at least one preselected lepton and at least one signal jet with pT > 60 GeV, mT <

40 GeV and Emiss
T < 30 GeV. Since the control region is defined at low Emiss

T values, the

triggers described in section 4 cannot be used. Instead, a combination of prescaled single-

lepton triggers and unprescaled dilepton triggers is used. The prompt lepton contribution

is subtracted from this multijet control region using MC simulation and εfake is given by

the fraction of preselected leptons passing the signal lepton selection in this region. The

events are split into two samples depending on whether they have at least one b-tagged jet

or none, in order to allow εfake to vary as a function of the fake-lepton source. The value

of εfake is also extracted in bins of pT and η. The same relative efficiencies are used across

all analysis channels.
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Figure 10. Distribution of the razor variable R in the low-multiplicity (left) and 3-jet (right) Z

(top) control region and in the tt̄ control region with same-flavour (middle) or opposite-flavour

(bottom) leptons used in the hard dilepton channel. The upper cut on R (illustrated by the arrow)

separating signal from control regions is not applied in these distributions. The purity in the back-

ground of interest is 85% and 75% for the tt̄ and Z control regions, respectively. The “Data/SM”

plots show the ratio of data to the summed Standard Model expectation, which is derived from the

fit described in section 9. The uncertainty band on the Standard Model expectation shown here

combines the statistical uncertainty on the simulated event samples with the relevant systematic

uncertainties (see text). The “Top Quarks” label includes all top-quark-related backgrounds, while

“V+jets” includes W+jets, Z+jets and other Drell-Yan backgrounds such as Z → τ+τ− and γ∗/Z

outside the Z pole region. For illustration, the expected signal distributions are shown for squark

pair production with mq̃ = 825 GeV,mχ̃±1 /χ̃
0
2

= 465 GeV,m˜̀/ν̃ = 285 GeV and mχ̃0
1

= 105 GeV.
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7.3 Other backgrounds

All other backgrounds are estimated from simulation, using the most accurate theoretical

cross sections available. These include single-top (t-channel, s-channel, Wt), t + Z , di-

bosons (WW , WZ, ZZ, Wγ, Zγ), tt̄ + W , tt̄ + Z and tt̄ + WW production. In the soft

dimuon channel, the Drell-Yan and Z+jets backgrounds are also estimated from simulation

as there is no dedicated control region to evaluate their contribution.

8 Systematic uncertainties

Systematic uncertainties have an impact on the extrapolation factors used to derive the

dominant background yields in the signal regions; they also impact the fake-lepton estima-

tion and the yields of the backgrounds estimated from simulation only, which in turn affect

the normalisation of the dominant backgrounds in the control regions. Finally, systematic

uncertainties also affect the expected signal yields.

8.1 Experimental uncertainties

The following detector-related systematic uncertainties are taken into account.

Uncertainties on the lepton identification, momentum/energy scale and resolution are

estimated from samples of Z → `+`−, J/ψ → `+`− and W → `ν decays [101, 102].

The jet energy scale (JES) uncertainty depends on pT and η as well as on the event

topology and flavour composition of the jet. It has been obtained from simulation and

a combination of test beam and in-situ measurements from pp collisions, as described in

refs. [98, 100]. The jet energy resolution (JER) uncertainty has also been estimated using in-

situ measurements [112]. The JES and JER uncertainties arising from the high luminosity

and pile-up in 2012 data are also taken into account. These jet and lepton uncertainties

are propagated to the Emiss
T calculation, which also includes an uncertainty coming from

the energy deposits which are not associated with a well-identified physics object [104].

The jet vertex fraction requirement in the identification of signal jets has an associated

uncertainty which is assessed by varying the threshold from its nominal value of 0.25 down

to 0.21 and up to 0.28 (see ref. [113]).

Uncertainties associated with the b-tagging efficiency are derived from data-driven

measurements in tt̄ events [107, 114], while uncertainties associated with the probability

of mistakenly b-tagging a jet which does not contain a b-hadron are determined using dijet

samples [115].

Uncertainties (1–5%) are also assigned to the various trigger efficiencies, based on

studies comparing their efficiencies as measured in data to those predicted by simulation.

Finally, uncertainties are also assigned to the fake-lepton background estimation, in-

cluding a statistical uncertainty on the number of events in the control samples and an

uncertainty on the relative identification efficiency obtained by comparing its value as mea-

sured in tt̄ events to the value obtained in Z → `` events. In addition, a 20% uncertainty

is assigned to the subtraction of the W/Z+jet backgrounds from the control samples used

to estimate the relative misidentification efficiency. In the soft dimuon case, the misiden-

tification efficiency is assigned an additional 30% uncertainty which covers the difference
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obtained when varying the origin of the misidentified prompt leptons (light jets or heavy-

flavour jets).

8.2 Theoretical uncertainties on the background estimation

The following theory-related uncertainties are taken into account. For backgrounds with

free normalization, the uncertainties affect only the change in the prediction in the VR or

SR relative to the yield predicted in the CR.

The uncertainty due to the factorisation and renormalisation scales is computed by

varying these scales up and down by a factor of two with respect to the nominal setting.

PDF uncertainties are computed following the PDF4LHC recommendations [116].

For the W/Z+jets and tt̄ +W samples, an uncertainty derived by comparing samples

generated with different numbers of partons is applied to cover the impact of the finite

number of partons generated in the nominal samples. For the tt̄, single-top and diboson

backgrounds, a parton shower modelling uncertainty is evaluated by comparing Pythia to

Herwig+Jimmy.

The uncertainty related to the choice of Monte Carlo generator for the tt̄ background

is derived by comparing powheg+Jimmy to Alpgen+Jimmy samples. For the tt̄ and

single-top backgrounds, uncertainties on the emission of initial- and final-state radiation

(ISR/FSR) are also accounted for by the use of AcerMC+Pythia samples generated

with different tunes.

The small contribution to the single-top background from t + Z is assigned a to-

tal cross-section uncertainty of 50%, while the other single-top production channels are

assigned uncertainties of 3.9% (s-channel [77]), [+3.9,−2.2]% (t-channel [76]), and 6.8%

(Wt-channel [78]). Samples using diagram subtraction and diagram removal schemes are

compared to incorporate interference effects between single-top and tt̄ production at NLO.

For the Wt channel, a Monte Carlo generator uncertainty is derived from the comparison

between powheg and MC@NLO samples. For tt̄ +W a total cross-section uncertainty of

22%, derived from ref. [79], is applied.

The WW , WZ and ZZ backgrounds are estimated purely from MC simulation and

assigned a 5%, 5% and 7% cross-section uncertainty, respectively, as estimated from missing

higher order corrections, and from uncertainties on the PDF and on the value of the strong

coupling constant. In addition to this, a generator uncertainty is applied, derived from

comparing the nominal powheg diboson samples used in the dileptonic signal regions to

samples generated with aMC@NLO [117], in both cases hadronised with Pythia.

For the diboson, single-top and tt̄+W backgrounds, the theoretical uncertainties, with

the exception of those on the cross section and PDF, are combined and applied as an

uncertainty envelope. In the case of the small tt̄+Z and tt̄+WW backgrounds a total

cross-section uncertainty of 50% is applied.

Finally, a statistical uncertainty corresponding to the finite size of the MC samples

used is also taken into account.
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Source Relative systematic uncertainty (%)

Binned soft single-lepton Soft dimuon

3-jet 5-jet 3-jet inclusive 2-jet

Total systematic uncertainty 20 24 17 43

Lepton identification − − 5 −
JER 6 − − −
JES (flavour composition) − − − 5

Fake leptons 10 6 5 40

tt̄ MC generator 11 9 7 8

tt̄ parton shower − 19 − −
tt̄ scales, ISR and FSR − − 9 5

tt̄ normalisation − 7 − −
MC statistics 8 − 6 7

Binned hard single-lepton

3-jet 5-jet 6-jet

Total systematic uncertainty 9 22 24

tt̄ MC generator − 9 23

tt̄ parton shower − 17 −
tt̄ scales, ISR and FSR − 7 −
tt̄ normalisation 5 6 −
MC statistics − 5 5

Binned hard dilepton

Low-multiplicity (≤ 2-jet) 3-jet

ee/µµ eµ ee/µµ eµ

Total systematic uncertainty 11 11 23 18

b-tagging 7 6 11 11

JES (in-situ measurement) − − − 5

Fake leptons 5 − − −
MC statistics 6 − − −

Table 9. The main sources of systematic uncertainty on the SM background estimates for the

various signal regions are shown and their value given as relative uncertainties (in %) on the signal

region event yields. The values are only shown if the relative uncertainty is at least 5%.

8.3 Dominant uncertainties on the background estimation

The backgrounds in the signal region are estimated using a fit procedure that is described

in section 9. The dominant uncertainties, after this procedure is applied, are reported in

table 9.

The theoretical uncertainties related to the tt̄ background are dominant for all the

soft and hard single-lepton signal regions. The fake-lepton background uncertainty is the

main uncertainty for the soft dimuon signal region. This uncertainty is also important in
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the other soft-lepton signal regions, reaching 5–10% of the total event yield. For the hard

dilepton signal regions, the dominant uncertainties are those related to b-tagging.

8.4 Theoretical uncertainties on the signal expectation

The mUED model cross sections are based on a calculation at LO in QCD, and the events

are generated with a leading order MC event generator. No theoretical uncertainties on

the acceptance are considered for this case.

Several theoretical uncertainties on the acceptance for the remaining signal models are

taken into account. These uncertainties are estimated using Madgraph 5+Pythia 6 sam-

ples for which the following parameters are varied up and down in turn by a factor of two:

the Madgraph scale used to determine the event-by-event renormalisation and factorisa-

tion scales, the Madgraph parameter used to determine the scale for QCD radiation, the

Pythia parameter which controls the QCD scale value used for final-state radiation (the

upward variation of this parameter is by a factor of 1.5) and the Madgraph parameter

used for jet matching. This results in an uncertainty of O(5%–25%); it is larger for smaller

mass differences in the decay cascade and for higher jet multiplicity regions. The uncer-

tainty on the modelling of initial-state radiation plays an important role for small mass

differences in the decay cascade in the simplified models.

For all models but mUED, the NLO+NLL cross-section uncertainty is taken from

an envelope of cross-section predictions using different PDF sets and factorisation and

renormalisation scales, as described in ref. [64]. These uncertainties grow from 15%

at low (∼ 500 GeV) squark and gluino masses up to 25% at mq̃ = 900 GeV (30% at

mg̃ = 1150 GeV).

9 Background fit

As discussed in section 7, the background in the signal region is estimated with a fit based

on the profile likelihood method [118] using the HistFitter [119] framework. The inputs to

the fit, for each of the signal regions, are as follows:

1. The number of events observed in each of the control regions, and the corresponding

number of events expected from simulation.

2. The extrapolation factors (obtained from the simulation) which relate the number of

predicted W/Z+jets or tt̄ events in their associated control region to that predicted

in the signal region.

3. The number of fake-lepton events in each region obtained with the data-driven

method.

4. The number of events predicted by the simulation in each region for the other back-

grounds.

The numbers of observed and predicted events in each of these regions are described

using Poisson probability density functions. There are two free parameters considered per
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signal region: a normalisation scale for the W+jets (or Z+jets) background and another

scale for the tt̄ background. The other backgrounds are allowed to vary in the fit within

their respective uncertainties. The systematic uncertainties (see section 8) and the MC

statistical uncertainties on the expected values are included in the fit as nuisance parameters

which are constrained by a Gaussian function with a width corresponding to the size of

the uncertainty considered and a Poissonian function, respectively. Correlations between

these parameters are also taken into account.

The product of the various probability density functions forms the likelihood, which

the fit maximises by adjusting the input parameters and the nuisance parameters described

above. The fit may introduce a negative correlation between the tt̄ and W+jets (or

Z+jets) normalisation scales. The relative uncertainty on the individual contributions

may therefore increase, but the sum of the contributions is estimated more precisely: the

total background relative uncertainty may then be smaller than the sum in quadrature of

the individual components.

The background fit results are cross-checked in validation regions defined to be kine-

matically close to the signal regions but orthogonal to both the control and signal regions.

The data in the validation regions are not used to constrain the fits; they are only used to

compare the results of the fits to statistically independent observations. The criteria used

to define the validation regions are summarised in tables 10–12. The validation regions are

also illustrated in figures 2–4. As shown in table 10, the soft single-lepton channel uses

three validation regions to probe the mT and Emiss
T extrapolations of each control region

(3-jet, 5-jet or 3-jet inclusive W+jets and tt̄ regions); there are therefore eighteen valida-

tion regions in the soft single-lepton channel. In the soft dimuon case, shown in the same

table, three validation regions are defined to cross-check the lepton pT and mµµ extrapo-

lations and the extrapolation from requiring one b-jet in the control region to none in the

signal region. In the hard single-lepton channel, each signal region is associated with two

validation regions in order to probe the Emiss
T and the mT extrapolations independently,

as shown in table 11. Finally, as shown in table 12, in the hard dilepton channel, a total

of twelve validation regions are defined to verify the extrapolation in the razor variable R

between the various control and signal regions.

The comparison of observed versus predicted event counts in the validation regions

as obtained from the background-only fit are summarised in figure 11. More details on

the normalisation factors found after the fit are given in section 10.1. Good agreement

is seen between the predicted and observed yields in all regions. The systematic uncer-

tainties are correlated across multiple control regions in each channel, see section 8, and

are thus correlated for the validation regions in each channel. One of the main sources of

systematic uncertainty in the validation regions is the theoretical uncertainty on the tt̄ es-

timation related to the MC generator choice. The conservative uncertainty obtained from

the comparison of Alpgen to powheg is correlated across channels and could explain the

somewhat small absolute values obtained for the pulls shown in this figure. Furthermore,

the 3-jet inclusive soft single-lepton validation regions are not independent of the other

soft single-lepton validation regions; the maximum overlap of ∼ 40% occurs between the

high-Emiss
T 3-jet inclusive and 3-jet validation regions.
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Soft single-lepton Soft dimuon

mT Interm. Emiss
T High Emiss

T Low mµµ b-veto Low pT

region region region region region region

p`T[GeV] [10,25] (electron), [6,25] (muon) >25 >25 [6,25]

Nb−tag − − 0 ≥ 1

Emiss
T [GeV] [180,250] [250,350] (> 250) >350 (> 250) > 180

mT [GeV] >80 ([80,120]) [40,100] ([80,120]) [40,100] > 40

mµµ [GeV] − < 60 > 60 −

Table 10. Validation region definitions for the soft single-lepton and dilepton channels (see figure 2).

Only the variables for which the selection differs from the respective control region (see table 6) in

at least one validation region are shown. When the 3-jet inclusive selection differs in Emiss
T or in

mT from the 3-jet or 5-jet validation regions, the values are shown in parentheses.

Hard single-lepton

3-jet 5-jet 6-jet

Emiss
T mT Emiss

T mT Emiss
T mT

region region region region region region

pT
jet[GeV] > 80, 80, 30 > 80, 50, 40, 40, 40 > 80, 50, 40, 40, 40, 40

Jet veto pT
5thjet < 40 GeV pT

6thjet < 40 GeV −
Nb−tag −
Emiss

T [GeV] [300,500] [150,300] [300,500] [150,300] [250,500] [150,250]

mT [GeV] [60,150] [150,320] [60,150] [150,320] [60,150] [120,320]

Table 11. Validation region definitions for the hard single-lepton channel (see figure 3). Only the

variables for which the selection differs from the respective control region (see table 7) in at least

one validation region are shown.

Hard dilepton

Low-multiplicity 3-jet

ee/µµ eµ ee/µµ eµ

Z region tt̄ region tt̄ region Z region tt̄ region tt̄ region

N` 2 or ≥ 2

Nb−tag 0 1 0 1

R [0.25,1.0] [0.5,1.0] [0.1,1.0] [0.35,1.0]

M
′
R [GeV] [200,400] [200,800]

M
′
R bin width [GeV] 50 100

Table 12. Validation region definitions for the hard dilepton channel (see figure 4). Only the

criteria which differ from the respective control region selections (see table 8) in at least one

validation region are shown.
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Figure 11. Summary of the fit results: for each validation region (see tables 10–12), the difference

between the observed (nobs) and predicted (npred) number of events, divided by the total (statistical

and systematic) uncertainty on the prediction (σtot), is shown. Soft-lepton (top) and hard-lepton

(bottom) validation regions are shown. The hard single-lepton validation regions are a mixture of

W+jets and top processes. All single-lepton and soft dimuon validation regions, except the 3-jet

inclusive soft-lepton validation regions, are statistically independent. The hard dilepton validation

regions with exactly two or at least two leptons largely overlap. The systematic uncertainties are

partially correlated across multiple control regions defined for each of the four main channels (see

section 8) and are thus correlated for the validation regions of each channel.
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10 Results and interpretation

10.1 Background fit results and limits on the visible cross section

The distributions of Emiss
T /meff in the soft single-lepton signal regions, of Emiss

T in the soft

dimuon signal region, of mincl
eff (Emiss

T ) in the binned hard single-lepton 3-jet and 5-jet (6-

jet) signal regions, and of M ′R in the hard dilepton inclusive signal regions are shown in

figures 12–14. The results of the fit in these signal regions are shown in tables 13–15. The

normalisation factors of the dominant backgrounds after the fit are found to be O(0.7–0.9)

for tt̄ (with the lowest value found in the soft dimuon channel), O(0.5–0.9) for W+jets (with

the lowest values found in the high jet-multiplicity signal regions of the hard single-lepton

channel) and O(0.9) for Z+jets. The ranges of values quoted for the W/Z+jets and tt̄ back-

ground normalisation factors indicate that the event generators used (see table 1) predict

significantly larger rates for these processes in certain control regions than is observed in

data. This observation is compatible with the differential cross-section measurements pub-

lished by ATLAS for these processes with looser selection requirements [120–124]. The

inclusion of the systematic uncertainties as nuisance parameters in the fit has a negligible

effect on the central value of the fitted normalisation factors.

The number of events observed in all the signal regions presented in this paper is con-

sistent with the post-fit SM expectations. The signal regions are not all independent: some

CRs are common to several SRs (e.g. binned and unbinned). The binned and unbinned

signal regions overlap, and the 3-jet inclusive soft single-lepton signal region overlaps with

the other soft single-lepton signal regions. The data and Monte Carlo distributions of the

variables used in the extrapolation from control to signal regions are in agreement within

uncertainties.

The observed and expected upper limits at 95% confidence level (CL) on the num-

ber of events from new phenomena beyond the SM (BSM) for each signal region (S95
obs

and S95
exp) are derived using the CLS prescription [125] and neglecting any possible signal

contamination in the control regions; an uncertainty on S95
exp is also computed from the

±1σ uncertainty on the expectation. The observed upper limits, normalised by the in-

tegrated luminosity of the data sample, can be interpreted as upper limits on the visible

BSM cross-section, (〈εσ〉95
obs), where the visible cross section is defined as the product of

acceptance, selection efficiency and production cross-section. The results obtained using

asymptotic formulae [118] are given in table 16 for the single-bin signal regions.3 For each

signal region, the results are also shown split by lepton flavour to allow for comparison

with new models which could favour a specific lepton flavour. In this table the value of

CLB, the confidence level observed for the background-only hypothesis, and the one-sided

discovery p-value, p(s = 0), are also given; the latter represents, for each signal region, the

probability that the event yield obtained in a single hypothetical background-only exper-

iment (signal s = 0) is greater than that observed in this dataset. CLB and p(s = 0) are

obtained using different test statistic definitions: the former has a conditional likelihood

3The method was cross-checked with pseudo experiments for various configurations and the results were

found to be consistent.
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Soft single-lepton Soft dimuon

3-jet incl. 3-jet 5-jet

Single-bin Binned Single-bin Binned

Observed events 34 7 8 11 19 6

Fitted background events 37.0± 6.3 7.5± 1.4 7.9± 1.6 15.9± 3.7 27.7± 6.7 6.0± 2.6

tt̄ 11.2± 4.7 2.0± 0.9 2.4± 1.1 8.5± 3.4 16.0± 6.4 1.8± 0.8

Other top quarks 1.4± 0.9 0.96± 0.31 1.0± 0.3 1.1± 0.4 1.6± 0.6 0.24± 0.14

V+jets 15.2± 2.8 2.9± 0.5 2.9± 0.5 2.6± 0.6 5.0± 1.2 0.28± 0.19

Diboson 5.1± 1.2 0.89± 0.36 0.91± 0.36 0.83± 0.50 1.3± 0.7 1.4± 0.5

Fake leptons 4.2± 1.9 0.75+0.78
−0.75 0.64+0.76

−0.64 2.9± 1.2 3.9± 1.7 2.3+2.4
−2.3

Expected background events before the fit 43.1 8.4 8.8 18.3 32.3 6.8

tt̄ 14.9 2.4 2.9 10.2 19.0 2.6

Other top quarks 1.4 0.96 1.0 1.1 1.6 0.24

V+jets 17.6 3.4 3.4 3.4 6.5 0.28

Diboson 5.1 0.89 0.91 0.83 1.3 1.4

Fake leptons 4.2 0.75 0.64 2.9 3.9 2.3

Table 13. Background fit results (top) for the soft single-lepton and soft dimuon signal regions, for

an integrated luminosity of 20.1 fb−1. The V+jets events contain W+jets and Z+jets events. The

background expectations before the fit (bottom) are given for comparison (see section 7 for a detailed

description of how each background source is estimated). The uncertainties shown here combine

the statistical uncertainty on the simulated event samples with the systematic uncertainties.

Hard single-lepton

3-jet 5-jet 6-jet

Single-bin Binned Single-bin Binned Single-bin Binned

Observed events 9 75 5 16 2 12

Fitted background events 8.5± 1.4 82.5± 7.2 7.3± 1.7 17.7± 4.0 4.9± 1.1 18.1± 4.3

tt̄ 2.2± 0.5 35.0± 6.2 4.8± 1.6 12.3± 4.1 3.7± 1.3 13.9± 4.7

Other top quarks 0.79± 0.35 7.6± 3.0 0.71± 0.18 2.1± 0.5 0.54± 0.18 1.7± 0.5

V+jets 2.5± 0.4 24.4± 3.6 0.80± 0.28 1.8± 0.6 0.5± 0.4 0.99± 0.80

Diboson 2.9± 1.0 14.3± 4.3 0.96± 0.69 1.5± 1.0 0.14± 0.07 0.70± 0.36

Fake leptons 0.09+0.15
−0.09 1.2+1.3

−1.2 0.00+0.01
−0.00 0.00+0.09

−0.00 0.00± 0.00 0.82+0.87
−0.82

Expected background events before the fit 10.1 104.4 9.5 23.2 6.2 22.3

tt̄ 3.1 49.3 6.5 16.5 4.5 17.3

Other top quarks 0.79 7.6 0.7 2.1 0.54 1.7

V+jets 3.3 32.0 1.3 3.1 1.0 1.9

Diboson 2.9 14.3 0.96 1.5 0.14 0.70

Fake leptons 0.09 1.2 0.00 0.00 0.00 0.82

Table 14. Background fit results (top) for the hard single-lepton signal regions, for an integrated

luminosity of 20.3 fb−1. The V+jets events contain W+jets and Z+jets events. The background

expectations before the fit (bottom) are given for comparison (see section 7 for a detailed description

of how each background source is estimated). The uncertainties shown here combine the statistical

uncertainty on the simulated event samples with the systematic uncertainties.
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Figure 12. Distribution of the ratio of the missing transverse momentum to the effective mass

Emiss
T /meff in soft single-lepton 3-jet (upper left), 5-jet (upper right) and 3-jet inclusive (bottom

left) signal regions and distribution of the missing transverse momentum Emiss
T in the soft dimuon

signal region (bottom right). The Standard Model expectation is derived from the fit. The un-

certainty band on the Standard Model expectation shown here combines the statistical uncer-

tainty on the simulated event samples and the systematic uncertainties. The last bin includes

the overflow. The “Top Quarks” include tt̄, single top, t+Z, tt̄+W and tt̄+WW , while “V+jets”

includes W+jets, Z+jets and Drell-Yan contributions. For illustration, the expected signal dis-

tributions are shown for three signal benchmark points: (mq̃,mχ̃±1
,mχ̃0

1
) = (425, 385, 345) GeV,

(mg̃,mχ̃±1
,mχ̃0

1
) = (625, 545, 465) GeV and (mq̃,mχ̃±1

,mχ̃0
1
) = (300, 110, 60) GeV in the single-lepton

channel and for the mUED model point with R−1
c = 1000 GeV and ΛRc = 5 in the dimuon channel.

calculated with a signal strength µ set to 1, while the latter uses µ = 0. For an observed

number of events lower than expected, the discovery p-value is truncated at 0.5.

10.2 Exclusion limits on specific models

Given the absence of a significant excess above the SM background expectation, exclusion

limits are also placed on the various specific models of physics beyond the SM described

in section 3. In this case, the fit is modified in the following way:

1. there is an extra free parameter for a possible non-SM signal strength which is con-

strained to be non-negative;
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Figure 13. Distribution of the inclusive effective mass mincl
eff in the hard single-lepton 3-jet (up-

per left) and 5-jet (upper right) binned signal regions and distribution of the missing transverse

momentum Emiss
T in the hard single-lepton 6-jet binned signal region (bottom). The Standard

Model expectation is derived from the fit. The uncertainty band on the Standard Model expec-

tation shown here combines the statistical uncertainty on the simulated event samples and the

systematic uncertainties. The last bin includes the overflow. The “Top Quarks” include tt̄, single

top, t+Z, tt̄+W and tt̄+WW , while “V+jets” includes W+jets, Z+jets and Drell-Yan contribu-

tions. For illustration, the expected signal distributions are shown for gluino pair production with

mg̃ = 1025 GeV,mχ̃±1
= 545 GeV and mχ̃0

1
= 65 GeV.

2. the number of events observed in the signal region is now also considered as an input

to the fit;

3. the expected contamination of the control regions by the signal is included in the fit.

For all regions except the soft dimuon channel, binned signal regions are used. The likeli-

hood (see section 9) takes into account the model shape information in the signal regions

as a further discriminant by including bin-by-bin expectations.

The systematic uncertainties on the signal expectations originating from detector ef-

fects and the theoretical uncertainties on the signal acceptance are included in the fit. The

impact of the theoretical uncertainties on the signal cross section is shown on the limit

plots obtained. Numbers quoted in the text are evaluated from the observed exclusion

limit based on the nominal signal cross section minus its 1σ theoretical uncertainty.
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Figure 14. Distribution of the R-frame mass M ′R in the inclusive hard dilepton low-multiplicity

(left) and 3-jet (right) signal regions for the same-flavour (top) and opposite-flavour (bottom)

pairs. The arrow indicates the requirement defining the signal region. The Standard Model

expectation is derived from the fit. The uncertainty band on the Standard Model expectation

shown here combines the statistical uncertainty on the simulated event samples and the sys-

tematic uncertainties. The last bin includes the overflow. The “Top Quarks” include tt̄, single

top, t+Z, tt̄+W and tt̄+WW , while “V+jets” includes W+jets, Z+jets and Drell-Yan contribu-

tions. For illustration, the expected signal distributions are shown for squark pair production with

mq̃ = 825 GeV,mχ̃±1 /χ̃
0
2

= 465 GeV,m˜̀/ν̃ = 285 GeV and mχ̃0
1

= 105 GeV.
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Hard dilepton inclusive

Low-multiplicity 3-jet

ee/µµ eµ ee/µµ eµ

Single-bin Binned Single-bin Binned

Observed events 20 101 18 110 7 10

Fitted background events 20.0± 3.3 136± 15 24± 4 141± 16 11.8± 2.6 11.5± 2.0

tt̄ 6.7± 1.3 53± 9 7.7± 1.5 54± 9 5.9± 1.5 7.0± 1.6

Other top quarks 1.7± 0.7 10.8± 1.8 2.1± 0.7 11.1± 2.1 1.7± 0.3 1.4± 0.3

Diboson 7.4± 2.4 38± 5 8.5± 2.6 37± 5 1.3± 0.2 1.0± 0.3

Z+jets 2.6± 0.4 21± 4 2.8± 1.4 24± 4 1.3± 0.3 1.4± 0.4

Fake leptons 1.6± 1.4 13± 7 3.2± 2.1 15± 9 1.5+2.0
−1.5 0.6+0.9

−0.6

Expected background events before the fit 20.1 144 25 150 14.6 14.2

tt̄ 6.2 50 6.8 56 8.4 9.4

Other top quarks 1.5 10.1 2.1 10.3 1.8 1.4

Diboson 7.4 40 9.0 38 1.3 1.1

Z+jets 3.3 30 4.1 31 1.6 1.6

Fake leptons 1.6 13 3.2 15 1.5 0.6

Table 15. Background fit results (top) for the inclusive hard dilepton signal regions, for an inte-

grated luminosity of 20.3 fb−1. The background expectations before the fit (bottom) are given for

comparison (see section 7 for a detailed description of how each background source is estimated).

The uncertainties shown combine the statistical and systematic uncertainties. The 3-jet binned sig-

nal region uses the same event selection as the 3-jet single-bin signal region (see table 4); therefore

it has the same event yields.

As mentioned in section 4, the soft-lepton channel has a slightly lower integrated

luminosity than the hard-lepton channel. For consistency in all the following limit contour

figures, the integrated luminosity is abbreviated to 20 fb−1.

10.2.1 Limits on phenomenological models

The limits in the (m0,m1/2) mSUGRA/CMSSM plane obtained from the hard single-lepton

signal regions are shown in figure 15. The observed limit is driven above the expected limit

mainly by the shape fit to the Emiss
T distribution in the 6-jet binned signal region (see

figure 13) as no data event is found in the high-Emiss
T bin. At large values of m0, this

analysis is able to exclude a gluino mass of up to 1.2 TeV. A 1.0 TeV limit on the gluino

mass is obtained from the hard single-lepton channel in the bRPV model at high m0, while

the limit is at 1.13 TeV in the nGM model, as shown in figures 15 and 16, respectively.

The observed exclusion limit obtained by the hard single-lepton channel for the NUHMG

model is also shown in figure 16.

The limit obtained for the mUED scenario is shown in figure 17 in the (1/Rc,ΛRc)

plane. The soft dimuon channel complements the hard dilepton case, as it covers the

low ΛRc values. Because the signal regions in the two channels overlap, they cannot be

combined in a straightforward manner. Instead, the limit, for each point in the plane, is

obtained by using the better expected limit from either the soft dimuon or the hard dilepton

channel. The limit obtained reaches up to a compactification radius of 1/Rc = 950 GeV for

a cut-off scale times radius (ΛRc) of approximately 30.
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Figure 15. 95% CL exclusion limit from the hard single-lepton channel in the (m0,m1/2) plane

for the mSUGRA/CMSSM model with tan β = 30, A0 = −2m0 and µ > 0 (top) and in the same

plane for the bRPV model (bottom). The green area represents the region of the parameter space

for which the stau is the LSP. The dark blue dashed line shows the expected limits at 95% CL,

with the light (yellow) bands indicating the ±1σ variation on the median expected limit due to

the experimental and background-only theory uncertainties. The observed nominal limit is shown

by a solid dark red line, with the dark red dotted lines indicating the ±1σ variation on this limit

due to the theoretical scale and PDF uncertainties on the signal cross section. Lines of constant

squark and gluino masses are also shown.
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the nGM model (top) and in the (m2
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,m1/2) plane for the NUHMG model (bottom). The dark

blue dashed line shows the expected limits at 95% CL, with the light (yellow) bands indicating the

±1σ variation on the median expected limit due to the experimental and background-only theory

uncertainties. The observed nominal limit is shown by a solid dark red line, with the dark red dotted

lines indicating the ±1σ variation on this limit due to the theoretical scale and PDF uncertainties

on the signal cross section. In the NUHMG model, the shaded areas are excluded either because

the LSP is the χ̃0
1 or because the τ̃1 is a tachyon.
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Signal region 〈εσ〉95obs[fb] S95
obs S95

exp CLB p(s = 0)

Soft single-lepton channel

3-jet inclusive 0.77 15.6 17.3+6.9
−4.9 0.37 0.50

3-jet inclusive (electron) 0.55 11.1 10.8+4.8
−3.0 0.52 0.48

3-jet inclusive (muon) 0.52 10.5 12.4+5.2
−3.4 0.31 0.50

3-jet 0.35 7.0 7.5+3.3
−2.2 0.44 0.50

3-jet (electron) 0.26 5.2 5.7+2.6
−1.8 0.40 0.50

3-jet (muon) 0.29 5.9 5.8+2.6
−1.8 0.52 0.48

5-jet 0.39 7.9 10.4+4.4
−2.8 0.20 0.50

5-jet (electron) 0.38 7.7 7.6+3.4
−2.2 0.52 0.48

5-jet (muon) 0.21 4.3 7.1+3.2
−2.0 0.10 0.50

Soft dimuon channel 0.39 7.7 7.8+3.5
−2.4 0.50 0.50

Single-bin hard single-lepton channel

3-jet 0.40 8.2 7.8+3.3
−2.2 0.59 0.41

3-jet (electron) 0.29 5.9 6.2+2.1
−2.0 0.39 0.50

3-jet (muon) 0.35 7.0 5.7+2.1
−1.5 0.72 0.27

5-jet 0.28 5.7 7.2+3.1
−1.9 0.26 0.50

5-jet (electron) 0.29 6.0 5.8+2.2
−1.2 0.55 0.50

5-jet (muon) 0.20 4.0 5.4+1.6
−1.4 0.10 0.49

6-jet 0.22 4.5 6.0+2.2
−1.6 0.10 0.50

6-jet (electron) 0.24 4.8 5.3+1.6
−1.3 0.32 0.50

6-jet (muon) 0.16 3.2 4.9+1.4
−1.3 0.08 0.50

Single-bin inclusive hard dilepton channel

Low-multiplicity ee and µµ combined 0.44 11.6 11.5+5.0
−3.4 0.50 0.49

Low-multiplicity µµ 0.46 9.3 8.4+3.9
−2.5 0.61 0.38

Low-multiplicity ee 0.35 7.2 8.1+3.8
−2.4 0.37 0.50

Low-multiplicity eµ 0.46 8.8 12.4+5.4
−3.6 0.16 0.50

3-jet ee and µµ combined 0.29 5.8 8.4+3.9
−2.6 0.15 0.50

3-jet ee 0.24 4.9 6.3+3.2
−2.0 0.26 0.50

3-jet µµ 0.22 4.4 6.0+3.1
−1.9 0.19 0.50

3-jet eµ 0.40 8.2 8.8+4.0
−2.6 0.41 0.50

Table 16. From left to right: 95% confidence level (CL) upper limits on the visible cross section

(〈εσ〉95
obs) and on the number of signal events (S95

obs); S
95
exp shows the 95% CL upper limit on the

number of signal events, given the expected number (and ±1σ excursions on the expectation) of

background events; two-sided CLB value, i.e. the confidence level observed for the background-only

hypothesis, and the discovery p-value (p(s = 0)). For an observed number of events lower than

expected, the discovery p-value is truncated at 0.5. More details about the CLS prescription can

be found in ref. [125].

10.2.2 Limits on simplified models

The limits obtained from the hard single-lepton channel in the gluino-mediated top squark

production models, favoured by naturalness arguments, are shown in figure 18. In the

model where the mass gap between the t̃1 and the LSP is fixed at 20 GeV, the observed

exclusion reaches a gluino mass of 1.2 TeV. In this model, the hard single-lepton analysis is

complementary to the 0-lepton analysis presented in ref. [32], in that the expected limit for

the single-lepton analysis is able to cover higher top squark masses at intermediate gluino

masses (e.g. 80 GeV higher at mg̃ = 900 GeV). In the model where the gluino exclusively
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Figure 17. 95% CL exclusion limit from the combination of the soft dimuon and hard dilepton

channels for the mUED model, presented in the (1/Rc,ΛRc) plane. The dark blue dashed line

shows the expected limits at 95% CL, with the light (yellow) bands indicating the ±1σ variation on

the median expected limit due to the experimental and background-only theory uncertainties. The

observed nominal limit is shown by a solid dark red line. The blue and green full (dashed) lines

show the observed (expected) exclusion obtained by the soft dimuon and hard dilepton analyses,

respectively. For each point in the plane, the limit is obtained by using the better expected limit

from either the soft dimuon or the hard dilepton channel.

decays to a pair of top quarks and the lightest neutralino, the observed exclusion reaches

a gluino mass of 1.28 TeV. As in the mSUGRA/CMSSM case, the observed limit is more

stringent than the expected limit mainly because of the 6-jet binned signal region.

As the soft and hard single-lepton channels are orthogonal in their signal and control

region definitions, a full statistical combination of all soft and hard single-lepton signal

regions is possible; the limits obtained using this combination are shown in figures 19 for

the gluino and the squark pair production simplified models. These limits are shown in the

(mg̃(q̃),mχ̃0
1
) mass plane for the case in which x = (mχ̃±1

−mχ̃0
1
)/(mg̃(q̃) −mχ̃0

1
) = 1/2. The

soft single-lepton analysis is particularly powerful along the diagonal, where the masses

of the gluino/squark and the lightest neutralino are almost degenerate. The combination

improves the exclusion where the sensitivity of the soft and hard single-lepton signal regions

are similar; for example, at mg̃ ≈ 800 GeV, near the combined observed exclusion limit,

the observed CLS values for the individual channels are 0.27 and 0.19 for the soft and hard

single-lepton signal regions, respectively, while the combination gives a CLS value of 0.08.

The combined limit on the gluino mass reaches up to 1.2 TeV. This result complements the

statistically independent 0-lepton analysis, as the lepton channel offers a better sensitivity
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to more compressed scenarios at intermediate gluino masses while the 0-lepton analysis

is able to reach slightly higher gluino masses. The squark limits are considerably weaker

than those for the gluino due to the lower production cross section and only reach up to

750 GeV.4 The very low squark masses are already excluded by previous analyses [22].

Limits are shown in figure 20 for the gluino and squark simplified models in which the

LSP mass is set at 60 GeV and the value of x is varied, using again the hard single-lepton

channel in combination with the soft single-lepton channel. In these models, a gluino mass

up to 1.22 TeV and a squark mass up to 800 GeV are excluded. Again, the single-lepton

and the 0-lepton channels cover different parameter space, the latter being able to exclude

larger masses at low x (where it excludes a gluino mass up to 1.13 TeV), while the analysis

presented here excludes higher squark masses at moderate to high x values.

For the two-step gluino/squark simplified models with sleptons, the limits are ob-

tained using the hard dilepton signal regions either individually (for squark production) or

in combination with the hard single-lepton signal regions (for gluino production). These

limits are shown in figure 21. A gluino mass of up to 1.32 TeV and a squark mass up to

840 GeV can be excluded in these models. This result is complementary to the exclusion

limit obtained in the 2-same-charge/3-lepton analysis described in ref. [30]. The analysis

presented here is able to probe higher gluino/squark mass values (the expected limit is

higher by approximately 100 GeV and 50 GeV for the gluino and squark cases, respec-

tively), while the analysis presented in ref. [30] is able to cover higher neutralino masses

at intermediate gluino/squark mass values (e.g. the expected limits are 160 GeV higher at

mg̃ = 1000 GeV and 140 GeV higher at mq̃ = 650 GeV).

Using the hard single-lepton channel, a gluino mass up to 1.14 TeV can be excluded

for the two-step simplified model without sleptons, as can be seen in figure 22. Also here,

the hard single-lepton channel complements the exclusion limits obtained in the 2-same-

charge/3-lepton analysis described in ref. [30] and the 0-lepton multijet analysis described

in ref. [31]. In particular, this analysis reaches higher neutralino masses at high gluino

mass values with respect to the 2-same-charge/3-lepton analysis (e.g. the expected limit

is 80 GeV higher at mg̃ = 1050 GeV) and has an expected limit on the neutralino mass

similar to that from the orthogonal multijet analysis for low-mass gluinos.

11 Conclusion

A search with the ATLAS detector at the LHC for SUSY in final states containing at least

one isolated lepton (electron or muon), jets and large missing transverse momentum is

presented. This analysis uses 20 fb−1 of proton-proton collision data collected at a centre-

of-mass energy of 8 TeV. Several single-lepton and dilepton signal regions are used to cover

a broad parameter space for a variety of models. The hard-lepton channel is complemented

by a soft-lepton channel in order to increase the sensitivity to supersymmetric spectra with

small mass splitting. Some signal regions are also subdivided in order to enhance the

4At high squark masses, the combined limit is not exactly the same as the hard single-lepton limit; this

is due to the combination having slightly different CLS values.
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Figure 18. 95% CL exclusion limit from the hard single-lepton channel in the (mg̃,mt̃(χ̃0
1)) plane for

the simplified model with gluino-mediated top squark production, where the top squark is assumed

to decay exclusively via t̃→ cχ̃0
1 (top) or where the gluinos are assumed to decay exclusively through

a virtual top squark, g̃ → tt̄χ̃
0
1 (bottom) . The dark blue dashed line shows the expected limits at

95% CL, with the light (yellow) bands indicating the ±1σ variation on the median expected limit

due to the experimental and background-only theory uncertainties. The observed nominal limit is

shown by a solid dark red line, with the dark red dotted lines indicating the ±1σ variation on this

limit due to the theoretical scale and PDF uncertainties on the signal cross section.
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Figure 19. 95% CL exclusion limit for the gluino simplified model (top) and the first- and

second-generation squark simplified model (bottom) from the combination of the soft and hard

single-lepton analyses. The limits are presented in the (mg̃(q̃),mχ̃0
1
) mass plane for the case in which

the chargino mass is fixed at x = (mχ̃±1
−mχ̃0

1
)/(mg̃(q̃) −mχ̃0

1
) = 1/2. The dark blue dashed line

shows the expected limits at 95% CL, with the light (yellow) bands indicating the ±1σ variation on

the median expected limit due to the experimental and background-only theory uncertainties. The

observed nominal limit is shown by a solid dark red line, with the dark red dotted lines indicating

the ±1σ variation on this limit due to the theoretical scale and PDF uncertainties on the signal

cross section. The observed limit set by the previous ATLAS analysis [22] using 7 TeV data is

shown as a gray area. The light blue and purple full (dashed) lines show the observed (expected)

exclusion obtained by the soft and hard single-lepton analyses, respectively.
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Figure 20. 95% CL exclusion limit for the gluino simplified model (top) and the first- and

second-generation squark simplified model (bottom) from the combination of the soft and hard

single-lepton analyses. The limits are presented in the (mg̃(q̃),x) mass plane, where x = (mχ̃±1
−

mχ̃0
1
)/(mg̃(q̃)−mχ̃0

1
), for the case in which the chargino mass is varied and the LSP mass is set at 60

GeV. The dark blue dashed line shows the expected limits at 95% CL, with the light (yellow) bands

indicating the ±1σ variation on the median expected limit due to the experimental and background-

only theory uncertainties. The observed nominal limit is shown by a solid dark red line, with the

dark red dotted lines indicating the ±1σ variation on this limit due to the theoretical scale and PDF

uncertainties on the signal cross section. The observed limit set by the previous ATLAS analysis [22]

using 7 TeV data is shown as a gray area. The light blue and purple full (dashed) lines show the

observed (expected) exclusion obtained by the soft and hard single-lepton analyses, respectively.
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Figure 21. 95% CL exclusion limit for the two-step gluino simplified model with sleptons from

the combination of the hard dilepton and single-lepton channels (top) and the two-step first- and

second-generation squark simplified model with sleptons from the hard dilepton channel (bottom).

The limits are presented in the (mg̃(q̃),mχ̃0
1
) mass plane. The dark blue dashed line shows the

expected limits at 95% CL, with the light (yellow) bands indicating the ±1σ variation on the

median expected limit due to the experimental and background-only theory uncertainties. The

observed nominal limit is shown by a solid dark red line, with the dark red dotted lines indicating

the ±1σ variation on this limit due to the theoretical scale and PDF uncertainties on the signal

cross section. The green and purple full (dashed) lines show the observed (expected) exclusion

obtained by the hard dilepton and single-lepton analyses, respectively.
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Figure 22. 95% CL exclusion limit from the hard single-lepton channel for the two-step gluino

simplified model without sleptons presented in the (mg̃,mχ̃0
1
) mass plane. The dark blue dashed line

shows the expected limits at 95% CL, with the light (yellow) bands indicating the ±1σ variation on

the median expected limit due to the experimental and background-only theory uncertainties. The

observed nominal limit is shown by a solid dark red line, with the dark red dotted lines indicating

the ±1σ variation on this limit due to the theoretical scale and PDF uncertainties on the signal

cross section. The limit is not extrapolated to lower gluino/neutralino masses where no grid point

was generated.

sensitivity to gluino or squark production, by requiring higher or lower jet multiplicity, or

by placing requirements on the charge or flavour of the leptons in the dilepton channel.

Observations are in agreement with SM expectations in each signal region and limits are

set on the visible cross section in models of new physics within the kinematic requirements of

the searches. Exclusion limits are also placed on a large number of supersymmetric models,

including a bRPV model, and on one model of mUED, for which a compactification radius

of 1/Rc = 950 GeV is excluded for a cut-off scale times radius (ΛRc) of approximately

30. These limits are either new or extend the region of parameter space excluded by

previous searches with the ATLAS detector. Depending on the model of supersymmetry

considered, the limits are able to exclude gluino masses up to 1.32 TeV and squark masses

up to 840 GeV.
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violation of p invariance, JETP Lett. 13 (1971) 323 [Pisma Zh. Eksp. Teor. Fiz. 13 (1971)

452] [INSPIRE].

[4] A. Neveu and J.H. Schwarz, Factorizable dual model of pions, Nucl. Phys. B 31 (1971) 86

[INSPIRE].

[5] A. Neveu and J.H. Schwarz, Quark model of dual pions, Phys. Rev. D 4 (1971) 1109

[INSPIRE].

[6] J.-L. Gervais and B. Sakita, Field theory interpretation of supergauges in dual models, Nucl.

Phys. B 34 (1971) 632 [INSPIRE].

[7] D.V. Volkov and V.P. Akulov, Is the neutrino a Goldstone particle?, Phys. Lett. B 46

(1973) 109 [INSPIRE].

[8] J. Wess and B. Zumino, A Lagrangian model invariant under supergauge transformations,

Phys. Lett. B 49 (1974) 52 [INSPIRE].

– 50 –

http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1143/PTP.36.1266
http://inspirehep.net/search?p=find+J+Prog.Theor.Phys.,36,1266
http://dx.doi.org/10.1103/PhysRevD.3.2415
http://inspirehep.net/search?p=find+J+Phys.Rev.,D3,2415
http://inspirehep.net/search?p=find+J+JETPLett.,13,323
http://dx.doi.org/10.1016/0550-3213(71)90448-2
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B31,86
http://dx.doi.org/10.1103/PhysRevD.4.1109
http://inspirehep.net/search?p=find+J+Phys.Rev.,D4,1109
http://dx.doi.org/10.1016/0550-3213(71)90351-8
http://dx.doi.org/10.1016/0550-3213(71)90351-8
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B34,632
http://dx.doi.org/10.1016/0370-2693(73)90490-5
http://dx.doi.org/10.1016/0370-2693(73)90490-5
http://inspirehep.net/search?p=find+J+Phys.Lett.,B46,109
http://dx.doi.org/10.1016/0370-2693(74)90578-4
http://inspirehep.net/search?p=find+J+Phys.Lett.,B49,52


J
H
E
P
0
4
(
2
0
1
5
)
1
1
6

[9] J. Wess and B. Zumino, Supergauge transformations in four-dimensions, Nucl. Phys. B 70

(1974) 39 [INSPIRE].

[10] E. Witten, Dynamical breaking of supersymmetry, Nucl. Phys. B 188 (1981) 513 [INSPIRE].

[11] M. Dine, W. Fischler and M. Srednicki, Supersymmetric technicolor, Nucl. Phys. B 189

(1981) 575 [INSPIRE].

[12] S. Dimopoulos and S. Raby, Supercolor, Nucl. Phys. B 192 (1981) 353 [INSPIRE].

[13] N. Sakai, Naturalness in supersymmetric guts, Z. Phys. C 11 (1981) 153 [INSPIRE].

[14] R.K. Kaul and P. Majumdar, Cancellation of quadratically divergent mass corrections in

globally supersymmetric spontaneously broken gauge theories, Nucl. Phys. B 199 (1982) 36

[INSPIRE].

[15] S. Dimopoulos and H. Georgi, Softly broken supersymmetry and SU(5), Nucl. Phys. B 193

(1981) 150 [INSPIRE].

[16] P. Fayet, Supersymmetry and weak, electromagnetic and strong interactions, Phys. Lett. B

64 (1976) 159 [INSPIRE].

[17] P. Fayet, Spontaneously broken supersymmetric theories of weak, electromagnetic and strong

interactions, Phys. Lett. B 69 (1977) 489 [INSPIRE].

[18] G.R. Farrar and P. Fayet, Phenomenology of the production, decay and detection of new

hadronic states associated with supersymmetry, Phys. Lett. B 76 (1978) 575 [INSPIRE].

[19] P. Fayet, Relations between the masses of the superpartners of leptons and quarks, the

Goldstino couplings and the neutral currents, Phys. Lett. B 84 (1979) 416 [INSPIRE].

[20] ATLAS collaboration, The ATLAS experiment at the CERN Large Hadron Collider, 2008

JINST 3 S08003 [INSPIRE].

[21] ATLAS collaboration, Expected performance of the ATLAS experiment — detector, trigger

and physics, arXiv:0901.0512 [INSPIRE].

[22] ATLAS collaboration, Further search for supersymmetry at
√
s = 7 TeV in final states with

jets, missing transverse momentum and isolated leptons with the ATLAS detector, Phys.

Rev. D 86 (2012) 092002 [arXiv:1208.4688] [INSPIRE].

[23] ATLAS collaboration, Multi-channel search for squarks and gluinos in
√
s = 7 TeV pp

collisions with the ATLAS detector, Eur. Phys. J. C 73 (2013) 2362 [arXiv:1212.6149]

[INSPIRE].

[24] CMS collaboration, Search for supersymmetry in pp collisions at
√
s = 7 TeV in events with

a single lepton, jets and missing transverse momentum, Eur. Phys. J. C 73 (2013) 2404

[arXiv:1212.6428] [INSPIRE].

[25] ATLAS collaboration, Performance of the ATLAS trigger system in 2010, Eur. Phys. J. C

72 (2012) 1849 [arXiv:1110.1530] [INSPIRE].

[26] J. Alwall, P. Schuster and N. Toro, Simplified models for a first characterization of new

physics at the LHC, Phys. Rev. D 79 (2009) 075020 [arXiv:0810.3921] [INSPIRE].

[27] LHC New Physics Working Group collaboration, D. Alves et al., Simplified models for

LHC new physics searches, J. Phys. G 39 (2012) 105005 [arXiv:1105.2838] [INSPIRE].

[28] T. Appelquist, H.-C. Cheng and B.A. Dobrescu, Bounds on universal extra dimensions,

Phys. Rev. D 64 (2001) 035002 [hep-ph/0012100] [INSPIRE].

– 51 –

http://dx.doi.org/10.1016/0550-3213(74)90355-1
http://dx.doi.org/10.1016/0550-3213(74)90355-1
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B70,39
http://dx.doi.org/10.1016/0550-3213(81)90006-7
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B188,513
http://dx.doi.org/10.1016/0550-3213(81)90582-4
http://dx.doi.org/10.1016/0550-3213(81)90582-4
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B189,575
http://dx.doi.org/10.1016/0550-3213(81)90430-2
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B192,353
http://dx.doi.org/10.1007/BF01573998
http://inspirehep.net/search?p=find+J+Z.Physik,C11,153
http://dx.doi.org/10.1016/0550-3213(82)90565-X
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B199,36
http://dx.doi.org/10.1016/0550-3213(81)90522-8
http://dx.doi.org/10.1016/0550-3213(81)90522-8
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B193,150
http://dx.doi.org/10.1016/0370-2693(76)90319-1
http://dx.doi.org/10.1016/0370-2693(76)90319-1
http://inspirehep.net/search?p=find+J+Phys.Lett.,B64,159
http://dx.doi.org/10.1016/0370-2693(77)90852-8
http://inspirehep.net/search?p=find+J+Phys.Lett.,B69,489
http://dx.doi.org/10.1016/0370-2693(78)90858-4
http://inspirehep.net/search?p=find+J+Phys.Lett.,B76,575
http://dx.doi.org/10.1016/0370-2693(79)91229-2
http://inspirehep.net/search?p=find+J+Phys.Lett.,B84,416
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://inspirehep.net/search?p=find+J+JINST,3,S08003
http://arxiv.org/abs/0901.0512
http://inspirehep.net/search?p=find+EPRINT+arXiv:0901.0512
http://dx.doi.org/10.1103/PhysRevD.86.092002
http://dx.doi.org/10.1103/PhysRevD.86.092002
http://arxiv.org/abs/1208.4688
http://inspirehep.net/search?p=find+EPRINT+arXiv:1208.4688
http://dx.doi.org/10.1140/epjc/s10052-013-2362-5
http://arxiv.org/abs/1212.6149
http://inspirehep.net/search?p=find+EPRINT+arXiv:1212.6149
http://dx.doi.org/10.1140/epjc/s10052-013-2404-z
http://arxiv.org/abs/1212.6428
http://inspirehep.net/search?p=find+EPRINT+arXiv:1212.6428
http://dx.doi.org/10.1140/epjc/s10052-011-1849-1
http://dx.doi.org/10.1140/epjc/s10052-011-1849-1
http://arxiv.org/abs/1110.1530
http://inspirehep.net/search?p=find+EPRINT+arXiv:1110.1530
http://dx.doi.org/10.1103/PhysRevD.79.075020
http://arxiv.org/abs/0810.3921
http://inspirehep.net/search?p=find+EPRINT+arXiv:0810.3921
http://dx.doi.org/10.1088/0954-3899/39/10/105005
http://arxiv.org/abs/1105.2838
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.2838
http://dx.doi.org/10.1103/PhysRevD.64.035002
http://arxiv.org/abs/hep-ph/0012100
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0012100


J
H
E
P
0
4
(
2
0
1
5
)
1
1
6

[29] H.-C. Cheng, K.T. Matchev and M. Schmaltz, Bosonic supersymmetry? Getting fooled at

the CERN LHC, Phys. Rev. D 66 (2002) 056006 [hep-ph/0205314] [INSPIRE].

[30] ATLAS collaboration, Search for supersymmetry at
√
s = 8 TeV in final states with jets

and two same-sign leptons or three leptons with the ATLAS detector, JHEP 06 (2014) 035

[arXiv:1404.2500] [INSPIRE].

[31] ATLAS collaboration, Search for new phenomena in final states with large jet multiplicities

and missing transverse momentum at
√
s = 8 TeV proton-proton collisions using the

ATLAS experiment, JHEP 10 (2013) 130 [Erratum ibid. 01 (2014) 109] [arXiv:1308.1841]

[INSPIRE].

[32] ATLAS collaboration, Search for squarks and gluinos with the ATLAS detector in final

states with jets and missing transverse momentum using
√
s = 8 TeV proton-proton

collision data, JHEP 09 (2014) 176 [arXiv:1405.7875] [INSPIRE].

[33] ATLAS collaboration, Search for strong production of supersymmetric particles in final

states with missing transverse momentum and at least three b-jets at
√
s = 8 TeV

proton-proton collisions with the ATLAS detector, JHEP 10 (2014) 024 [arXiv:1407.0600]

[INSPIRE].

[34] ATLAS collaboration, Search for supersymmetry in events with large missing transverse

momentum, jets and at least one τ lepton in 20 fb−1 of
√
s = 8 TeV proton-proton collision

data with the ATLAS detector, JHEP 09 (2014) 103 [arXiv:1407.0603] [INSPIRE].

[35] A.H. Chamseddine, R.L. Arnowitt and P. Nath, Locally supersymmetric grand unification,

Phys. Rev. Lett. 49 (1982) 970 [INSPIRE].

[36] R. Barbieri, S. Ferrara and C.A. Savoy, Gauge models with spontaneously broken local

supersymmetry, Phys. Lett. B 119 (1982) 343 [INSPIRE].

[37] L.E. Ibáñez, Locally supersymmetric SU(5) grand unification, Phys. Lett. B 118 (1982) 73

[INSPIRE].

[38] L.J. Hall, J.D. Lykken and S. Weinberg, Supergravity as the messenger of supersymmetry

breaking, Phys. Rev. D 27 (1983) 2359 [INSPIRE].

[39] N. Ohta, Grand unified theories based on local supersymmetry, Prog. Theor. Phys. 70

(1983) 542 [INSPIRE].

[40] G.L. Kane, C.F. Kolda, L. Roszkowski and J.D. Wells, Study of constrained minimal

supersymmetry, Phys. Rev. D 49 (1994) 6173 [hep-ph/9312272] [INSPIRE].

[41] S. Roy and B. Mukhopadhyaya, Some implications of a supersymmetric model with R-parity

breaking bilinear interactions, Phys. Rev. D 55 (1997) 7020 [hep-ph/9612447] [INSPIRE].

[42] J. Barnard, B. Farmer, T. Gherghetta and M. White, Natural gauge mediation with a bino

NLSP at the LHC, Phys. Rev. Lett. 109 (2012) 241801 [arXiv:1208.6062] [INSPIRE].

[43] L. Covi and S. Kraml, Collider signatures of gravitino dark matter with a sneutrino NLSP,

JHEP 08 (2007) 015 [hep-ph/0703130] [INSPIRE].

[44] ATLAS collaboration, Search for pair-produced third-generation squarks decaying via

charm quarks or in compressed supersymmetric scenarios in pp collisions at
√
s = 8 TeV

with the ATLAS detector, Phys. Rev. D 90 (2014) 052008 [arXiv:1407.0608] [INSPIRE].

– 52 –

http://dx.doi.org/10.1103/PhysRevD.66.056006
http://arxiv.org/abs/hep-ph/0205314
http://inspirehep.net/search?p=find+J+Phys.Rev.,D66,056006
http://dx.doi.org/10.1007/JHEP06(2014)035
http://arxiv.org/abs/1404.2500
http://inspirehep.net/search?p=find+EPRINT+arXiv:1404.2500
http://dx.doi.org/10.1007/JHEP10(2013)130
http://arxiv.org/abs/1308.1841
http://inspirehep.net/search?p=find+EPRINT+arXiv:1308.1841
http://dx.doi.org/10.1007/JHEP09(2014)176
http://arxiv.org/abs/1405.7875
http://inspirehep.net/search?p=find+EPRINT+arXiv:1405.7875
http://dx.doi.org/10.1007/JHEP10(2014)024
http://arxiv.org/abs/1407.0600
http://inspirehep.net/search?p=find+EPRINT+arXiv:1407.0600
http://dx.doi.org/10.1007/JHEP09(2014)103
http://arxiv.org/abs/1407.0603
http://inspirehep.net/search?p=find+EPRINT+arXiv:1407.0603
http://dx.doi.org/10.1103/PhysRevLett.49.970
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,49,970
http://dx.doi.org/10.1016/0370-2693(82)90685-2
http://inspirehep.net/search?p=find+J+Phys.Lett.,B119,343
http://dx.doi.org/10.1016/0370-2693(82)90604-9
http://inspirehep.net/search?p=find+J+Phys.Lett.,B118,73
http://dx.doi.org/10.1103/PhysRevD.27.2359
http://inspirehep.net/search?p=find+J+Phys.Rev.,D27,2359
http://dx.doi.org/10.1143/PTP.70.542
http://dx.doi.org/10.1143/PTP.70.542
http://inspirehep.net/search?p=find+J+Prog.Theor.Phys.,70,542
http://dx.doi.org/10.1103/PhysRevD.49.6173
http://arxiv.org/abs/hep-ph/9312272
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9312272
http://dx.doi.org/10.1103/PhysRevD.55.7020
http://arxiv.org/abs/hep-ph/9612447
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9612447
http://dx.doi.org/10.1103/PhysRevLett.109.241801
http://arxiv.org/abs/1208.6062
http://inspirehep.net/search?p=find+EPRINT+arXiv:1208.6062
http://dx.doi.org/10.1088/1126-6708/2007/08/015
http://arxiv.org/abs/hep-ph/0703130
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0703130
http://dx.doi.org/10.1103/PhysRevD.90.052008
http://arxiv.org/abs/1407.0608
http://inspirehep.net/search?p=find+EPRINT+arXiv:1407.0608


J
H
E
P
0
4
(
2
0
1
5
)
1
1
6

[45] D.F. Carvalho, M.E. Gomez and J.C. Romao, Charged lepton flavor violation in

supersymmetry with bilinear R-parity violation, Phys. Rev. D 65 (2002) 093013

[hep-ph/0202054] [INSPIRE].

[46] Y. Grossman and S. Rakshit, Neutrino masses in R-parity violating supersymmetric models,

Phys. Rev. D 69 (2004) 093002 [hep-ph/0311310] [INSPIRE].

[47] P. Meade, N. Seiberg and D. Shih, General gauge mediation, Prog. Theor. Phys. Suppl. 177

(2009) 143 [arXiv:0801.3278] [INSPIRE].

[48] M. Buican, P. Meade, N. Seiberg and D. Shih, Exploring general gauge mediation, JHEP 03

(2009) 016 [arXiv:0812.3668] [INSPIRE].

[49] A. Djouadi, M.M. Muhlleitner and M. Spira, Decays of supersymmetric particles: the

program SUSY-HIT (SUspect-SdecaY-HDECAY-InTerface), Acta Phys. Polon. B 38 (2007)

635 [hep-ph/0609292] [INSPIRE].

[50] M. Muhlleitner, A. Djouadi and Y. Mambrini, SDECAY: a fortran code for the decays of

the supersymmetric particles in the MSSM, Comput. Phys. Commun. 168 (2005) 46

[hep-ph/0311167] [INSPIRE].

[51] B.C. Allanach, SOFTSUSY: a program for calculating supersymmetric spectra, Comput.

Phys. Commun. 143 (2002) 305 [hep-ph/0104145] [INSPIRE].

[52] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer and T. Stelzer, MadGraph 5: going beyond,

JHEP 06 (2011) 128 [arXiv:1106.0522] [INSPIRE].
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[88] T. Sjöstrand, S. Mrenna and P.Z. Skands, A brief introduction to PYTHIA 8.1, Comput.

Phys. Commun. 178 (2008) 852 [arXiv:0710.3820] [INSPIRE].

[89] ATLAS collaboration, The ATLAS simulation infrastructure, Eur. Phys. J. C 70 (2010)

823 [arXiv:1005.4568] [INSPIRE].

[90] GEANT4 collaboration, S. Agostinelli et al., GEANT4: a simulation toolkit, Nucl.

Instrum. Meth. A 506 (2003) 250 [INSPIRE].

[91] ATLAS collaboration, The simulation principle and performance of the ATLAS fast

calorimeter simulation FastCaloSim, ATL-PHYS-PUB-2010-013, CERN, Geneva

Switzerland (2010).

[92] A. Sherstnev and R.S. Thorne, Parton distributions for LO generators, Eur. Phys. J. C 55

(2008) 553 [arXiv:0711.2473] [INSPIRE].

[93] ATLAS collaboration, Further ATLAS tunes of PYTHIA 6 and PYTHIA 8,

ATL-PHYS-PUB-2011-014, CERN, Geneva Switzerland (2011).

[94] ATLAS collaboration, Improved luminosity determination in pp collisions at
√
s = 7 TeV

using the ATLAS detector at the LHC, Eur. Phys. J. C 73 (2013) 2518 [arXiv:1302.4393]

[INSPIRE].

[95] ATLAS collaboration, Performance of primary vertex reconstruction in proton-proton

collisions at
√
s = 7 TeV in the ATLAS experiment, ATLAS-CONF-2010-069, CERN,

Geneva Switzerland (2010).

[96] M. Cacciari, G.P. Salam and G. Soyez, The anti-kt jet clustering algorithm, JHEP 04

(2008) 063 [arXiv:0802.1189] [INSPIRE].

[97] M. Cacciari and G.P. Salam, Dispelling the N3 myth for the kt jet-finder, Phys. Lett. B

641 (2006) 57 [hep-ph/0512210] [INSPIRE].

– 55 –

http://dx.doi.org/10.1016/j.physletb.2008.06.073
http://arxiv.org/abs/0804.2220
http://inspirehep.net/search?p=find+EPRINT+arXiv:0804.2220
http://dx.doi.org/10.1103/PhysRevD.60.113006
http://arxiv.org/abs/hep-ph/9905386
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9905386
http://dx.doi.org/10.1007/JHEP07(2011)018
http://arxiv.org/abs/1105.0020
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.0020
http://dx.doi.org/10.1140/epjc/s10052-013-2702-5
http://arxiv.org/abs/1311.1365
http://inspirehep.net/search?p=find+EPRINT+arXiv:1311.1365
http://dx.doi.org/10.1103/PhysRevD.74.114017
http://arxiv.org/abs/hep-ph/0609070
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0609070
http://dx.doi.org/10.1088/1126-6708/2003/07/001
http://arxiv.org/abs/hep-ph/0206293
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0206293
http://dx.doi.org/10.1088/1126-6708/2001/01/010
http://arxiv.org/abs/hep-ph/0011363
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0011363
http://dx.doi.org/10.1007/s002880050286
http://arxiv.org/abs/hep-ph/9601371
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9601371
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820
http://inspirehep.net/search?p=find+EPRINT+arXiv:0710.3820
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://arxiv.org/abs/1005.4568
http://inspirehep.net/search?p=find+EPRINT+arXiv:1005.4568
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://inspirehep.net/search?p=find+J+Nucl.Instrum.Meth.,A506,250
http://cds.cern.ch/record/1300517
http://dx.doi.org/10.1140/epjc/s10052-008-0610-x
http://dx.doi.org/10.1140/epjc/s10052-008-0610-x
http://arxiv.org/abs/0711.2473
http://inspirehep.net/search?p=find+EPRINT+arXiv:0711.2473
http://cds.cern.ch/record/1400677
http://dx.doi.org/10.1140/epjc/s10052-013-2518-3
http://arxiv.org/abs/1302.4393
http://inspirehep.net/search?p=find+EPRINT+arXiv:1302.4393
http://cds.cern.ch/record/1281344
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/0802.1189
http://inspirehep.net/search?p=find+EPRINT+arXiv:0802.1189
http://dx.doi.org/10.1016/j.physletb.2006.08.037
http://dx.doi.org/10.1016/j.physletb.2006.08.037
http://arxiv.org/abs/hep-ph/0512210
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0512210


J
H
E
P
0
4
(
2
0
1
5
)
1
1
6

[98] ATLAS collaboration, Jet energy measurement with the ATLAS detector in proton-proton

collisions at
√
s = 7 TeV, Eur. Phys. J. C 73 (2013) 2304 [arXiv:1112.6426] [INSPIRE].

[99] M. Cacciari, G.P. Salam and G. Soyez, The catchment area of jets, JHEP 04 (2008) 005

[arXiv:0802.1188] [INSPIRE].

[100] ATLAS collaboration, Single hadron response measurement and calorimeter jet energy

scale uncertainty with the ATLAS detector at the LHC, Eur. Phys. J. C 73 (2013) 2305

[arXiv:1203.1302] [INSPIRE].

[101] ATLAS collaboration, Electron reconstruction and identification efficiency measurements

with the ATLAS detector using the 2011 LHC proton-proton collision data, Eur. Phys. J. C

74 (2014) 2941 [arXiv:1404.2240] [INSPIRE].

[102] ATLAS collaboration, Measurement of the muon reconstruction performance of the ATLAS

detector using 2011 and 2012 LHC proton-proton collision data, Eur. Phys. J. C 74 (2014)

3130 [arXiv:1407.3935] [INSPIRE].

[103] ATLAS collaboration, Search for supersymmetry in final states with jets, missing

transverse momentum and one isolated lepton in
√
s = 7 TeV pp collisions using 1 fb−1 of

ATLAS data, Phys. Rev. D 85 (2012) 012006 [Erratum ibid. D 87 (2013) 099903]

[arXiv:1109.6606] [INSPIRE].

[104] ATLAS collaboration, Performance of missing transverse momentum reconstruction in

proton-proton collisions at 7 TeV with ATLAS, Eur. Phys. J. C 72 (2012) 1844

[arXiv:1108.5602] [INSPIRE].

[105] ATLAS collaboration, Pile-up subtraction and suppression for jets in ATLAS,

ATLAS-CONF-2013-083, CERN, Geneva Switzerland (2013).

[106] ATLAS collaboration, Calibration of the performance of b-tagging for c and light-flavour

jets in the 2012 ATLAS data, ATLAS-CONF-2014-046, CERN, Geneva Switzerland (2014).

[107] ATLAS collaboration, Measurement of the b-tag efficiency in a sample of jets containing

muons with 5 fb−1 of data from the ATLAS detector, ATLAS-CONF-2012-043, CERN,

Geneva Switzerland (2012).

[108] ATLAS collaboration, Characterisation and mitigation of beam-induced backgrounds

observed in the ATLAS detector during the 2011 proton-proton run, 2013 JINST 8 P07004

[arXiv:1303.0223] [INSPIRE].

[109] ATLAS collaboration, Selection of jets produced in proton-proton collisions with the

ATLAS detector using 2011 data, ATLAS-CONF-2012-020, CERN, Geneva Switzerland

(2012).

[110] C. Rogan, Kinematical variables towards new dynamics at the LHC, arXiv:1006.2727

[INSPIRE].

[111] ATLAS collaboration, Measurement of the top quark-pair production cross section with

ATLAS in pp collisions at
√
s = 7 TeV, Eur. Phys. J. C 71 (2011) 1577 [arXiv:1012.1792]

[INSPIRE].

[112] ATLAS collaboration, Jet energy resolution and selection efficiency relative to track jets

from in-situ techniques with the ATLAS detector using proton-proton collisions at a center

of mass energy
√
s = 7 TeV, ATLAS-CONF-2010-054, CERN, Geneva Switzerland (2010).

[113] ATLAS collaboration, Pile-up subtraction and suppression for jets in ATLAS,

ATLAS-CONF-2013-083, CERN, Geneva Switzerland (2013).

– 56 –

http://dx.doi.org/10.1140/epjc/s10052-013-2304-2
http://arxiv.org/abs/1112.6426
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.6426
http://dx.doi.org/10.1088/1126-6708/2008/04/005
http://arxiv.org/abs/0802.1188
http://inspirehep.net/search?p=find+EPRINT+arXiv:0802.1188
http://dx.doi.org/10.1140/epjc/s10052-013-2305-1
http://arxiv.org/abs/1203.1302
http://inspirehep.net/search?p=find+EPRINT+arXiv:1203.1302
http://dx.doi.org/10.1140/epjc/s10052-014-2941-0
http://dx.doi.org/10.1140/epjc/s10052-014-2941-0
http://arxiv.org/abs/1404.2240
http://inspirehep.net/search?p=find+EPRINT+arXiv:1404.2240
http://dx.doi.org/10.1140/epjc/s10052-014-3130-x
http://dx.doi.org/10.1140/epjc/s10052-014-3130-x
http://arxiv.org/abs/1407.3935
http://inspirehep.net/search?p=find+EPRINT+arXiv:1407.3935
http://dx.doi.org/10.1103/PhysRevD.85.012006
http://arxiv.org/abs/1109.6606
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.6606
http://dx.doi.org/10.1140/epjc/s10052-011-1844-6
http://arxiv.org/abs/1108.5602
http://inspirehep.net/search?p=find+EPRINT+arXiv:1108.5602
http://cds.cern.ch/record/1570994
http://cds.cern.ch/record/1741020
http://cds.cern.ch/record/1435197
http://dx.doi.org/10.1088/1748-0221/8/07/P07004
http://arxiv.org/abs/1303.0223
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.0223
http://cds.cern.ch/record/1430034
http://arxiv.org/abs/1006.2727
http://inspirehep.net/search?p=find+EPRINT+arXiv:1006.2727
http://dx.doi.org/10.1140/epjc/s10052-011-1577-6
http://arxiv.org/abs/1012.1792
http://inspirehep.net/search?p=find+EPRINT+arXiv:1012.1792
http://cds.cern.ch/record/1281311
http://cds.cern.ch/record/1570994


J
H
E
P
0
4
(
2
0
1
5
)
1
1
6

[114] ATLAS collaboration, Calibration of b-tagging using dileptonic top pair events in a

combinatorial likelihood approach with the ATLAS experiment, ATLAS-CONF-2014-004,

CERN, Geneva Switzerland (2014).

[115] ATLAS collaboration, Measurement of the mistag rate with 5 fb−1 of data collected by the

ATLAS detector, ATLAS-CONF-2012-040, CERN, Geneva Switzerland (2012).

[116] M. Botje et al., The PDF4LHC working group interim recommendations, arXiv:1101.0538

[INSPIRE].

[117] J. Alwall et al., The automated computation of tree-level and next-to-leading order

differential cross sections and their matching to parton shower simulations, JHEP 07

(2014) 079 [arXiv:1405.0301] [INSPIRE].

[118] G. Cowan, K. Cranmer, E. Gross and O. Vitells, Asymptotic formulae for likelihood-based

tests of new physics, Eur. Phys. J. C 71 (2011) 1554 [Erratum ibid. C 73 (2013) 2501]

[arXiv:1007.1727] [INSPIRE].

[119] M. Baak et al., HistFitter software framework for statistical data analysis,

arXiv:1410.1280 [INSPIRE].

[120] ATLAS collaboration, Measurements of top quark pair relative differential cross-sections

with ATLAS in pp collisions at
√
s = 7 TeV, Eur. Phys. J. C 73 (2013) 2261

[arXiv:1207.5644] [INSPIRE].

[121] ATLAS collaboration, Measurements of normalized differential cross sections for tt̄

production in pp collisions at
√
s = 7 TeV using the ATLAS detector, Phys. Rev. D 90

(2014) 072004 [arXiv:1407.0371] [INSPIRE].

[122] ATLAS collaboration, Measurement of the production cross section of jets in association

with a Z boson in pp collisions at
√
s = 7 TeV with the ATLAS detector, JHEP 07 (2013)

032 [arXiv:1304.7098] [INSPIRE].

[123] ATLAS collaboration, Measurements of the W production cross sections in association with

jets with the ATLAS detector, Eur. Phys. J. C 75 (2015) 82 [arXiv:1409.8639] [INSPIRE].

[124] ATLAS collaboration, A measurement of the ratio of the production cross sections for W

and Z bosons in association with jets with the ATLAS detector, Eur. Phys. J. C 74 (2014)

3168 [arXiv:1408.6510] [INSPIRE].

[125] A.L. Read, Presentation of search results: the CLs technique, J. Phys. G 28 (2002) 2693

[INSPIRE].

– 57 –

http://cds.cern.ch/record/1664335
http://cds.cern.ch/record/1435194
http://arxiv.org/abs/1101.0538
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.0538
http://dx.doi.org/10.1007/JHEP07(2014)079
http://dx.doi.org/10.1007/JHEP07(2014)079
http://arxiv.org/abs/1405.0301
http://inspirehep.net/search?p=find+EPRINT+arXiv:1405.0301
http://dx.doi.org/10.1140/epjc/s10052-011-1554-0
http://arxiv.org/abs/1007.1727
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.1727
http://arxiv.org/abs/1410.1280
http://inspirehep.net/search?p=find+EPRINT+arXiv:1410.1280
http://dx.doi.org/10.1140/epjc/s10052-012-2261-1
http://arxiv.org/abs/1207.5644
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.5644
http://dx.doi.org/10.1103/PhysRevD.90.072004
http://dx.doi.org/10.1103/PhysRevD.90.072004
http://arxiv.org/abs/1407.0371
http://inspirehep.net/search?p=find+EPRINT+arXiv:1407.0371
http://dx.doi.org/10.1007/JHEP07(2013)032
http://dx.doi.org/10.1007/JHEP07(2013)032
http://arxiv.org/abs/1304.7098
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.7098
http://dx.doi.org/10.1140/epjc/s10052-015-3262-7
http://arxiv.org/abs/1409.8639
http://inspirehep.net/search?p=find+EPRINT+arXiv:1409.8639
http://dx.doi.org/10.1140/epjc/s10052-014-3168-9
http://dx.doi.org/10.1140/epjc/s10052-014-3168-9
http://arxiv.org/abs/1408.6510
http://inspirehep.net/search?p=find+EPRINT+arXiv:1408.6510
http://dx.doi.org/10.1088/0954-3899/28/10/313
http://inspirehep.net/search?p=find+J+J.Phys.,G28,2693


J
H
E
P
0
4
(
2
0
1
5
)
1
1
6

The ATLAS collaboration

G. Aad85, B. Abbott113, J. Abdallah152, S. Abdel Khalek117, O. Abdinov11, R. Aben107,

B. Abi114, M. Abolins90, O.S. AbouZeid159, H. Abramowicz154, H. Abreu153, R. Abreu30,

Y. Abulaiti147a,147b, B.S. Acharya165a,165b,a, L. Adamczyk38a, D.L. Adams25, J. Adelman108,

S. Adomeit100, T. Adye131, T. Agatonovic-Jovin13a, J.A. Aguilar-Saavedra126a,126f ,

M. Agustoni17, S.P. Ahlen22, F. Ahmadov65,b, G. Aielli134a,134b, H. Akerstedt147a,147b,
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J. Jia149, Y. Jiang33b, M. Jimenez Belenguer42, J. Jimenez Pena168, S. Jin33a, A. Jinaru26a,

O. Jinnouchi158, M.D. Joergensen36, P. Johansson140, K.A. Johns7, K. Jon-And147a,147b,

G. Jones171, R.W.L. Jones72, T.J. Jones74, J. Jongmanns58a, P.M. Jorge126a,126b, K.D. Joshi84,

J. Jovicevic148, X. Ju174, C.A. Jung43, P. Jussel62, A. Juste Rozas12,n, M. Kaci168,

A. Kaczmarska39, M. Kado117, H. Kagan111, M. Kagan144, E. Kajomovitz45, C.W. Kalderon120,

S. Kama40, A. Kamenshchikov130, N. Kanaya156, M. Kaneda30, S. Kaneti28, V.A. Kantserov98,

J. Kanzaki66, B. Kaplan110, A. Kapliy31, D. Kar53, K. Karakostas10, A. Karamaoun3,

N. Karastathis10, M.J. Kareem54, M. Karnevskiy83, S.N. Karpov65, Z.M. Karpova65,

K. Karthik110, V. Kartvelishvili72, A.N. Karyukhin130, L. Kashif174, G. Kasieczka58b,

R.D. Kass111, A. Kastanas14, Y. Kataoka156, A. Katre49, J. Katzy42, V. Kaushik7, K. Kawagoe70,

T. Kawamoto156, G. Kawamura54, S. Kazama156, V.F. Kazanin109, M.Y. Kazarinov65,

R. Keeler170, R. Kehoe40, M. Keil54, J.S. Keller42, J.J. Kempster77, H. Keoshkerian5,
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D. Moreno163, M. Moreno Llácer54, P. Morettini50a, M. Morgenstern44, M. Morii57,

V. Morisbak119, S. Moritz83, A.K. Morley148, G. Mornacchi30, J.D. Morris76, A. Morton42,

L. Morvaj103, H.G. Moser101, M. Mosidze51b, J. Moss111, K. Motohashi158, R. Mount144,

E. Mountricha25, S.V. Mouraviev96,∗, E.J.W. Moyse86, S. Muanza85, R.D. Mudd18, F. Mueller58a,

J. Mueller125, K. Mueller21, T. Mueller28, D. Muenstermann49, P. Mullen53, Y. Munwes154,

J.A. Murillo Quijada18, W.J. Murray171,131, H. Musheghyan54, E. Musto153, A.G. Myagkov130,aa,

M. Myska128, O. Nackenhorst54, J. Nadal54, K. Nagai120, R. Nagai158, Y. Nagai85, K. Nagano66,

A. Nagarkar111, Y. Nagasaka59, K. Nagata161, M. Nagel101, A.M. Nairz30, Y. Nakahama30,

K. Nakamura66, T. Nakamura156, I. Nakano112, H. Namasivayam41, G. Nanava21,

R.F. Naranjo Garcia42, R. Narayan58b, T. Nattermann21, T. Naumann42, G. Navarro163,

R. Nayyar7, H.A. Neal89, P.Yu. Nechaeva96, T.J. Neep84, P.D. Nef144, A. Negri121a,121b,

G. Negri30, M. Negrini20a, S. Nektarijevic49, C. Nellist117, A. Nelson164, T.K. Nelson144,

S. Nemecek127, P. Nemethy110, A.A. Nepomuceno24a, M. Nessi30,ab, M.S. Neubauer166,

M. Neumann176, R.M. Neves110, P. Nevski25, P.R. Newman18, D.H. Nguyen6, R.B. Nickerson120,

R. Nicolaidou137, B. Nicquevert30, J. Nielsen138, N. Nikiforou35, A. Nikiforov16,

V. Nikolaenko130,aa, I. Nikolic-Audit80, K. Nikolics49, K. Nikolopoulos18, P. Nilsson25,

Y. Ninomiya156, A. Nisati133a, R. Nisius101, T. Nobe158, M. Nomachi118, I. Nomidis29,

S. Norberg113, M. Nordberg30, O. Novgorodova44, S. Nowak101, M. Nozaki66, L. Nozka115,

K. Ntekas10, G. Nunes Hanninger88, T. Nunnemann100, E. Nurse78, F. Nuti88, B.J. O’Brien46,

F. O’grady7, D.C. O’Neil143, V. O’Shea53, F.G. Oakham29,d, H. Oberlack101, T. Obermann21,

J. Ocariz80, A. Ochi67, I. Ochoa78, S. Oda70, S. Odaka66, H. Ogren61, A. Oh84, S.H. Oh45,

C.C. Ohm15, H. Ohman167, H. Oide30, W. Okamura118, H. Okawa161, Y. Okumura31,

T. Okuyama156, A. Olariu26a, A.G. Olchevski65, S.A. Olivares Pino46, D. Oliveira Damazio25,

E. Oliver Garcia168, A. Olszewski39, J. Olszowska39, A. Onofre126a,126e, P.U.E. Onyisi31,p,

C.J. Oram160a, M.J. Oreglia31, Y. Oren154, D. Orestano135a,135b, N. Orlando73a,73b,

C. Oropeza Barrera53, R.S. Orr159, B. Osculati50a,50b, R. Ospanov122, G. Otero y Garzon27,

H. Otono70, M. Ouchrif136d, E.A. Ouellette170, F. Ould-Saada119, A. Ouraou137,

K.P. Oussoren107, Q. Ouyang33a, A. Ovcharova15, M. Owen84, V.E. Ozcan19a, N. Ozturk8,

K. Pachal120, A. Pacheco Pages12, C. Padilla Aranda12, M. Pagáčová48, S. Pagan Griso15,
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Barcelona, Barcelona, Spain
13 (a) Institute of Physics, University of Belgrade, Belgrade; (b) Vinca Institute of Nuclear Sciences,

University of Belgrade, Belgrade, Serbia
14 Department for Physics and Technology, University of Bergen, Bergen, Norway
15 Physics Division, Lawrence Berkeley National Laboratory and University of California, Berkeley

CA, United States of America
16 Department of Physics, Humboldt University, Berlin, Germany
17 Albert Einstein Center for Fundamental Physics and Laboratory for High Energy Physics,

University of Bern, Bern, Switzerland
18 School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom
19 (a) Department of Physics, Bogazici University, Istanbul; (b) Department of Physics, Dogus

University, Istanbul; (c) Department of Physics Engineering, Gaziantep University, Gaziantep,

– 68 –



J
H
E
P
0
4
(
2
0
1
5
)
1
1
6

Turkey
20 (a) INFN Sezione di Bologna; (b) Dipartimento di Fisica e Astronomia, Università di Bologna,
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92 B.I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk, Republic of

Belarus
93 National Scientific and Educational Centre for Particle and High Energy Physics, Minsk, Republic

of Belarus
94 Department of Physics, Massachusetts Institute of Technology, Cambridge MA, United States of

– 70 –



J
H
E
P
0
4
(
2
0
1
5
)
1
1
6

America
95 Group of Particle Physics, University of Montreal, Montreal QC, Canada
96 P.N. Lebedev Institute of Physics, Academy of Sciences, Moscow, Russia
97 Institute for Theoretical and Experimental Physics (ITEP), Moscow, Russia
98 National Research Nuclear University MEPhI, Moscow, Russia
99 D.V. Skobeltsyn Institute of Nuclear Physics, M.V. Lomonosov Moscow State University, Moscow,

Russia
100 Fakultät für Physik, Ludwig-Maximilians-Universität München, München, Germany
101 Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), München, Germany
102 Nagasaki Institute of Applied Science, Nagasaki, Japan
103 Graduate School of Science and Kobayashi-Maskawa Institute, Nagoya University, Nagoya, Japan
104 (a) INFN Sezione di Napoli; (b) Dipartimento di Fisica, Università di Napoli, Napoli, Italy
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Roma, Italy
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