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1 Introduction

Supersymmetry (SUSY) [1–9] is a generalization of space-time symmetries that predicts

new bosonic partners for the fermions and new fermionic partners for the bosons of the

Standard Model (SM). If R-parity is conserved [10–13], SUSY particles (called sparticles)

are produced in pairs and the lightest supersymmetric particle (LSP) is stable. The scalar

partners of the left- and right-handed quarks, the squarks (q̃L and q̃R which mix to form

two mass eigenstates q̃1 and q̃2, ordered by increasing mass), and the fermionic partners

of the gluons, gluinos (g̃), could be produced in strong interaction processes at the Large

Hadron Collider (LHC) [14] and decay via cascades ending with a stable LSP. The rest of

the cascade would yield final states with multiple jets and possibly leptons arising from the

decay of sleptons (˜̀), the superpartners of leptons, or W , Z and Higgs (h) bosons originating

from the decays of charginos (χ̃±) or neutralinos (χ̃0), where the charginos and neutralinos
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are the mass eigenstates formed from the linear superpositions of the superpartners of

the charged and neutral electroweak and Higgs bosons. In the Minimal Supersymmetric

extension of the Standard Model (MSSM) [10–13, 15], there are four charginos, χ̃±1 and χ̃±2 ,

and four neutralinos, χ̃0
i (i = 1 to 4, ordered by increasing mass); unless stated otherwise,

this is assumed in the following. In a large variety of models, the LSP is the lightest

neutralino (χ̃
0
1), which interacts weakly and is a possible candidate for dark matter [16].

Undetected χ̃
0
1 LSPs would result in substantial missing transverse momentum (Emiss

T , with

magnitude Emiss
T ). Significant Emiss

T can also arise in R-parity-violating (RPV) 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 SUSY particles. Significant mass

splitting between the top squark (stop) mass eigenstates t̃1 and t̃2 is possible due to the

large top Yukawa coupling.1 Because of the SM weak isospin symmetry the mass of the

left-handed bottom squark (sbottom, b̃L) is tied to the mass of the left-handed stop (t̃L),

and as a consequence the lightest sbottom (b̃1) and stop (t̃1) could be produced via the

strong interaction with relatively large cross-sections at the LHC, either through direct

pair production or in the decay of pair-produced gluinos.

The ATLAS experiment [17] performed several searches for supersymmetric particles

in Run 1. No statistically significant excesses of events compared to the predictions of the

Standard Model were observed. Therefore the results were expressed as model-independent

limits on the production cross-sections of new particles and limits in the parameter space

of supersymmetric or simplified models.

The large cross-sections of squark and gluino production in strong interaction processes

offer sensitivity to a broad range of SUSY models. This paper provides a summary of

the results from inclusive searches for gluinos and first- and second-generation squarks

performed by ATLAS, using data from proton-proton (pp) collisions at a centre-of-mass

energy of 8 TeV collected during Run 1 of the LHC. The results for direct production of

third-generation squarks are reported elsewhere [18]. In addition to summarizing already

published searches for squarks and gluinos, this paper presents new signal regions, new

interpretations and statistical combinations of those searches, as well as an additional

search using the Razor variable set [19], thus improving the sensitivity to supersymmetric

models. In order to differentiate strongly produced SUSY events from the SM background,

the searches typically require high Emiss
T due to the presence of the LSP and possibly

neutrinos, several high-pT jets and large deposited transverse energy. They are further

classified according to the presence of leptons and b-jets. A first class of searches applies a

veto on leptons [20–22], a second considers final states containing electrons and muons [23–

25], and a third requires tau leptons in the final state [26]. A fourth class of searches

concentrates on final states containing multiple b-jets [27].

The paper is organized as follows. Section 2 summarizes the SUSY signals in the strong

production of gluinos and light-flavour squarks. Section 3 describes the ATLAS experiment

and the data sample used, and section 4 the Monte Carlo (MC) simulation samples used for

1The masses of the t̃1 and t̃2 are the eigenvalues of the stop mass matrix. The stop mass matrix involves

the top quark Yukawa coupling in the off-diagonal elements, which typically induces a large mass splitting.
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background and signal modelling. The physics object reconstruction and identification are

presented in section 5. A description of the analysis strategy is given in section 6, and the

experimental signatures are presented in section 7. A summary of systematic uncertainties

is presented in section 8. Results obtained using the new signal regions with selections

similar to those used in previous publications as well as the new analysis using the Razor

variable set are reported in section 9. The strategy used for the combination of the results

from different analyses is discussed in section 10. Limits in phenomenological and simplified

models are presented in section 11. Section 12 is devoted to a summary and conclusions.

2 SUSY models

Since no superpartners of any of the SM particles have been observed, SUSY, if realized in

nature, must be a broken symmetry with a mechanism for breaking the symmetry taking

place at a higher energy scale. It is difficult to construct a realistic model of spontaneously

broken low-energy supersymmetry where the SUSY breaking arises solely as a consequence

of the interactions of the particles of the MSSM [28–30]. Therefore, it is often assumed that

the SUSY breaking originates in a “hidden” sector, and its effects are transmitted to the

MSSM by some unknown mechanism. Various such mechanisms have been proposed, such

as gravity-mediated SUSY breaking (SUGRA) [31–36], gauge-mediated SUSY breaking

(GMSB) [37–42] and anomaly-mediated SUSY breaking (AMSB) [43, 44]. As a result,

these models consider only a small part of the parameter space of the more general MSSM.

In such SUSY models, the particle spectrum is typically specified by fixing parameters

at the high scale. In order to translate this set of parameters into physically meaningful

quantities that describe physics near the electroweak scale, it is necessary to evolve them

using their renormalization group equations.

Another approach to constraining SUSY at the electroweak scale is to use simplified

models [45, 46] which are based on an effective Lagrangian that only describes a small set

of kinematically accessible particles, interactions, production cross-sections and branching

ratios. The simplest case corresponds to considering one specific SUSY production process

with a fixed decay chain.

Several classes of phenomenological and simplified models, as well as a minimal Univer-

sal Extra Dimensions (mUED) scenario [47, 48], covering different combinations of physics

objects in the final state, are considered in this paper. Unless otherwise specified, R-parity

is assumed to be conserved and the lightest neutralino, χ̃
0
1, is taken to be the LSP. The phe-

nomenological models include a scenario for the phenomenological MSSM (pMSSM) [49–

51], minimal Supergravity/Constrained MSSM (mSUGRA/CMSSM) [31–36], bilinear R-

parity violation (bRPV) [52], a minimal gauge-mediated supersymmetry breaking model

(mGMSB) [37–42], natural gauge mediation (nGM) [53], and a non-universal Higgs mass

model with gaugino mediation (NUHMG) [54]. The simplified models presented here in-

clude the pair production of gluinos or first- and second-generation squarks with various

hypotheses for their decay chains (direct, one-step or two-step decay), as well as gluino

decays via real or virtual third-generation squarks. Direct decays are those where the

considered SUSY particles decay directly into SM particles and the LSP, e.g., q̃ → qχ̃
0
1.

– 3 –
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One-step (two-step) decays refer to the cases where the decays occur via one (two) interme-

diate on-shell SUSY particle(s), e.g., q̃ → qχ̃
±
1 → qWχ̃0

1 (q̃ → qχ̃
±
1 → qWχ̃0

2 → qWZχ̃
0
1).

In gluino decays via third-generation squarks, gluinos undergo a one-step decay to a stop

or sbottom such as g̃ → tt̃ → ttχ̃
0
1, or decay directly to final states containing top or

bottom quarks, for example g̃ → ttχ̃
0
1 if the stop is off-shell. In these simplified models, all

supersymmetric particles which do not directly enter the production and decay chain are

effectively decoupled, i.e. with masses set above a few TeV. The list of models considered is

not comprehensive, and the searches presented here are sensitive to a larger class of decay

patterns, mass combinations and hierarchies.

2.1 Phenomenological models

2.1.1 A phenomenological MSSM model

In the pMSSM scenario, no specific theoretical assumption is introduced at the scale of

Grand Unification Theories (GUT), or associated with a SUSY breaking mechanism. A

short list of experimentally motivated considerations is used to reduce the 120 parameters

of the MSSM to 19 real, weak-scale parameters:

• R-parity is exactly conserved,

• there are no new sources of CP violation beyond that already present in the quark

mixing matrix,

• Minimal Flavour Violation [55] is imposed at the electroweak scale,

• the first two generations of squarks and sleptons with the same quantum numbers

are mass-degenerate, and their Yukawa couplings are too small to affect sparticle

production or precision observables.

The remaining 19 independent parameters are: 10 squark and slepton masses, the gaugino

masses (M1, M2, M3, associated with the U(1)Y, SU(2)L, SU(3)C gauge groups, respec-

tively), the higgsino mass parameter (µ), the ratio (tan β) of the vacuum expectation values

of the two Higgs fields, the mass of the pseudoscalar Higgs boson (mA), and the trilinear

couplings for the third generation (Ab, At and Aτ ) [49].

In the pMSSM model considered here only the left-handed squarks of the first two

generations, the two lightest neutralinos χ̃0
2 and χ̃0

1, and the lightest chargino χ̃±1 are

assumed to be within kinematic reach. Three gluino masses are considered, mg̃ = 1.6, 2.2

and 3.0 TeV, while the masses of all other SUSY particles are kinematically decoupled with

masses set to 5 TeV. The parameter tan β is set to 4. The model is further specified by four

parameters: mq̃L , µ, and M1 and M2, from which mχ̃0
1
, mχ̃0

2
and mχ̃±1

can be calculated.

Either M1 is fixed to 60 GeV and M2 is varied independently, or M1 is varied and M2 is

set to (M1 +mq̃L)/2.

Left-handed squarks can be pair produced only via t-channel gluino exchange. They

can undergo a direct q̃L → qχ̃
0
1 decay, or one-step decays: q̃L → q + χ̃0

2 → q + Z/h+ χ̃0
1 or

q̃L → q + χ̃±1 → q +W± + χ̃0
1. Here the lightest Higgs boson h is assumed to have the SM

– 4 –
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g̃

q̃L

q̃L

χ̃0
2

χ̃±

p

p

q

χ̃0
1

Z/h

q

χ̃0
1

W±

Figure 1. Example of a one-step decay topology of the left-handed squark in the phenomenological

MSSM.

decay branching fractions, and its mass is set to 125 GeV. The χ̃
±
1 always decays to W±

and χ̃0
1 (figure 1). The branching fraction to a left-handed squark via the one-step decay

with χ̃0
2 (χ̃

±
1 ) is ∼ 30% (65%). The branching fraction of the χ̃

0
2 → hχ̃

0
1 decay is between

70% and 90% depending on mq̃L .

2.1.2 Minimal Supergravity/Constrained MSSM and bilinear R-parity-

violation models

The mSUGRA/CMSSM model is specified by five parameters: a universal scalar mass (m0),

a universal gaugino mass (m1/2) , a universal trilinear scalar coupling (A0), all defined at

the grand unification scale, tan β, and the sign of the higgsino mass parameter (µ). The

dependence of the SUSY particle mass spectrum on these five parameters is such that all

masses increase with increasing m1/2, while squark and slepton masses also depend on m0.

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

µ > 0 are chosen, such that the lightest scalar Higgs boson mass is approximately 125 GeV

in a large fraction of the (m0, m1/2) parameter space studied.

The bRPV scenario uses the same parameters as the mSUGRA/CMSSM model, but R-

parity violation is allowed through the bilinear terms2 εiLiH2, whose coupling parameters

are determined by a fit to neutrino oscillation data [56] under the tree-level dominance

scenario [57]. In this scenario, the χ̃0
1 LSP decays promptly to Wµ, Wτ , Zντ or hντ

(where the W/Z/h boson can either be on- or off-shell) with branching fractions which

are weakly dependent on m0 and m1/2 and are typically on the order of 20–40%, 20–40%,

20–30% and 0–20%, respectively.

2.1.3 Minimal gauge-mediated supersymmetry breaking model

In gauge-mediated SUSY breaking models, the LSP is a very light gravitino (G̃). The

mGMSB model is described by six parameters: the SUSY-breaking mass scale felt by the

low-energy sector (Λ), the mass of the SUSY breaking messengers (Mmess), the number of

SU(5) messenger fields (N5), tan β, µ and the gravitino coupling scale factor (Cgrav) which

determines the lifetime of the next-to-lightest SUSY particle (NLSP). Four parameters are

fixed to the values previously used in refs. [58–60]: Mmess = 250 TeV, N5 = 3, µ > 0 and

Cgrav = 1. With this choice of parameters the production of squark and/or gluino pairs is

2In this notation, Li indicates a lepton SU(2)-doublet superfield, the Higgs SU(2)-doublet superfield H2

contains the Higgs field that couples to up-type quarks, and the εi parameters have dimension of mass.

– 5 –
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Figure 2. Example of a gluino-pair production followed by the two possible decay chains within

the nGM scenario.

expected to dominate over other SUSY processes at the LHC. These SUSY particles decay

into the NLSP, which subsequently decays to the LSP. The experimental signatures are

largely determined by the nature of the NLSP: this can be either the lightest stau (τ̃), a se-

lectron or a smuon (˜̀), the lightest neutralino (χ̃
0
1), or a sneutrino (ν̃), leading to final states

usually containing tau leptons, light leptons (` = e, µ), photons, or neutrinos, respectively.

2.1.4 Natural gauge mediation model

In the nGM scenario, which assumes general gauge mediation [61, 62], the phenomenology

depends on the nature of the NLSP [63, 64]. Various models assume that the mass hier-

archies of squarks and sleptons are generated by the same physics responsible for breaking

SUSY (for example refs. [65, 66]). Typically in these models the third generation of squarks

and sleptons is lighter than the other two, and together with the fact that sleptons only

acquire small masses through hypercharge interactions in gauge mediation, this leads to

a stau NLSP. In the model considered here, it is also assumed that the gluino is the only

light coloured sparticle. All squark and slepton mass parameters are set to 2.5 TeV except

the lightest stau mass, mτ̃ , which is assumed to be smaller. The parameters M1 and M2

are also set to 2.5 TeV, while all trilinear coupling terms are set to zero. The value of

µ is set to 400 GeV to ensure that strong production dominates in the parameter space

studied. This leaves the gluino mass M3 and the stau mass mτ̃ as the only free parameters.

The chosen value of the µ parameter sets the masses of the χ̃±1 , χ̃
0
1 and χ̃0

2, which are

almost mass-degenerate. The only light sparticles in the model are the stau, a light gluino,

higgsino-dominated charginos and neutralinos, and a very light gravitino LSP. Therefore,

the strong production process allowed in this model is gluino-pair production followed by

the three possible decay chains: g̃ → gχ̃
0
1,2 → gτ̃τ → gττG̃, g̃ → qq̄χ̃

0
1,2 → qq̄τ̃ τ → qq̄ττG̃

and g̃ → qqχ̃
±
1 → qqντ τ̃ → qqνττG̃ (figure 2), where the final-state quarks are almost

exclusively top or bottom quarks. A range of signals with varying gluino and stau masses

is studied. The lightest Higgs boson mass is specifically set to 125 GeV.

2.1.5 Non-universal Higgs mass models with gaugino mediation

The NUHMG model is specified with parameters m0 = 0, tan β = 10, µ > 0, m2
H2

= 0,

and A0 chosen to maximize the mass of the lightest Higgs boson. The ranges of the two

remaining free parameters of the model, m1/2 and m2
H1

, are chosen such that the NSLP is

a tau sneutrino with properties satisfying Big Bang nucleosynthesis constraints [54]. The

– 6 –



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

Diagram Production Parameters Mass relation Branching ratio Result

figure 3(a) q̃q̃ mq̃,mχ̃0
1

mq̃ > mχ̃0
1

BR(q̃ → qχ̃
0
1) = 1 figure 18

figure 3(b) g̃q̃ mg̃,mχ̃0
1

mq̃ = 0.96 mg̃ > mχ̃0
1

BR(q̃ → qχ̃
0
1) = 1 figure 20(a)

BR(g̃ → q̃q) = 1

mq̃,mg̃ mχ̃0
1

= (0, 395, 695) GeV If m(g̃) > m(q̃): figure 20(b)

BR(q̃ → qχ̃
0
1) = 1, BR(g̃ → q̃q) = 1

If m(q̃) > m(g̃):

BR(g̃ → qqχ̃
0
1) = 1, BR(q̃ → g̃q) = 1

figure 3(c) g̃g̃ mg̃,mχ̃0
1

mg̃ > mχ̃0
1

BR(g̃ → qqχ̃
0
1) = 1 figure 19

figure 3(d) g̃g̃ mg̃ mχ̃0
1

= 0 BR(g̃ → gχ̃
0
1) = 1 figure 21(a)

mχ̃0
1

mg̃ = 850 GeV figure 21(b)

Table 1. Simplified models of squark and gluino production with direct decays to χ̃0
1. For each

model the diagram of the decay topology, the model parameters and assumptions about mass

relations and branching ratios are listed. The last column refers to the experimental results

presented in section 11.2. Horizontal dashed lines separate different mass or branching ratio

assumptions within a model.

squared mass terms of the two Higgs doublets, m2
H1

and m2
H2

, are defined at the unification

scale. This model is characterized by significant cross-sections for q̃ and g̃ production. The

gluino decays mainly to a light quark/squark pair qq̃ (≈ 50%), but also to tt̃ (≈ 30%)

or bb̃ (≈ 20%), while the squark multi-step decays typically involve charginos, neutralinos

and/or sleptons.

2.1.6 Minimal Universal Extra Dimensions model

The mUED model is the minimal extension of the SM with one additional universal spatial

dimension. In this non-SUSY model, the Kaluza-Klein (KK) quark excitation’s decay

chain 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. The properties of the

model depend on two parameters: the compactification radius Rc and the cut-off scale Λ.

This cut-off is interpreted as the scale at which some new physics underlying the effective

non-renormalizable UED framework becomes relevant. The Higgs boson mass is fixed to

125 GeV.

2.2 Simplified models

The details of the simplified models considered are given below and summarized in

tables 1–3.

2.2.1 Direct decays of squarks and gluinos

Simplified models with direct decay of the pair-produced strongly interacting supersym-

metric particles assume the production of gluino pairs with decoupled squarks, light-flavour

– 7 –
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Diagram Production Parameters Mass relation Branching ratio Result

figure 4(a) q̃q̃ mq̃,mχ̃0
1

mχ̃±1
= (mq̃ +mχ̃0

1
)/2 BR(q̃ → qWχ̃0

1) = 1 figure 22(a)

mq̃ mχ̃0
1

= 60 GeV figure 22(b)

x = ∆m(χ̃
±
1 , χ̃

0
1)/∆m(q̃, χ̃

0
1)

figure 4(b) g̃g̃ mg̃,mχ̃0
1

mχ̃±1
= (mg̃ +mχ̃0

1
)/2 BR(g̃ → qqWχ̃0

1) = 1 figure 23(a)

mg̃ mχ̃0
1

= 60 GeV figure 23(b)

x = ∆m(χ̃
±
1 , χ̃

0
1)/∆m(g̃, χ̃

0
1)

figure 5(a) q̃q̃ mq̃,mχ̃0
1

mχ̃±1 ,χ̃
0
2

= (mq̃ +mχ̃0
1
)/2 BR(q̃ → q(`ν/``)χ̃

0
1) = 1 figure 26

m˜̀,ν̃ = (mχ̃±1 ,χ̃
0
2

+mχ̃0
1
)/2 ` ≡ (e, µ)

BR(q̃ → q(τν/ττ/νν)χ̃
0
1) = 1 figure 28

` ≡ τ

figure 5(b) q̃q̃ mq̃,mχ̃0
1

mχ̃±1
= (mq̃ +mχ̃0

1
)/2 BR(q̃ → qWZχ̃

0
1) = 1 figure 24

mχ̃0
2

= (mχ̃±1
+mχ̃0

1
)/2

figure 5(c) g̃g̃ mg̃,mχ̃0
1

mχ̃±1 ,χ̃
0
2

= (mg̃ +mχ̃0
1
)/2 BR(g̃ → qq(`ν/``)χ̃

0
1) = 1 figure 27

m˜̀,ν̃ = (mχ̃±1 ,χ̃
0
2

+mχ̃0
1
)/2 ` ≡ (e, µ)

BR(g̃ → qq(τν/ττ/νν)χ̃
0
1) = 1 figure 29

` ≡ τ

figure 5(d) g̃g̃ mg̃,mχ̃0
1

mχ̃±1
= (mg̃ +mχ̃0

1
)/2 BR(g̃ → qqWZχ̃

0
1) = 1 figure 25

mχ̃0
2

= (mχ̃±1
+mχ̃0

1
)/2

Table 2. Simplified models of squark and gluino production with one- and two-step decays to
χ̃0

1. For each model the diagram of the decay topology, the model parameters and assumptions

about mass relations and branching ratios are listed. The last column refers to the experimental

results presented in section 11.2. Horizontal dashed lines separate different mass or branching ratio

assumptions within a model.

squark pairs with decoupled gluinos, or light-flavour squarks and gluinos; all other super-

partners except the lightest neutralino are decoupled. This assumption forces squarks or

gluinos to decay directly to quarks or gluons and the lightest neutralino, as shown in fig-

ure 3. In the case of squark-gluino production, the masses of the light-flavour squarks are

set to 0.96 times the mass of the gluino as suggested in refs. [67, 68], and gluinos can decay

via on-shell squarks as g̃ → q̃q → qqχ̃
0
1. For models with decoupled gluinos two scenarios

have been considered: a scenario with eight mass-degenerate light-flavour squarks (q̃L and

q̃R, with q̃ = ũ, d̃, s̃, c̃), or a scenario with only one accessible light-flavour squark [69].

Changing the number of light-flavoured squarks affects only the cross-section but not the

kinematics of the events. The free parameters in these models are mq̃ or mg̃, and mχ̃0
1
.

An additional set of simplified models with direct decay of pair-produced gluinos as-

sumes that all squarks and sleptons are much heavier than the gluino, which remains rela-

tively light and decays promptly into a gluon and a neutralino [70], as shown in figure 3(d).

The free parameters in these models are mg̃ and mχ̃0
1
.
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Diagram Parameters Mass relation Branching ratio Result

figure 6(a) mg̃,mt̃1
mg̃ > mt̃1

+mt BR(g̃ → t̃1t) = 1 figure 31

mχ̃0
1

= 60 GeV BR(t̃1 → tχ̃
0
1) = 1

figure 6(b) mg̃,mt̃1
mg̃ > mt̃1

+mt BR(g̃ → t̃1t) = 1 figure 32

mχ̃±1
= 2mχ̃0

1
BR(t̃1 → bχ̃

±
1 ) = 1

mχ̃0
1

= 60 GeV BR(χ̃
±
1 →W ∗χ̃

0
1) = 1

figure 6(c) mg̃,mt̃1
mg̃ > mt̃1

+mt BR(g̃ → t̃1t) = 1 figure 33

mχ̃0
1

= mt̃1
− 20 GeV BR(t̃1 → cχ̃

0
1) = 1

figure 6(d) mg̃,mt̃1
mg̃ > mt̃1

+mt BR(g̃ → t̃1t) = 1 figure 34

BR(t̃1 → sb) = 1

figure 7 mg̃,mb̃1
mg̃ > mb̃1

+mb BR(g̃ → b̃1b) = 1 figure 35

mχ̃0
1

= 60 GeV BR(b̃1 → bχ̃
0
1) = 1

figure 8(a) mg̃,mχ̃0
1

mg̃ � mt̃1
If mg̃ > 2mt +mχ̃0

1
: BR(g̃ → tt̄χ̃

0
1) = 1 figure 30

If mg̃ < 2mt +mχ̃0
1
:

BR(g̃ → tWbχ̃
0
1)+BR(g̃ →WbWbχ̃

0
1) = 1

figure 8(b) mg̃,mχ̃0
1

2mb +mχ̃0
1
< mg̃ � mb̃1

BR(g̃ → bb̄χ̃
0
1) = 1 figure 36

figure 8(c) mg̃,mχ̃0
1

mb +mt +mχ̃±1
< mg̃ � mt̃1

,mb̃1
BR(g̃ → tbχ̃

±
1 ) = 1 figure 37

mχ̃±1
= mχ̃0

1
+ 2 GeV BR(χ̃

±
1 → χ̃0

1ff ′) = 1

Table 3. Simplified models of gluino pair production with decays via third-generation squarks.

For each model the diagram of the decay topology, the model parameters and assumptions about

mass relations and branching ratios are listed. The last column refers to the experimental re-

sults presented in section 11.2. Horizontal dashed lines separate different mass or branching ratio

assumptions within a model.

2.2.2 One-step decays of squarks and gluinos

Simplified models with one-step decays of the pair-produced squarks or gluinos assume

that these particles decay via the χ̃
±
1 into a W boson and the χ̃

0
1, as shown in figure 4. The

free parameters in these models are mq̃ or mg̃, and either mχ̃±1
with a fixed mχ̃0

1
= 60 GeV

or mχ̃0
1

with mχ̃±1
= (mg̃/q̃ +mχ̃0

1
)/2.

2.2.3 Two-step decays of squarks and gluinos

Two categories of simplified models with two-step decays of squarks and gluinos are con-

sidered: models with and without sleptons.

In the two-step models with sleptons the pair-produced squarks or gluinos decay with

equal probability to either the lightest chargino or the next-to-lightest neutralino (χ̃
0
2).

These subsequently decay via left-handed sleptons (or sneutrinos) which then further decay

into a lepton (or neutrino) and the lightest neutralino. In these models, the free parameters

are the mass of the initially produced particle and the mass of the lightest neutralino. The

– 9 –



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

(a)

q̃

g̃
p

p
χ̃0
1

q

χ̃0
1

q

q

(b)

(c)

g̃

g̃
p

p

χ̃0
1

g

χ̃0
1

g

(d)

Figure 3. The decay topologies of (a) squark-pair production, (b) squark-gluino production or

(c,d) gluino-pair production, in the simplified models with direct decays.

(a) (b)

Figure 4. The decay topologies of (a) squark- or (b) gluino-pair production, in the simplified

models with one-step decays.

masses of the intermediate charginos or neutralinos are equal and set to be mχ̃±1 ,χ̃
0
2

=

(mg̃/q̃ + mχ̃0
1
)/2, while the slepton and sneutrino masses are set to be m˜̀

L,ν̃
= (mχ̃±1 /χ̃

0
2

+

mχ̃0
1
)/2. All three slepton flavours are mass-degenerate in this model. A separate model

in which the slepton is exclusively a τ̃ is also considered.

In the second category, two-step models without sleptons, the initial supersymmetric

particle decays via the lightest chargino, which itself decays into a W boson and the next-

to-lightest neutralino. The latter finally decays into a Z boson and the lightest neutralino.

The lightest 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.

These two categories of simplified models with two-step decays of squarks and gluinos

are illustrated in figure 5.
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(a) (b)

(c) (d)

Figure 5. Examples of decay topologies of (a, b) squark- or (c, d) gluino-pair production, in the

simplified models with two-step decays with (left) or without (right) sleptons.

2.2.4 Gluino decays via third-generation squarks

Two classes of simplified models with gluino decays via third-generation squarks are consid-

ered. In the first, the lightest stop or sbottom is lighter than the gluino, such that t̃1 or b̃1
are produced via gluino-pair production followed by g̃ → t̃1t or g̃ → b̃1b decays. Gluino-stop

models within this class assume that the t̃1 is the lightest squark while all other squarks

are heavier than the gluino, and mg̃ > m
t̃1

+mt such that the branching ratio for g̃ → t̃1t

decays is 100%. Top squarks are assumed to decay via either t̃1 → tχ̃
0
1, t̃1 → bχ̃

±
1 , t̃1 → cχ̃

0
1,

or via t̃1 → sb with R-parity and baryon number violation, as illustrated in figure 6. For the

model with the t̃1 → bχ̃
±
1 decay, the chargino mass is assumed to be twice the mass of the

neutralino, and the chargino decays into a neutralino and a W boson. In the model with

the t̃1 → cχ̃
0
1 decay, which proceeds via a loop and is most relevant when the t̃1 → bWχ̃0

1

decay is kinematically forbidden, the mass gap between the t̃1 and the lightest neutralino is

fixed to 20 GeV. Using gluino-pair production to probe this decay is particularly interest-

ing because it is complementary to the direct pair production of t̃1, which is more difficult

to extract from the background for this specific decay mode [21]. Gluino-sbottom models

within this class assume that the b̃1 is the lightest squark, all other squarks are heavier

than the gluino, and mg̃ > m
b̃1

+ mb such that the branching ratio for g̃ → b̃1b decays is

100%. The bottom squarks are assumed to decay exclusively via b̃1 → bχ̃
0
1 (figure 7).

In the second class of simplified models with gluino decays via top or bottom squarks,

all sparticles apart from the gluino and the neutralino have masses well above the TeV scale

such that the t̃1 or the b̃1 are only produced off-shell via prompt decay of the gluinos and

have little impact on the kinematics of the final state. For the gluino-off-shell-stop model

illustrated in figure 8(a), the t̃1 is assumed to be the lightest squark, but mg̃ < m
t̃1

. A three-
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g̃

g̃

t̃

t̃

p

p

t

χ̃0
1

t

t

χ̃0
1

t

(a)

g̃

g̃

t̃

t̃

p

p

t

χ̃±
1

b

t

χ̃±
1

b

(b)

g̃

g̃

t̃

t̃

p

p

t

χ̃0
1

c

t

χ̃0
1

c

(c)

g̃

g̃

t̃

t̃

p

p

t

λ′′
323

s

b

t

λ′′
323

s

b

(d)

Figure 6. Decay topologies in the gluino-stop simplified models with the top squark decays: (a)

t̃1 → tχ̃
0
1, (b) t̃1 → bχ̃

±
1 , (c) t̃1 → cχ̃

0
1 and (d) t̃1 → sb with R-parity and baryon number violation,

with a strength determined by the parameter λ′′323.

g̃

g̃

b̃

b̃

p

p

b

χ̃0
1

b

b

χ̃0
1

b

Figure 7. The decay topology in the gluino-sbottom simplified models, with the bottom squark

decay b̃1 → bχ̃
0
1.

body decay g̃ → tt̄χ̃
0
1 via an off-shell stop is assumed for the gluino with a branching ratio

of 100%. For the configuration mg̃ < 2mt + mχ̃0
1
, decays of the gluino involve an off-shell

top quark, e.g. the four-body decay g̃ → tWbχ̃
0
1. Only four- and five-body decays of this

type are considered, because for higher multiplicities the gluinos do not decay promptly.

For the gluino-off-shell-sbottom model shown in figure 8(b), the b̃1 is assumed to be the

lightest squark but with mg̃ < m
b̃1

. A three-body decay g̃ → bb̄χ̃
0
1 via an off-shell sbottom is

assumed for the gluino with a branching ratio of 100%. In the gluino-off-shell-stop/sbottom

model illustrated in figure 8(c), the b̃1 and t̃1 are the lightest squarks, with mg̃ < m
b̃1,t̃1

.

Pair production of gluinos is the only process taken into account, with gluinos decaying

via off-shell stops or sbottoms, and a branching ratio of 100% assumed for t̃1 → b + χ̃±1

and b̃1 → t + χ̃±1 decays. The mass difference between charginos and neutralinos is set to

2 GeV, such that the fermions produced in χ̃±1 → χ̃0
1 + ff ′ decays do not contribute to the

event selection, and gluino decays result in effective three-body decays btχ̃
0
1.
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(a)

g̃

g̃
p

p

χ̃0
1

b

b

χ̃0
1

b

b

(b)

g̃

g̃

χ̃±

χ̃±

p

p

t b
f

f ′

χ̃0
1

t b

f

f ′

χ̃0
1

(c)

Figure 8. The decay topologies in the (a) gluino-off-shell-stop, (b) gluino-off-shell-sbottom and

(c) gluino-off-shell-stop/sbottom simplified models.

3 The ATLAS detector and data sample

The ATLAS detector [17] is a multi-purpose particle physics detector with a forward-

backward symmetric cylindrical geometry and nearly 4π coverage in solid angle.3 The

inner tracking detector (ID) consists of pixel and silicon microstrip detectors covering

the pseudorapidity region |η| < 2.5, surrounded by a transition radiation tracker (TRT)

which enhances electron identification in the region |η| < 2.0. The ID is surrounded

by a thin superconducting solenoid providing an axial 2 T magnetic field and by a

fine-granularity lead/liquid-argon (LAr) electromagnetic calorimeter covering |η| < 3.2. A

steel/scintillator-tile calorimeter provides hadronic coverage in the central pseudorapidity

range (|η| < 1.7). The endcap and forward regions (1.5 < |η| < 4.9) of the hadronic

calorimeter are made of LAr active layers with either copper or tungsten as the absorber

material. An extensive muon spectrometer with an air-core toroid magnet system

surrounds the calorimeters. Three layers of high-precision tracking chambers provide

coverage in the range |η| < 2.7, while dedicated fast chambers allow triggering in the

region |η| < 2.4. The ATLAS trigger system [71] 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 together called the High Level Trigger (HLT).

The data used in these searches were collected from March to December 2012 with

the LHC operating at a centre-of-mass energy of 8 TeV. After the application of beam,

detector and data quality requirements, the total integrated luminosity ranges from 20.1 to

20.3 fb−1, depending on the triggers used for the event selection, with a relative uncertainty

of±2.8%. The uncertainty is derived following the methodology detailed in ref. [72]. During

the data-taking period, the peak instantaneous luminosity per LHC fill was typically 7 ×
1033 cm−2s−1, while the average number of pp interactions per LHC bunch crossing ranged

from approximately 6 to 40, with a mean value of 21. In order to maximize the efficiency

of selecting the various final states used by the analyses included in this paper, different

3ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the

centre of the detector. 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. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around

the z-axis. The pseudorapidity η is defined in terms of the polar angle θ by η = − ln tan(θ/2).
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triggers or combinations of triggers were used: Emiss
T triggers, multi-jet triggers, combined

Emiss
T +jet, lepton+Emiss

T or lepton+jet+Emiss
T triggers, single-lepton or dilepton triggers.

Details of the trigger selections used in the published ATLAS searches included in this

paper are not discussed here and can be found in the corresponding publications [20–27].

4 Monte Carlo simulated samples

The simulated event samples for the SM backgrounds are summarized in table 4, together

with the choices of Monte Carlo generator, cross-section calculation, set of tunable pa-

rameters (tune) used for the underlying event and parton distribution functions (PDFs).

The Powheg-Box+Pythia tt̄ sample is used for all analyses except for the analysis that

requires high jet multiplicities (at least seven to at least ten jets) and large missing trans-

verse momentum [22], which uses the Sherpa tt̄ sample. The Sherpa Drell-Yan samples

have a lepton filter requiring p
`1(`2)
T > 9 (5) GeV and |η`1(`2)| < 2.8. This filter prevents

its use in analyses requiring the presence of soft leptons in the final state. Such analyses

instead use Alpgen samples with a lepton pT threshold at 5 GeV. When using the baseline

Powheg-Box+Pythia top quark pair production sample, in some of the analyses events

are reweighted in bins of pT(tt̄) to match the top quark pair differential cross-section mea-

sured in ATLAS data [73, 74]. The exact usage of MC simulated samples together with the

additional samples used to assess modelling uncertainties are detailed in the corresponding

publication of each analysis.

Signal samples for the pMSSM, mSUGRA, mGMSB, nGM and mUED models, as

well as the samples for the simplified models of gluino-mediated top squark production

(for mg̃ − mχ̃0
1
> 2mt) are generated with Herwig++ 2.5.2 [106]. Samples for all the

other simplified models are generated with up to one extra parton in the matrix element

using Madgraph 5 1.3.33 interfaced to Pythia 6.426. The MLM matching scheme [107] 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, with a maximum value of 500 GeV. The signal samples

used for the bRPV and NUHMG models are generated with Pythia 6.426.

For the gluino-off-shell-stop model in the region mg̃ −mχ̃0
1
< 2mt, the production of

gluino pairs is generated with Madgraph 5 1.3.33. The events are subsequently combined

with separately generated gluino decays g̃ → ff̄ ′f ′′f̄ ′′′bb̄χ̃
0
1 based on the full matrix element

amplitude (also using Madgraph), preserving spin-dependent distributions. A summary

of the studies related to event generation in this model can be found in appendix A.

Potential effects of the gluino lifetime (displaced decays, hadronization), which are strongly

model dependent, have been neglected.

The ATLAS underlying-event tune AUET2B [80] is used for Madgraph 5 and

Pythia 6 samples while the UE-EE-3C tune [108] is used for Herwig++ samples. The

parton distribution functions from CTEQ6L1 [81] are used for all signal samples.

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

leading order in the strong coupling constant, including the resummation of soft gluon

emission at next-to-leading-logarithmic accuracy (NLO+NLL) [109–113]. In each case

the nominal cross-section and its uncertainty are taken from an ensemble of cross-section
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Process
Generator Cross-section

Tune PDF set
order in αs

W (→ `ν)+jets Sherpa 1.4.1 [75] NNLO [76] Sherpa default CT10 [77]

Z/γ∗(→ ``)+jets Sherpa 1.4.1 NNLO [76] Sherpa default CT10

Drell-Yan Sherpa 1.4.1 NNLO [78] Sherpa default CT10

(8 < m`` < 40 GeV)

Z/γ∗(→ ``) + jets
Alpgen 2.14 [79]

NNLO [78] AUET2 [80] CTEQ6L1 [81]
+ Herwig 6.520 [82, 83]

(10 < m`` < 60 GeV) + Jimmy [84]

γ+jets Sherpa 1.4.1 LO Sherpa default CT10

tt̄
Powheg-Box 1.0 [85–87]

NNLO+NNLL [88, 89]
Perugia2011C

CT10
+ Pythia 6.426 [90] [91, 92]

tt̄ Sherpa 1.4.1 NNLO+NNLL Sherpa default CT10

Single top

t-channel
AcerMC 3.8 [93]

NNLO+NNLL [94] AUET2B [95] CTEQ6L1
+ Pythia 6.426

s-channel, Wt
mc@nlo 4.03 [96, 97]

NNLO+NNLL [98, 99] AUET2B CT10
+ Herwig 6.520

tt̄ +W/Z boson
Madgraph 5 1.3.28 [100]

NLO [101–103] AUET2B CTEQ6L1
+ Pythia 6.426

Dibosons

WW , WZ, ZZ,
Sherpa 1.4.1 NLO [104, 105] Sherpa default CT10

Wγ and Zγ

Table 4. The Standard Model background Monte Carlo simulation samples used in this paper.

The generators, the order in αs of cross-section calculations used for yield normalization (leading

order (LO), next-to-leading order (NLO), next-to-next-to-leading order (NNLO), next-to-next-to-

leading logarithm (NNLL)), tunes used for the underlying event and PDF sets are shown. For the

γ+jets process the LO cross-section is taken directly from the MC generator.

predictions using different PDF sets and factorization and renormalization scales, as de-

scribed in ref. [114]. For the mUED model, the cross-section is taken at leading order

from Herwig++. For the mSUGRA/CMSSM and NUHMG samples, Susy-Hit [115] and

Sdecay 1.3b [116], interfaced to the Softsusy 3.1.6 spectrum generator [117], are used to

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

symmetry breaking.

The decays of tau leptons are simulated directly in the generators in the case of event

samples produced with Sherpa, Herwig++ 2.5.2 and Pythia 8.165, while in all other

cases Tauola 2.4 [118, 119] is used.

Standard Model background samples are passed through either the full ATLAS de-

tector simulation [120] based on Geant4 [121], or through a fast simulation using a pa-

rameterization of the performance of the ATLAS electromagnetic and hadronic calorime-

ters [122] and Geant4 elsewhere; the latter applies to W/Z/γ+jets samples with boson

pT < 280 GeV and Powheg-Box+Pythia tt̄ samples. All SUSY signal samples are passed

through the fast simulation, with the exception of the mSUGRA/CMSSM model samples

which are produced with the Geant4 simulation. The fast simulation of SUSY signal
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events was validated against full Geant4 simulation for several signal models. Differing

pile-up (multiple pp interactions in the same or neighbouring bunch-crossings) conditions as

a function of the instantaneous luminosity are taken into account by overlaying simulated

minimum-bias events (simulated using Pythia 8 with the MSTW2008LO PDF set [123]

and the A2 tune [95]) onto the hard-scattering process and reweighting events according

to the distribution of the mean number of interactions observed in data.

5 Object reconstruction and identification

This paper summarizes different analyses which are combined to improve the sensitivity

to a variety of possible topologies originating from the production and decay of squarks

and gluinos. Although different event selections are used among these analyses, they share

common definitions of the reconstructed objects. Analysis-specific exceptions to these

definitions are detailed in the corresponding publication of each analysis.

The reconstructed primary vertex of the event is required to be consistent with the

beamspot envelope and to have at least five associated tracks with pT > 400 MeV. When

more than one such vertex is found, the vertex with the largest
∑
p2

T of the associated

tracks is chosen.

Jet candidates are reconstructed using the anti-kt jet clustering algorithm [124, 125]

with a radius parameter of 0.4. The inputs to this algorithm are topological clusters [126,

127] of calorimeter cells seeded by those with energy significantly above the measured noise

(topoclusters). The local cluster weighting (LCW) calibration method [127, 128] is used

to classify topoclusters as being either of electromagnetic or hadronic origin, and based on

this classification it applies energy corrections derived from MC simulations and measure-

ments in data. The jets are corrected for energy from pile-up using the method suggested in

ref. [129]: a contribution equal to the product of the jet area and the median energy density

of the event is subtracted from the jet energy [130]. Further corrections, referred to as the

jet energy scale (JES) corrections, are derived from MC simulation and data and used to

calibrate on average the energies of jets to the scale of their constituent particles [127, 131].

Only jet candidates with pT > 20 GeV and |η| < 4.5 after all corrections are retained. To

remove events with jets from detector noise and non-collision backgrounds, events are re-

jected if they include jets failing to satisfy the “loose” quality criteria described in ref. [127].

A neural-network-based algorithm [132] is used to identify jets containing a b-hadron

(b-jets). It uses as inputs the output weights of several algorithms exploiting the impact pa-

rameter of the inner detector tracks, secondary vertex reconstruction and the topology of b-

and c-hadron decays inside the jet. The algorithm used has an efficiency of 70% for tagging

b-jets, determined with simulated tt̄ events [133]. For this efficiency, the algorithm provides

a rejection factor of approximately 140 for light-quark and gluon jets, and of approximately

5 for charm jets [134]. Candidate b-jets are required to have pT > 40 GeV and |η| < 2.5.

Electrons are reconstructed from energy clusters in the electromagnetic calorimeter

matched to tracks in the inner detector [135] and are required to have pT > 10 GeV and

|η| < 2.47. The preselected electron candidates are required to pass a variant of the

“medium” selection [135], which was modified in 2012 to reduce the impact of pile-up.
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Photon candidates, which in the analyses presented are used only for the measurement

of the missing transverse momentum, are required to have pT > 10 GeV and |η| < 1.37 or

1.52 < |η| < 2.47, to satisfy photon shower shape and electron rejection criteria [136], and

to be isolated.

Muon candidates are formed by combining information from the muon spectrometer

and inner tracking detectors [137]. The preselected muon candidates are required to have

pT > 10 GeV and |η| < 2.4 or 2.5, depending on the analysis.

Reconstruction of hadronically decaying tau leptons starts from jets with pT >

10 GeV [138], and an η- and pT-dependent energy calibration to the tau energy scale for

hadronic decays is applied [139]. Tau lepton candidates must have one or three associated

track(s) with a charge sum of ±1, and satisfy pT > 20 GeV and |η| < 2.5. The “loose”

and “medium” working points [138] are used and correspond to efficiencies of approxi-

mately 70% and 60%, independent of pT, with rejection factors of 10 and 20 against jets

misidentified as tau candidates, respectively.

After these selections, ambiguities between candidate jets with |η| < 2.8 and leptons

(electrons and muons) are resolved as follows. First, any such jet candidate lying within

a distance ∆R =
√

(∆η)2 + (∆φ)2 = 0.2 of a preselected electron is discarded; then any

lepton candidate within a distance ∆R = 0.4 of any surviving jet candidate is discarded. In

analyses requiring the presence of one lepton (electron or muon) in the final state, electrons

are also required to be well separated from muon candidates with ∆R(e, µ) > 0.01. If

two preselected electrons are found within an angular distance ∆R(e, e) = 0.05 of each

other, only the electron with the higher pT is kept. Finally, in the analyses that require

the presence of at least one or two opposite-sign leptons in the final state, any event

containing a preselected electron in the transition region between the barrel and endcap

electromagnetic calorimeters, 1.37 < |η| < 1.52, is rejected.

The measurement of the missing transverse momentum vector is based on the trans-

verse momenta of all electron, photon, jet and muon candidates, and all calorimeter energy

clusters not associated with such objects [140]. Fully calibrated electrons and photons with

pT >10 GeV and jets with pT > 20 GeV are used. Energy deposits not associated with

these objects are also taken into account in the Emiss
T calculation using an energy-flow al-

gorithm that considers calorimeter energy deposits as well as ID tracks [141]. In the Emiss
T

measurement tau leptons are not distinguished from jets and it has been checked that this

does not introduce a bias in any kinematic variables used in the analyses.

Corrections derived from data control samples are applied to account for differences

between data and simulation for the lepton trigger and reconstruction efficiencies, momen-

tum/energy scale and resolution, and for the efficiency and mis-tag rate for tagging jets

originating from b-quarks.

6 Analysis strategy

A search for squarks and gluinos under various decay mode assumptions necessitates many

different event selections targeting the wide range of experimental signatures. This section

summarizes the common analysis strategy and statistical techniques that are employed in
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all searches included in this paper. Signal regions (SRs) are defined using the Monte Carlo

simulation of the signal processes and the SM backgrounds, and are optimized to maximize

the expected significance for each model considered. To estimate the SM backgrounds in

a consistent and robust fashion, corresponding control regions (CRs) are defined for each

of the signal regions. They are chosen to be non-overlapping with the SR selections in

order to provide independent data samples enriched in particular background sources. The

CR selections are optimized to have negligible SUSY signal contamination for the models

under investigation, while minimizing as much as possible the systematic uncertainties

arising from the extrapolation of the CR event yields to the expectations in the SR. Cross-

checks of the background estimates are performed using several validation regions (VRs)

selected with requirements such that these regions do not overlap with the CR and SR

selections, again with a low probability of signal contamination.

Several classes of profile likelihood fits that utilize the observed numbers of events in the

various regions are employed in the analyses [142]. In some analyses, the shape of a final dis-

criminating variable in the SRs is also used. A background-only fit is used to determine the

compatibility of the observed event yield in each SR with the corresponding SM background

expectation. This fit uses as constraints only the observed event yields or the shape of the

discriminating variable distributions from the CRs associated with the SR, but not the SR

itself. It is assumed that signal events from physics beyond the Standard Model (BSM) do

not contribute to these yields. The numbers of observed and predicted events in each of

these CRs are described using Poisson probability density functions. The systematic uncer-

tainties and the MC statistical uncertainties on the expected values are included in the fit

as nuisance parameters which are constrained by Gaussian distributions with widths corre-

sponding to the sizes of the uncertainties considered and Poisson distributions, respectively.

Correlations of a given nuisance parameter across the various regions, between the various

backgrounds, and possibly the signal, are taken into account. The product of the various

probability density functions forms the likelihood, which the fit maximizes by adjusting

the inputs to the fit and the nuisance parameters. The inputs to the fit for each of the SRs

are the number of events observed in each of the CRs, and the corresponding number of

events expected from simulation, the extrapolation factors obtained from the simulation

which relate the number of predicted SM background events in their associated CR to that

predicted in the SR, and the number of events predicted by the simulation in each region

for the other background processes. The background fit results are cross-checked in vali-

dation 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.

A model-independent fit is used to set upper limits on the number of BSM signal

events in each SR. This fit proceeds in the same way as the background-only fit, except

that the number of events observed in the SR is added as an input to the fit, and the

BSM signal strength, constrained to be non-negative, is added as a free parameter. The

observed and expected upper limits at 95% confidence level (CL) on the number of events

from BSM phenomena for each signal region (S95
obs and S95

exp) are derived using the CLS

prescription [143], neglecting any possible signal contamination in the control regions; an

uncertainty on S95
exp is also computed from the ±1σ uncertainty on the expectation. These
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limits, when normalized by the integrated luminosity of the data sample, may be interpreted

as upper limits on the visible cross-section of BSM physics (〈εσ〉95
obs), where the visible cross-

section is defined as the product of production cross-section, acceptance and efficiency. The

model-independent fit is also used to compute the one-sided p-value (p0) of the background-

only hypothesis which quantifies the statistical significance of an excess.

Model-dependent fits are used to set exclusion limits on the signal cross-sections for

specific SUSY models. Such a fit proceeds in the same way as the model-independent fit,

except that signal contamination in the CRs is taken into account as well as the yield in the

signal region and, in some analyses, the model shape information. Correlations between

signal and background systematic uncertainties are taken into account where appropriate.

The systematic uncertainties on the signal expectations originating from detector effects

and the theoretical uncertainties on the signal acceptance are included in the fit. The im-

pact of the theoretical uncertainties on the signal cross-section is shown on the limit plots

obtained (section 11). Numbers quoted in the text are evaluated from the observed exclu-

sion limit based on the nominal signal cross-section minus its 1σ theoretical uncertainty.

Background-only and model-independent fit results are presented in this paper only

for new analyses or signal regions which are not available in earlier ATLAS publications.

In the context of this publication, model-dependent exclusion fits for various simplified

and phenomenological models are combined to include results from different searches for

each model individually, in order to maximize the expected exclusion reach for each model.

Where possible a full statistical combination of non-overlapping searches is applied, as

explained in section 10.

7 Experimental signatures

This paper summarizes and combines the results of several individual inclusive squark and

gluino analyses previously published by the ATLAS experiment. Each of these searches uses

one or more sets of signal regions targeting specific experimental signatures which originate

from different squark or gluino decay modes and mass hierarchies. Several extensions to

the previously published searches in the form of additional signal regions are also included,

along with one new analysis channel. The full list of searches and their signal regions used

in this paper is presented in table 5, together with the corresponding references. The details

of the signal region selections for all searches listed in table 5 can be found in appendix B.

The details of the control and validation region selections, together with the strategies

used for the estimation of the background processes, can be found in the corresponding

publications. The new analysis and extended signal regions, which are also presented in

table 5, are discussed in more detail in the subsequent subsections. Each signal region is

referred to with an acronym, listed in table 5, indicating the analysis origin, so for example

the ‘2jl’ region from the 0-lepton + 2–6 jets + Emiss
T analysis is referred to as ‘0L 2jl’.

The correspondence between the searches and the various models probed is provided in

table 6 and a summary of the limits in simplified models presented in the respective papers

is given in table 7. The 0-lepton + 2–6 jets + Emiss
T and 1-lepton (soft+hard) + jets +
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Short analysis name and corresponding reference Acronym Signal region name

Monojet [21] MONOJ M1, M2, M3

0-lepton + 2–6 jets + Emiss
T [20] 0L 2jl, 2jm, 2jt, 2jW, 3j, 4jW, 4jl-, 4jl, 4jm, 4jt,

5j, 6jl, 6jm, 6jt, 6jt+

0-lepton + 4–5 jets + Emiss
T (?) 0L 4jt+, 5jt

0-lepton + 7–10 jets + Emiss
T [22] MULTJ 8j50, 9j50, 10j50 (multi-jet+flavour stream),

7j80, 8j80, (multi-jet+flavour stream),

8j50, 9j50, 10j50 (multi-jet+MΣ
J stream)

0-lepton Razor (•) 0LRaz SRloose, SRtight

1-lepton (soft+hard) + jets + Emiss
T [23] 1L(S,H) 3-jet/5-jet/3-jet inclusive (soft lepton),

3-jet/5-jet/6-jet (hard lepton)

1-lepton (hard) + 7 jets + Emiss
T (?) 1L(H) 7-jet

2-leptons (soft) + jets + Emiss
T [23] 2L(S) 2-jet (soft dimuon)

2-leptons (hard) + jets + Emiss
T [23] 2LRaz ≤ 2-jet/3-jet

2-leptons off-Z [24] 2L-offZ SR-2j-bveto, SR-2j-btag,

SR-4j-bveto, SR-4j-btag, SR-loose

Same-sign dileptons or 3-leptons + jets + Emiss
T [25] SS/3L SR3b, SR0b, SR1b, SR3Llow, SR3Lhigh

Taus + jets + Emiss
T [26] TAU 1τ (Loose, Tight),

2τ (Inclusive, GMSB, nGM, bRPV),

τ + l (GMSB, nGM, bRPV, mSUGRA)

0/1-lepton + 3b-jets + Emiss
T [27] 0/1L3B SR-0l-4j-A, SR-0l-4j-B, SR-0l-4j-C,

SR-0l-7j-A , SR-0l-7j-B, SR-0l-7j-C,

SR-1l-6j-A, SR-1l-6j-B, SR-1l-6j-C

Table 5. List of analysis names referring to the experimental signatures addressed, with references

to the appropriate publications; their acronyms; and all signal region names. The new analysis is

denoted with (•), while the extended signal regions are denoted with (?). The details of the signal

region selections for all searches listed in the table can be found in appendix B.

Emiss
T statistical combination, referred to as (0+1)-lepton combination, is used to probe the

models for which both analyses have comparable sensitivity.

7.1 Final states with high-pT jets, missing transverse momentum and no elec-

trons or muons

Several searches to address final states without electrons or muons, containing high-pT

jets and missing transverse momentum, have been performed in ATLAS. These searches

are split according to the jet multiplicity into three categories: searches with at least one,

two to six and seven to ten jets. They are presented in table 5 as Monojet, 0-lepton +

2–6 jets + Emiss
T (extended with two additional signal regions) and 0-lepton + 7–10 jets

+ Emiss
T , respectively. Events with reconstructed electrons or muons are vetoed in these

searches. A new search using kinematic variables, known as Razor variables [19], which

provide longitudinal and transverse information about each event (listed as 0-lepton Razor

in table 5), has also been performed and is included in the results presented in this paper.
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Analysis acronym Process 95% CL limit Assumptions

0L [20] g̃g̃, g̃ → gχ̃
0
1, g̃ → qqχ̃

0
1 mg̃ > 1330 GeV mχ̃0

1
= 0 GeV

q̃q̃, q̃ → qχ̃
0
1 mq̃ > 850 GeV mχ̃0

1
= 0 GeV, mass degenerate q̃

q̃q̃, q̃ → qχ̃
0
1 mq̃ > 440 GeV mχ̃0

1
= 0 GeV, single flavour q̃

g̃g̃, g̃ → qqWχ̃0
1 mg̃ > 1100 GeV mχ̃0

1
= 0 GeV

q̃q̃, q̃ → qWχ̃0
1 mq̃ > 700 GeV mχ̃0

1
= 0 GeV

g̃g̃, g̃ → t̃1t, t̃1 → cχ̃
0
1 mg̃ > 1100 GeV mt̃1

= 400 GeV, mχ̃0
1

= mt̃1
− 20 GeV

MULTJ [22] g̃g̃, g̃ → tt̄χ̃
0
1 mg̃ > 1100 GeV mχ̃0

1
< 350 GeV

g̃g̃, g̃ → qqWχ̃0
1 mg̃ > 1000 GeV mχ̃0

1
< 200 GeV

g̃g̃, g̃ → qqWZχ̃
0
1 mg̃ > 1100 GeV mχ̃0

1
< 300 GeV

1L(S,H), g̃g̃, g̃ → qqWχ̃0
1 mg̃ > 1200 GeV x = ∆m(χ±1 , χ̃

0
1)/∆m(g̃, χ̃

0
1) = 1/2, mχ̃0

1
= 60 GeV

2L(S), q̃q̃, q̃ → qWχ̃0
1 mq̃ > 700 GeV x = ∆m(χ±1 , χ̃

0
1)/∆m(q̃, χ̃

0
1) = 1/2, mχ̃0

1
< 200 GeV

2LRaz [23] g̃g̃, g̃ → qq`νχ̃
0
1 mg̃ > 1320 GeV mχ̃0

1
= 100 GeV

q̃q̃, q̃ → q`νχ̃
0
1 mq̃ > 840 GeV mχ̃0

1
= 40 GeV

g̃g̃, g̃ → t̃1t, t̃1 → cχ̃
0
1 mg̃ > 1200 GeV mt̃1

= 200 GeV, mχ̃0
1

= mt̃1
− 20 GeV

g̃g̃, g̃ → qqWZχ̃
0
1 mg̃ > 1140 GeV mχ̃0

1
< 200 GeV

2L-offZ [24] g̃g̃, g̃ → qq(``/`ν/νν)χ̃
0
1 mg̃ > 1170 GeV mχ̃0

1
= 50 GeV

q̃q̃, q̃ → q(``/`ν/νν)χ̃
0
1 mg̃ > 780 GeV mχ̃0

1
= 50 GeV

SS/3L [25] g̃g̃, g̃ → tt̄χ̃
0
1 mg̃ > 950 GeV

g̃g̃, g̃ → t̃1t, t̃1 → sb mg̃ > 850 GeV

g̃g̃, g̃ → qqWχ̃0
1 mg̃ > 860 GeV mχ̃0

1
< 400 GeV

g̃g̃, g̃ → qqWZχ̃
0
1 mg̃ > 1040 GeV mχ̃0

1
< 520 GeV

q̃q̃, q̃ → qWZχ̃
0
1 mq̃ > 670 GeV mχ̃0

1
< 300 GeV

g̃g̃, g̃ → qq(``/`ν/νν)χ̃
0
1 mg̃ > 1200 GeV mχ̃0

1
< 660 GeV

q̃q̃, q̃ → q(``/`ν/νν)χ̃
0
1 mg̃ > 780 GeV mχ̃0

1
< 460 GeV

TAU [26] g̃g̃, g̃ → qq(ττ/τν/νν)χ̃
0
1 mg̃ > 1090 GeV nGM model, τ̃ is NLSP

0/1L3B [27] g̃g̃, g̃ → tt̄χ̃
0
1 mg̃ > 1340 GeV mχ̃0

1
< 400 GeV

Table 7. The 95% CL exclusion limits obtained in published ATLAS searches listed in table 5 for

the indicated processes and related assumptions. A dedicated search for c̃c̃ pair production [144]

excludes charm squark masses up to 490 GeV for mχ̃0
1
< 200 GeV (95% CL).

The monojet (MONOJ) analysis, originally designed to search for direct production

of top squarks (t̃), each decaying into a charm quark and a neutralino (χ̃
0
1) [21], targets

final states characterized by at least one high-pT jet (with pT > 150 GeV and |η| < 2.8)

and large missing transverse momentum. Signal regions have been specifically optimized

for models with a very small mass difference (≤ 20 GeV) between the top squark and the

neutralino. The event selection makes use of the presence of initial-state radiation (ISR)

jets to identify signal events, and the squark-pair system is boosted, leading to large Emiss
T .

Three signal regions which are based only on different selection criteria related to the jet

pT and Emiss
T have been used to bring additional sensitivity to models with very small mass

differences between SUSY particles. These signal regions do not impose any criteria to

specifically select events originating from the top squarks and as such they can be used to

select events in which squarks are produced in pairs and decay directly via q̃ → qχ̃
0
1 with

a small q̃–χ̃
0
1 mass difference.
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Signal region name 0L 4jt+ 0L 5jt

Number of jets ≥ 4 5

Emiss
T /m

Nj

eff ≥ 0.30 0.15

mincl
eff [GeV] ≥ 2200 1900

Table 8. Additional 0L signal regions optimized to increase the sensitivity of the search for left-

handed squarks within the pMSSM.

The 0-lepton + 2–6 jets + Emiss
T (0L) search [20] targets final states where each initial

squark yields one jet and Emiss
T and each initial gluino yields two jets and Emiss

T . Additional

decay modes can include the production of charginos via q̃ → qχ̃±1 and g̃ → qq̄χ̃±1 , where the

subsequent decay of these charginos to a W boson and χ̃0
1 can lead to final states with larger

jet multiplicity. The search strategy is optimized for various squark and gluino masses, for

a range of models. Fifteen inclusive signal regions are characterized by increasing the

minimum jet-multiplicity from two to six (for jets with pT > 40 GeV and |η| < 2.8), and

are based on different selection criteria on the effective mass mincl
eff , defined as the scalar sum

of Emiss
T and the pT of the jets; the ratio of Emiss

T /m
Nj

eff , where m
Nj

eff is meff constructed from

only the leading Nj jets; and the minimum azimuthal angle between jets and Emiss
T . Two

of the signal regions are designed to improve sensitivity to models with the cascade q̃ or g̃

decay via χ̃±1 to W and χ̃0
1, in cases where the χ̃±1 is nearly degenerate in mass with the q̃

or g̃. These signal regions place additional requirements on the invariant masses m(Wcand)

of the candidate W bosons reconstructed from a single high-mass jet, or from a pair of jets.

Following the same analysis strategy, two additional signal regions are included in this

paper, which are optimized to increase the sensitivity of the 0L search for left-handed

squarks within the pMSSM model described in section 2. These two signal regions target

the two one-step decays of q̃L, q̃L → qχ̃
± → qW±χ̃

0
1 and q̃L → qχ̃

0
2 → q(Z/h)χ̃

0
1 and are

obtained by optimizing on two variables, Emiss
T /m

Nj

eff and mincl
eff , in the channels with at least

four or at least five jets. All other selection criteria are exactly the same as for the corre-

sponding channels described in the original publication. The two new signal regions, named

4jt+ and 5jt following the naming convention from ref. [20], are summarized in table 8.

A high jet multiplicity is expected from the decays of gluino pairs via a top squark,

or via squarks involving the production of χ̃± and χ̃0
2 in their decay chain, and is the

main topology targeted by the 0-lepton + 7–10 jets + Emiss
T (MULTJ) analysis [22]. The

sensitivity of the search is enhanced by the subdivision into two categories. First, in the

multi-jet+flavour stream, an event classification based on the number of jets (pT > 50 GeV

and |η| < 2) and number of b-jets (pT > 40 GeV and |η| < 2.5) gives enhanced sensitivity

to models which predict either more or fewer b-jets than the SM background. In the second

category (multi-jet+MΣ
J stream), which targets models with large numbers of objects in

the final state, the jets reconstructed with the jet radius parameter R = 0.4 are reclustered

into large composite jets using the anti-kt algorithm with R = 1.0. The event variable MΣ
J

is computed as the sum of the masses of the composite jets: MΣ
J ≡

∑
jm

R=1.0
j , where the

composite jets satisfy pR=1.0
T > 100 GeV and |ηR=1.0| < 1.5. In total, nineteen signal regions
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0LRaz SRloose 0LRaz SRtight

Emiss
T [GeV] > 160

p
jet1,2

T [GeV] > 150 200

∆φ(jet1,2, E
miss
T ) > 0.4 1.4

R > 0.5 0.6

M ′R [GeV] > 700 900

Table 9. Overview of the selection criteria for the two signal regions used by the 0LRaz analysis.

The 0LRaz SRtight targets high masses of the heavy produced sparticle, and the 0LRaz SRloose

targets small mass splittings between the heavy produced sparticle and the LSP. Details of the

construction of Razor variables M
′

R and R can be found in appendix C.1.

are defined, based on different selection criteria on the total number of jets, number of b-jets,

Emiss
T /

√
HT (where HT is the scalar sum of the pT of all jets) and on the event variable MΣ

J .

The Razor variable set is designed to group together visible final-state particles

associated with heavy produced sparticles, and in doing so contains information about

the mass scale of those sparticles. The events are selected using a combination of Emiss
T

triggers which are fully efficient for the event selections considered in this search. The new

0-lepton Razor (0LRaz) analysis presented here selects events with at least two high-pT

jets and Emiss
T . The baseline object selection and event cleaning, as well as the choice of

MC generators for SM background processes and the approach for calculating systematic

uncertainties exactly follow those of the 0L search [20]. Two signal regions are identified

by optimizing criteria on the Razor variables to give the best expected sensitivity in the

model with squark pair production followed by the direct decay of the squarks. One

signal region, SRloose, targets models with small mass splittings which typically have

softer visible objects, while the other signal region, SRtight, is designed to target models

with high squark masses which typically contain harder visible objects. Appendix C

describes in detail the construction of the event variables, optimization strategy for these

signal regions and corresponding control and validation regions, explicitly showing the

distributions of the variables used for the selection, and the impact of the selection on the

expected SM background and signal yields. An overview of the selection criteria for the

two signal regions used in this search is given in table 9.

7.2 Final states with high-pT jets, missing transverse momentum and at least

one electron or muon

Three types of searches addressing decays of squarks and gluinos in events containing

electrons or muons, jets and missing transverse momentum are summarized here: searches

with at least one isolated lepton, which have been extended with an additional signal

region with high jet multiplicity, a search with two same-flavour opposite-sign leptons

inconsistent with Z boson decay (off-Z search), and searches in final states with a

same-sign lepton pair or at least three leptons.
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The 1-lepton (soft+hard)/2-leptons + jets + Emiss
T (1L(S,H), 2L(S), 2LRaz)

searches [23] require the presence of at least one isolated lepton (electron or muon) in

the decay chains of strongly produced squarks or gluinos. Different categories of events

are defined in order to cover a broad parameter space: first the events are separated by

different requirements on the transverse momentum of the leptons, either using an electron

or muon with pT >25 GeV in the hard lepton selection, or an electron (muon) with

pT > 7 (6) GeV in the soft lepton selection. Each of these selections is further subdivided

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

designed to be complementary, and are 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, respectively, are defined. The

single-lepton channels (1L(S,H)) use a statistically independent set of events, compared

to the 0L search, allowing the statistical combination of the two searches in the models

for which it is relevant. The hard dilepton channel (2LRaz) targets gluino and first- and

second-generation squark production, as well as mUED searches. This channel uses a

Razor variable set and is not designed to search for signal events in which a real Z boson

is present. In all search channels except the soft dimuon channel (2L(S)), two separate

selections are performed for each jet multiplicity: one single-bin signal region optimized

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.

An additional signal region with one hard lepton (electron or muon), high jet multi-

plicity and Emiss
T , referred to as 1L(H) 7-jet in table 5, is considered in this paper. The

selection is based on looser missing transverse momentum selection criteria compared to

the value used in ref. [23] together with the requirement for high jet multiplicity, which is

suggested in refs. [145, 146] in the search for natural SUSY. The 1L(H) 7-jet signal region

selection follows the concepts of the 1L(H) analysis [23], only modifying the criteria for

the signal, validation and control regions to take into account a selection of events with

at least seven jets in the final state. Due to these changes, a re-evaluation of the system-

atic uncertainties, in particular of the theoretical uncertainties on the background, is also

performed. The selection criteria are summarized in table 10.

The 2-leptons off-Z (2L-offZ) search [24] targets events where the final state same-

flavour opposite-sign leptons originate from the decay χ̃
0
2 → `+`−χ̃

0
1, where χ̃

0
2 is produced

in the decays of squarks and gluinos, e.g. q̃ → qχ̃
0
2 and g̃ → qqχ̃

0
2. Compared to the

decay Z → `+`−, which leads to a peak in the m`` distribution around the Z boson

mass, the decay χ̃0
2 → `+`−χ̃

0
1 leads to a rising distribution in m`` that terminates at

an endpoint (“edge”) [147] because events with larger m`` values are kinematically for-

bidden. Four signal regions are defined by requirements on jet multiplicity, b-tagged jet

multiplicity and Emiss
T . The selection criteria are optimized for the simplified models of

pair-produced squarks or gluinos followed by their two-step decays with sleptons, described

in section 2.2.2. The signal regions with a b-jet veto provide the best sensitivity in the two-

step simplified models considered here, since the signal b-jet content is lower than that of

the dominant tt̄ background. Signal regions with a requirement of at least one b-tagged jet
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target other signal models not explicitly considered here, such as those with bottom squarks

that are lighter than the other squark flavours. One signal region with similar requirements

to those used by the CMS experiment in a comparable search [148] which reported an ex-

cess of events above the SM background with a significance of 2.6 standard deviations, is

also used for comparison purposes. No evidence for an excess is observed in this region.

Another leptonic search channel [25] is used for an analysis of final states with multiple

jets, and either two leptons of the same electric charge or at least three leptons (SS/3L).

The motivation for searches using these final states is that pair-produced gluinos have

the same probability to decay to pairs of leptons with the same charge as with opposite

charge. Squark production (directly in pairs or through g̃g̃ or g̃q̃ production with subse-

quent g̃ → qq̃ decay) can also lead to same-sign lepton or three-lepton signatures when the

squarks decay in cascades involving top quarks, charginos, neutralinos or sleptons. Re-

quiring a pair of leptons with the same electric charge largely suppresses the background

coming from the SM processes, giving a very clean and powerful signature to search for new

physics processes. It also allows the use of relatively loose kinematic requirements on Emiss
T ,

increasing the sensitivity to scenarios with small mass differences between SUSY particles

or with R-parity violation. Five statistically independent signal regions are defined: two

signal regions requiring same-sign leptons and b-jets (optimized for gluino decays via top

squarks), a complementary signal region requiring a b-jet veto (optimized for the gluino

decays via first- and second-generation squarks), and two signal regions requiring three

leptons (designed for scenarios characterized by multi-step decays).

7.3 Final states with high-pT jets, missing transverse momentum and at least

one hadronically decaying tau lepton

A search for squarks and gluinos in events with large missing transverse momentum, jets

and at least one hadronically decaying tau lepton [26] is motivated by naturalness argu-

ments [149, 150], and by the assumption that light sleptons could play a role in the co-

annihilation with neutralinos in the early universe [151]. In particular, models with light tau

sleptons are consistent with dark-matter searches [152]. Four distinct topologies are studied

in order to optimize the tau + jets + Emiss
T (TAU) search for various models: one hadroni-

cally decaying tau (1τ) or two or more hadronically decaying taus (2τ) in the final state with

no additional light leptons (e/µ) and one or more tau leptons with exactly one lepton (one

electron (τ+e) or muon (τ+µ)). The different topologies (1τ , 2τ and τ+`, where ` is elec-

tron or muon) have been optimized separately, and, where relevant, are statistically com-

bined to increase the analysis sensitivity. The same signal regions are used for additional

model interpretations, not presented in ref. [26]. These are simplified models of squark- or

gluino-pair production where the squark or gluino undergoes a two-step cascade decay via

sleptons, as shown in figures 5(a) and 5(c), where the sleptons are assumed to be exclusively

staus, since the first two generations of sleptons and sneutrinos are kinematically decoupled.

7.4 Final states with many b-jets and missing transverse momentum

A search requiring at least three b-jets [27] is one of the most sensitive searches to various

SUSY models favoured by naturalness arguments, where top or bottom quarks are produced
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in the gluino decay chains. The search is carried out in statistically independent zero- and

one-lepton channels (0/1L3B) which are combined to maximize the sensitivity. Three sets

of signal regions, two for the zero-lepton channel and one for the one-lepton channel, are

defined to enhance the sensitivity to the various models considered. They are characterized

by having relatively hard Emiss
T requirements and at least four, six or seven jets, amongst

which at least three are required to be b-jets. Signal regions with zero leptons and at least

four jets target SUSY models with sbottoms in the decay chain, while the one-lepton and

the zero-lepton signal regions with at least six or seven jets aim to probe SUSY models

where top-quark-enriched final states are expected.

8 Systematic uncertainties

Systematic uncertainties on background estimates in all searches included in this paper

arise from the use of transfer factors which relate observations in the control regions to

background expectations in the signal regions, and from the MC modelling of minor back-

grounds. Since CRs are designed to be kinematically as close as possible to the SRs, many

sources of systematic uncertainty largely cancel. In searches which include leptons in the

final state, systematic uncertainties also impact the estimation of jets misidentified as lep-

tons or of non-prompt leptons. The full details of all sources of systematic uncertainty

and their impact on background predictions for each search included in this paper can be

found in the corresponding original publication. Only the dominant uncertainties on the

background estimations, common to all searches, are mentioned here.

Since at least one high-pT jet and significant missing transverse momentum are present

in all searches summarized in this paper, the primary common sources of systematic uncer-

tainty for the SM backgrounds estimated with transfer factors derived from MC simulation

are the JES and the jet energy resolution (JER). The theoretical modelling of background

processes and the limited number of data events in the CRs and in the MC simulation are

also typically important.

The JES uncertainty is estimated from a combination of simulation, test beam data

and in-situ measurements [127, 153], and depends on the pT and η of the jet. Additional

contributions accounting for the jet-flavour composition, the calorimeter response to dif-

ferent jet flavours, pile-up and b-jet calibration uncertainties are also taken into account.

Uncertainties on the JER are obtained with an in-situ measurement [154] of the jet trans-

verse momentum balance in dijet events. Uncertainties in jet measurements are propagated

to the Emiss
T , and additional subdominant uncertainties on Emiss

T arising from the contri-

bution from energy deposits not associated with reconstructed objects are also included.

In signal regions designed for searches based on large jet multiplicities these uncertainties

can be as large as 30% of the estimated background yield in the SRs.

Searches requiring the presence of tau leptons in the final state are subject to addi-

tional systematic uncertainties from the tau energy scale [139] and the tau lepton identifica-

tion [138]. The uncertainties from the jet and tau energy scales are the largest experimental

uncertainties in these searches, being as large as 13% and 8% of the estimated background

yield respectively, and are treated as uncorrelated, since the calibration methods differ.
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In searches that require the presence of b-jets in the final state, the uncertainty

associated with flavour-tagging efficiencies is evaluated by varying the pT- and flavour-

dependent correction factors applied to each jet in the simulation within a range that

reflects the systematic uncertainty on the measured tagging efficiencies and mistag rates.

This uncertainty varies between 10% and 16% in the different SRs requiring at least three

b-jets in the final state.

Uncertainties arising from the theoretical modelling of background processes are typi-

cally evaluated by comparing the estimates to those obtained with different MC generators.

The uncertainty due to the factorization and renormalization scales is computed by varying

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

tainties from PDFs are computed following the PDF4LHC recommendations [155]. These

uncertainties vary across the different searches and in some signal regions are the dominant

source of systematic uncertainties.

The same sources of experimental uncertainty apply to the signal acceptance. Several

theoretical uncertainties on the acceptance for the various signal models are taken into

account. These uncertainties are estimated using the Madgraph5+Pythia6 samples

by varying the following parameters up and down by a factor of two: the Madgraph

scale used to determine the event-by-event renormalization and factorization scale, the

parameters used to determine the scales for initial- and final-state QCD radiation and

the parameters used for jet matching. The uncertainty on the modelling of initial-state

radiation plays an important role in simplified models with small mass differences in the

decay cascade, and is as large as 20–30% in such regions. For all models, except the

mUED model, the NLO+NLL cross-section uncertainty is taken from an envelope of cross-

section predictions using different PDF sets and factorization and renormalization scales,

as described in ref. [114]. 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.

The overall background uncertainties for the two new signal regions defined in the

0LRaz search are estimated to be 6% in the 0LRaz SRloose signal region and 9% in the

0LRaz SRtight signal region. These uncertainties are dominated by the modelling of the

Z+jets process and by the uncertainties on diboson production due to renormalization and

factorization scales and PDF uncertainties for which a conservative uniform 50% uncer-

tainty is applied. In the additional signal region for the 1-lepton (hard) + jets + Emiss
T

analysis, 1L(H) 7-jet, the overall background uncertainty is estimated to be 35%, and it is

dominated by the modelling of the tt̄ process in the events with high jet multiplicity. The

estimated background uncertainties in the two additional signal regions for the 0-lepton

+ 2–6 jets + Emiss
T analysis, 0L 4jt+ and 0L 5jt, are consistent with the uncertainties

obtained for the two closest signal regions (4jt and 5j) from the original publication [20].

9 Results for the new signal regions

The number of events observed in the data and expected from SM processes are shown for

all new signal regions in tables 11, 12 and 13. Table 11 summarizes the results for the two
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additional signal regions for the 0L analysis. Table 12 displays the equivalent results for

the two signal regions of the new 0LRaz analysis, and those for the additional region of the

1L(H) analysis are shown in table 13. All results are determined using the background-

only fit. The pre-fit background expectations are also shown in the tables, for comparison

purposes. The prediction of the W/Z+jets background processes by the simulation prior

to the fit is found to be overestimated in the phase space of interest and is consequently

decreased by the fit. This is consistent with the behaviour observed in previous publications

probing a similar phase space [20]. In all new signal regions presented in this paper the

number of events observed is consistent with the post-fit SM expectations. The observed

and expected upper limits at 95% CL on the number of BSM events (S95
obs and S95

exp),

together with the upper limits on the visible cross-section of BSM physics (〈εσ〉95
obs) and

the p-value for the background-only hypothesis, are also presented in the tables 11–13. The

confidence levels are calculated with the CLS prescription [143]. For an observed number

of events lower than expected, the p-value is truncated at 0.5.

10 Combination strategy

Statistical combinations of the analyses, as listed in table 6, are performed in order to

increase the exclusion reach in several SUSY models in which at least two analyses de-

signed to be statistically independent in their signal and control region definitions provide

comparable sensitivities. The conditions are satisfied for a combination of the 1L(S,H)

and 0L searches. These analyses search for squarks and gluinos in final states containing

jets and missing transverse momentum, either with at least one isolated electron or muon

(1L(S,H)), or applying an explicit veto on events containing electrons or muons (0L). They

are statistically independent due to a veto on any electron or muon with pT > 10 GeV in

the case of the 0L search, and requiring an electron or muon with pT(e/µ) > 25 GeV (hard

single-lepton) or pT(e/µ) > 7/6 GeV (soft single-lepton) in the case of the 1L(S,H) search.

It has been checked explicitly that the difference in lepton-pT thresholds in the 0L and

soft single-lepton analyses does not result in events selected by both analyses. The control

regions used to estimate contributions from W+jets and top backgrounds used by the 0L

search have been slightly modified with respect to the original regions [20] such that events

which are selected by the respective control regions in the 1L(S,H) analyses are vetoed.

This modification ensures complete statistical independence of the three analyses, which

can therefore be combined where relevant.

The statistical combination is obtained from the individual likelihoods of the analyses

involved. In the case of the 0L analysis the likelihood for the signal region that provides

the best expected CLS value for the signal model considered, and its corresponding

control regions, is chosen. The choice of this signal region can vary as a function of

sparticle masses. For the 1L(S,H) analyses, all the available signal regions are statistically

independent and hence a single likelihood that describes all of them serves as input

for the combination procedure. Some of the systematic uncertainties can be correlated

when building the combined likelihood. The correlated uncertainties in the combination

procedure are the luminosity uncertainty, the uncertainty on the SUSY cross-sections,
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Signal region 0L 4jt+ 0L 5jt

Expected background events before the fit

tt̄ (+ V ) + single top 0.37 2.9

W+jets 0.75 4.5

Z/γ∗+jets 2.1 4.8

Diboson − 0.32

Fitted background events

tt̄ (+ V ) + single top 0.39± 0.32 3.0± 1.8

W+jets 0.55± 0.33 2.0± 1.5

Z/γ∗+jets 0.10+0.17
−0.10 1.7± 0.9

Diboson − 0.32± 0.16

Multi-jet − 0.58+0.73
−0.58

Total background 1.04± 0.43 7.6± 1.9

Observed events 0 8

〈εσ〉95
obs[fb] 0.17 0.40

S95
obs 3.4 8.2

S95
exp 3.5+1.3

−0.5 7.5+3.1
−2.0

p(s = 0) 0.50 0.35

Table 11. The background expectations before the fit and the background fit results for the new

0L signal regions. Negligible contributions are marked as ‘−’. The uncertainties shown combine the

statistical uncertainties on the event samples with the systematic uncertainties. Also shown are the

95% CL upper limits on the visible cross-section (〈εσ〉95
obs) and on the number of signal events (S95

obs).

The expected upper limit on the number of signal events (S95
exp) is calculated from the expected

number of background events after fit, with uncertainties indicating the ±1σ deviations from the

expectation. The p-value (p(s = 0)) is also presented in the table.

b-tagging uncertainties, and the jet energy resolution and Emiss
T -related uncertainties.

Other systematic uncertainties, such as theoretical uncertainties, are not correlated, e.g.

the uncertainties due to different Monte Carlo generators used in the analyses considered.

The jet energy scale uncertainty, which is subdominant, is not correlated due to the use

of different prescriptions in the analyses involved. The combination of the analyses was

carefully validated by ensuring that the combined likelihood did not lead to artificial

correlations between fit parameters or major changes in post-fit values of nuisance

parameters with respect to the individual analysis fits discussed in refs. [20, 23].

Figures 9 and 10 show the result of the combination of the 1L(S,H) and 0L analyses

for both squark-pair and gluino-pair production for the one-step decays of squarks and

gluinos described in section 2.2.2. The limits obtained improve the results of the separate

analyses, reaching higher χ̃
0
1 mass and approximately 50 GeV higher squark or gluino mass
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Signal region 0LRaz SRloose 0LRaz SRtight

Expected background events before the fit

tt̄ 138 1.8

Single top 23.9 1.6

tt̄ + V 4.7 0.2

W+jets 794 49

Z+jets 762 58

Diboson 112 10

Fitted background events

tt̄ 117± 22 1.7± 0.5

Single top 24.9± 2.6 1.8± 0.3

tt̄ + V 3.7± 1.0 0.20± 0.07

W+jets 454± 40 27.0± 3.0

Z+jets 618± 76 45± 6

Diboson 94± 49 10± 5

Multi-jet 14± 13 2.4± 2.4

Total background 1326± 84 88± 8

Observed events 1322 74

〈εσ〉95
obs[fb] 6.17 0.83

S95
obs 125.3 16.8

S95
exp 135.1+64.8

−42.2 24.3+9.9
−6.9

p(s = 0) 0.49 0.50

Table 12. The background expectations before the fit and the background fit results for the

0LRaz analysis. Negligible contributions are marked as ‘−’. The uncertainties shown combine the

statistical uncertainties on the event samples with the systematic uncertainties. Also shown are the

95% CL upper limits on the visible cross-section (〈εσ〉95
obs) and on the number of signal events (S95

obs).

The expected upper limit on the number of signal events (S95
exp) is calculated from the expected

number of background events after fit, with uncertainties indicating the ±1σ deviations from the

expectation. The p-value (p(s = 0)) is also presented in the table.

for massless neutralinos. The combined limit also approaches the diagonal m(χ̃
0
1) = m(q̃, g̃)

closer than the individual analyses.

11 Limits in SUSY models

This section summarizes the exclusion limits placed in the various phenomenological and

simplified models described in section 2 (there is a one-to-one correspondence between

the subsections of section 2 and this section). The analyses and corresponding signal
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Signal region 1L(H) 7-jet

Expected background events before the fit

tt̄ 81

Single top 3.4

tt̄ + V 2.8

W+jets 11

Z+jets 0.59

Diboson 2.7

Fitted background events

tt̄ 56± 27

Single top 3.4± 2.2

tt̄ + V 2.8± 1.0

W+jets 8± 4

Z+jets 0.59± 0.17

Diboson 2.7± 1.5

Multi-jet 2.4± 2.3

Total background 76± 27

Observed events 68

〈εσ〉95
obs[fb] 2.06

S95
obs 41.9

S95
exp 45+12

−10

p(s = 0) 0.5

Table 13. The background expectations before the fit and the background fit results for the new

1L(H) signal region. An overview of the selection criteria for the signal, validation and control

regions used in this analysis is given in table 10. The uncertainties shown combine the statistical

uncertainties on the event samples with the systematic uncertainties. Also shown are the 95%

CL upper limits on the visible cross-section (〈εσ〉95
obs) and on the number of signal events (S95

obs).

The expected upper limit on the number of signal events (S95
exp) is calculated from the expected

number of background events after fit, with uncertainties indicating the ±1σ deviations from the

expectation. The p-value (p(s = 0)) is also presented in the table.
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Figure 9. Observed and expected exclusion limits for simplified models of squark-pair production

with one-step decays via the χ̃
±
1 into a W boson and the χ̃

0
1. The mass of the χ̃

±
1 is chosen to be

between the mq̃ and mχ̃0
1

and is determined by x = (mχ̃±1
−mχ̃0

1
)/(mq̃ −mχ̃0

1
) = 1/2. Squark and

neutralino masses in the area below the observed limit are excluded at 95% CL. The yellow band

includes all experimental uncertainties; the red dotted lines indicate the theory uncertainty on the

cross-section. The individual limits from the 0L and the 1L(S,H) analyses are overlaid in green and

magenta, respectively.
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Figure 10. Observed and expected exclusion limits for simplified models of gluino-pair production

with decays via the χ̃
±
1 into a W boson and the χ̃

0
1. The mass of the χ̃

±
1 is chosen to be between

the mg̃ and mχ̃0
1

and is determined by x = (mχ̃±1
−mχ̃0

1
)/(mg̃−mχ̃0

1
) = 1/2. Gluino and neutralino

masses in the area below the observed limit are excluded at 95% CL. The yellow band includes

all experimental uncertainties; the red dotted lines indicate the theory uncertainty on the cross-

section. The individual limits from the 0L and the 1L(S,H) analyses are overlaid in green and

magenta, respectively.
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regions are referred to by their acronyms defined in table 5. An overview of all searches

used to probe the phenomenological models described in section 2.1 and the simplified

models described in section 2.2 is given in table 6. A limit obtained from the statistical

combination of 1L(S,H) and 0L analyses is presented for models for which both analyses

have comparable sensitivity and is used as a single contribution to the final combined limit.

The final combined observed and expected 95% CL exclusion limits are obtained from the

signal regions belonging to the contributing analyses that provide the best expected CLS

value. Expected limits from the individual analyses which contribute to the final combined

limits are also presented for comparison. The ±1σSUSY
theory lines around the observed limits

in the figures are obtained by changing the signal cross-section by one standard deviation

(±1σ), as described in section 8. All mass limits on supersymmetric particles quoted later

in this section are derived from the −1σSUSY
theory line.

11.1 Limits in phenomenological models

This section summarizes the exclusion limits placed on the phenomenological models de-

scribed in section 2.1.

11.1.1 A phenomenological MSSM model

The measurements are interpreted in a phenomenological MSSM model, which possesses

three parameters: mq̃L , M1 and M2, where M1 and M2 are the masses associated with the

bino and wino fields. For the exclusion limits in figure 11 either M1 is fixed to 60 GeV and

M2 is varied independently, or M1 is varied and M2 is set to M2 = (M1 + mq̃L)/2. The

figures show limits in the (mq̃,mχ̃±1 ,χ̃
0
2
) and (mq̃,mχ̃0

1
) planes, for various gluino masses,

as obtained from the 0L analysis with the additional 0L 4jt+ and 0L 5jt signal regions

optimized specifically for this model. As expected, for the relatively light gluino mass

of 1600 GeV, a large range of squark masses (up to 1500 GeV) and χ̃±1 /χ̃
0
2 masses (up to

1150 GeV) can be excluded. The exclusion reach decreases with increasing gluino mass.

11.1.2 Minimal Supergravity/Constrained MSSM and bilinear R-parity-

violation models

The exclusion limits in the (m0, m1/2) mSUGRA/CMSSM plane with tan β = 30,

A0 = −2m0 and µ > 0 are shown in figure 12. In the parameter space region with

m0 values smaller than about 1800 GeV the best sensitivity is obtained with the (0+1)-

lepton combination, which slightly improves the individual limit obtained by the 0L 3jt

signal region from the 0L search. For high m0 values, final states with four top quarks

dominate, and consequently the best sensitivity is provided by the 0/1L3B search. This

search excludes gluino masses smaller than 1280 GeV.

The exclusion limits for the RPV model, which uses the same parameters as the

mSUGRA/CMSSM but allows for bilinear R-parity-violating terms in the superpotential

resulting in an unstable LSP, are shown in the (m0, m1/2) plane in figure 13. The best

sensitivity is provided by the TAU and the SS/3L searches. For m0 values smaller than ap-

proximately 750 GeV the sensitivity is dominated by the TAU search which excludes m1/2

values up to 680 GeV using the combination of all final states considered in the search. At
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Figure 11. 95% CL exclusion limits in the pMSSM considered in the search for left-handed

squarks, with mass parameters M1 and M2, which are associated with the bino and wino masses,

respectively. The limits are obtained from the 0L analysis with the additional 0L 4jt+ and 0L 5jt

signal regions optimized specifically for this model. The parameter set considered here has either

(a, c, e) M1 = 60 GeV and M2 varying or (b, d, f) M2 = (M1 + mq̃L)/2 and M1 varying. For

each M1, M2 combination three gluino masses are considered, mg̃ = 1600, 2200, 3000 GeV. Gluino

pair production is not included. The solid red line and the dashed blue line show respectively the

combined observed and expected 95% CL exclusion limits.
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limits are also shown for comparison.
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Figure 13. Exclusion limits in the (m0, m1/2) plane for the bRPV model. The solid red line

and the dashed red line show respectively the combined observed and expected 95% CL exclusion

limits. Expected limits from the individual analyses which contribute to the final combined limits

are also shown for comparison.

high m0 values the best sensitivity is provided by the SS/3L SR3b signal region from the

SS/3L search, which excludes values of m1/2 between 200 GeV and 490 GeV. For m0 values

below 2200 GeV, signal models with m1/2 < 200 GeV are not considered because the lepton

acceptance is significantly reduced due to the increased LSP lifetime in that region.
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Figure 14. Exclusion limits in the (Λ, tan β) plane for the mGMSB model. The solid red line

and the dashed red line show respectively the combined observed and expected 95% CL exclusion

limits. The region of small Λ and large tan β just above the exclusion limit is excluded theoretically

since it leads to tachyonic states.

11.1.3 Minimal gauge-mediated supersymmetry breaking model

The observed and expected limits for the mGMSB scenario are shown in figure 14, in the

plane defined by the SUSY breaking scale Λ and the tan β value. The region of small Λ and

large tan β just above the exclusion limit is excluded theoretically since it leads to tachyonic

states. The SS/3L search provides the best sensitivity for this model and excludes values

of Λ up to about 75 TeV.

11.1.4 Natural gauge mediation model

The limits obtained for the nGM scenario are shown in figure 15 in the (mτ̃ , mg̃) plane.

The best limits are obtained by the 1L(S,H) and TAU searches, resulting in an exclusion

of gluino masses below approximately 1100 GeV independent of the τ̃ mass.

11.1.5 Non-universal Higgs mass model with gaugino mediation

The exclusion limits in the context of a NUHMG model with parameters m0 = 0, tan β

= 10, µ > 0 and m2
H2

= 0 are shown in the (m2
H1

, m1/2) plane in figure 16. They are

provided by the (0+1)-lepton combination. A band in the (m2
H1

, m1/2) plane can be

excluded, extending up to the ranges 2000 × 103 GeV2 < m2
H1

< 5400 × 103 GeV2 and

450 GeV < m1/2 < 620 GeV.

11.1.6 Minimal Universal Extra Dimension model

Finally, the limits obtained for the mUED scenario are shown in figure 17 in the (1/Rc,

ΛRc) plane. The 2L(S), 2LRaz and SS/3L searches provide competitive sensitivities for

this model in which the mass spectrum is naturally degenerate and the decay chain of the
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Expected limits from the individual analyses which contribute to the final combined limits are also

shown for comparison.
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limits. Expected limits from the individual analyses which contribute to the final combined limits

are also shown for comparison.

Kaluza-Klein (KK) quark excitation to the lightest KK particle, the KK photon, gives a

signature very similar to the supersymmetric decay chain of a squark via cascades involv-

ing top quarks, charginos, neutralinos or sleptons, which can subsequently produce many

leptons. In the region where the cut-off scale times radius (ΛRc) is smaller than 13, the

combined exclusion is dominated by the 2L(S) and 2LRaz searches which are combined

based on the best expected CLS value, while in the remaining regions of the parameter

space the final exclusion is dominated by the SS/3L SR3Lhigh and SS/3L SR0b signal

regions from the SS/3L search. Values of 1/Rc below 850 GeV are excluded.

11.2 Limits in simplified models

11.2.1 Direct decays of squarks and gluinos

This section summarizes the exclusion limits in simplified models with direct decays of

gluinos and squarks of the first and second generation described in section 2.2.1. Here and

in sections 11.2.2 and 11.2.3, unless otherwise stated, the eight light-flavoured squarks are

always assumed to be mass-degenerate.

Figure 18 shows the exclusion limits in simplified models with squark-pair production

and subsequent direct squark decays to a quark and the lightest neutralino. The expected

limits from the three most sensitive searches (0L, MONOJ and 0LRaz) are presented in-

dividually along with the combined expected and observed exclusion limits. The 0L and

0LRaz analyses yield in general higher expected mass limits, but the MONOJ search pro-

vides the best sensitivity close to the diagonal line, in the region of parameter space where

the mass difference between the squark and the lightest neutralino is small. From the ob-

served limits, neutralino masses below about 280 GeV can be excluded for squark masses
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Figure 18. Exclusion limits in the mass plane of the lightest neutralino and first- and second-

generation squarks assuming squark-pair production and direct decays q̃ → qχ̃
0
1. The solid red line

and the dashed red line show respectively the combined observed and expected 95% CL exclusion

limits. Expected limits from the individual analyses which contribute to the final combined limits

are also shown for comparison. A previous result from ATLAS [156] using 7 TeV proton-proton

collisions is represented by the shaded (grey) area. A limit obtained with the 0L search [20] in a

scenario with only one light-flavour squark produced is also presented for completeness.

up to 800 GeV, and for a neutralino mass of 100 GeV squark masses are excluded below

850 GeV. In a scenario with only one light-flavour squark produced, which affects only the

cross-section but not the kinematics of the events, a lower limit on the squark mass of

440 GeV is obtained with the 0L search [20].

Another example of a direct decay is shown in figure 19, taken from ref. [20], where

gluino-pair production with the subsequent decay g̃ → qqχ̃
0
1 is considered. Due to the higher

production cross-sections compared to the squark-pair production, higher mass limits can

be obtained. For gluino masses up to about 1000 GeV, neutralino masses can be excluded

below about 500 GeV or close to the kinematic limit near the diagonal. For small neutralino

masses the observed limit is as large as 1330 GeV.

A simplified model of q̃g̃ strong production with the direct decays of squarks q̃ → qχ̃
0
1

and gluinos g̃ → qqχ̃
0
1 is considered in figure 20, taken from ref. [20], for the 0L analysis.

The squark mass is fixed at 0.96mg̃ in figure 20(a), and gluinos can decay via on-shell

squarks as g̃ → q̃q → qqχ̃
0
1. The exclusion limit for the neutralino mass is very close to

the kinematic limit near the diagonal line and reaches 700 GeV for gluino masses up to

1200 GeV. For a massless neutralino, gluino masses below 1500 GeV are excluded.

Figure 20(b) expresses the mass limits in the (mg̃,mq̃) plane in the model with com-

bined production of squark pairs, gluino pairs, and of squark-gluino pairs, for different as-

sumptions on the neutralino mass: mχ̃0
1

= 0 GeV, 395 GeV or 695 GeV. Depending on the

mass hierarchy, the g̃ → q̃q and q̃ → g̃q one-step decays are taken into account. The masses

of all other supersymmetric particles are set outside the kinematic reach. A lower limit of

1650 GeV for equal squark and gluino mass is found for the scenario with a massless χ̃
0
1.
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Figure 19. Exclusion limits in the mass plane of the lightest neutralino and the gluino for

gluino-pair production with direct decay g̃ → qqχ̃
0
1 taken from the 0L search [20]. The solid red

line and the dashed blue line show respectively the observed and expected 95% CL exclusion

limits. The star symbols indicates two benchmark models which are investigated in more detail

in the publication. A previous result from ATLAS [156] using 7 TeV proton-proton collisions is

represented by the shaded (light blue) area.

Figure 21 shows the cross-section times branching ratio limits for gluino-pair produc-

tion with direct gluino decays to a gluon and the lightest neutralino based on the 0L search.

For a massless neutralino (figure 21(a)), gluino masses below 1250 GeV can be excluded.

The result can also be used to obtain lower mass limits on χ̃0
1, e.g. 550 GeV for a gluino

mass of 850 GeV (figure 21(b)). The cross-section exclusion for the g̃ → gχ̃
0
1 model is very

similar to that for the q̃ → qχ̃
0
1 as would be expected if there is not much difference between

quark- and gluon-initiated jets.

11.2.2 One-step decays of squarks and gluinos

This section presents the limits in simplified models with one-step decays of squarks and

gluinos described in section 2.2.2.

Figure 22 shows the exclusion limits for squark-pair production where the squark

decays via an intermediate chargino (one step) to a quark, W boson and neutralino. For

the model presented in figure 22(a) the chargino mass is fixed at mχ̃±1
= (mq̃ +mχ̃0

1
)/2 and

the result is shown in the (mq̃,mχ̃0
1
) plane. The best sensitivity is obtained by the (0+1)-

lepton combination. Neutralino masses up to 370 GeV are excluded. For a neutralino mass

of 100 GeV, squark masses are excluded below 790 GeV. Figure 22(b) shows the exclusion

limits in the (mq̃, x) plane, where x is defined as x = ∆m(χ̃
±
1 , χ̃

0
1)/∆m(q̃, χ̃

0
1), in models in

which the neutralino mass is fixed at 60 GeV. Squark masses are excluded up to 830 GeV

for the most favourable x values. The 1L(S,H) search yields stronger limits than the 0L

analysis for most of the parameter space of both types of models.
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Figure 20. Exclusion limits on the production of a first- or second-generation squark and a gluino

with direct decays of both particles, taken from the 0L search [20]. The solid red line and the

dashed blue line show respectively the observed and expected 95% CL exclusion limits. The squark

mass is fixed at 0.96 mg̃ in (a) and allowed to vary freely in (b) with three assumptions on the

neutralino mass of 0, 395 GeV or 695 GeV. The black star indicates a benchmark model as discussed

in ref. [20]. Previous results for a massless neutralino from ATLAS at 7 TeV [156] are represented

by the shaded (light blue) area. The 7 TeV results are valid for squark or gluino masses below

2000 GeV, the mass range studied for that analysis.
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Figure 21. Limits at 95% CL on the production cross-section times branching ratio for gluino-

pair production with direct decay of gluino to gluon and the lightest neutralino for (a) a massless

neutralino as a function of the gluino mass, and (b) as a function of the χ̃
0
1 mass for a fixed gluino

mass of mg̃ = 850 GeV. The solid black line shows the observed limit and the dashed line the

expected limit. The solid medium dark (blue) line indicates the theoretical cross-section times

branching ratio. The hatched (blue) bands around the theoretical σ·BR curves denote the scale

and PDF uncertainties.
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Figure 22. Exclusion limits for squark-pair production with a one-step decay via an intermediate

chargino into qWχ̃0
1. Figure (a) shows the limits in the (mq̃,mχ̃0

1
) plane for a chargino mass fixed at

mχ̃±1
= (mq̃+mχ̃0

1
)/2. Alternatively (b), the neutralino mass is fixed at 60 GeV and exclusion limits

are given for x = ∆m(χ̃
±
1 , χ̃

0
1)/∆m(q̃, χ̃

0
1) as function of the squark mass. The solid red line and the

dashed red line show respectively the combined observed and expected 95% CL exclusion limits.
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The results of the searches for gluino-pair production with a one-step decay via an

intermediate chargino into qqWχ̃0
1 are shown in figure 23. Figure 23(a) shows the limit for a

chargino mass fixed at mχ̃±1
= (mg̃+mχ̃0

1
)/2, where the (0+1)-lepton combination provides

the best sensitivity. For a neutralino mass of 100 GeV, gluino masses below 1270 GeV are

excluded. Neutralino masses are excluded below 480 GeV for gluino masses up to 1200 GeV.

Fixing the neutralino mass at 60 GeV (figure 23(b)), one obtains limits on the variable

x = ∆m(χ̃
±
1 , χ̃

0
1)/∆m(g̃, χ̃

0
1). Nearly the whole range 0 < x < 1 is excluded for gluino

masses below 1100 GeV.

11.2.3 Two-step decays of squarks and gluinos

This section presents the limits in simplified models with two-step decays of squarks and

gluinos described in section 2.2.3.

Exclusion limits for squark-pair production with a subsequent two-step squark decay

via a chargino and neutralino to qWZχ̃
0
1 are shown in figure 24. Results are obtained with

two searches, the 0L and the SS/3L searches. The 0L search is mainly sensitive in the

low-mass region of 240 GeV < mq̃ < 300 GeV, whereas the SS/3L search is most sensitive

for squark masses between 450 and 650 GeV, where χ̃
0
1 masses below 250 GeV are excluded.

Exclusion limits in a simplified model of gluino-pair production with a subsequent two-

step gluino decay via a chargino and neutralino to qqWZχ̃
0
1 are shown in figure 25. The

results are obtained with the (0+1)-lepton combination, MULTJ, and the SS/3L searches.

The (0+1)-lepton combination provides the highest χ̃
0
1 mass limits at low gluino masses.

For the intermediate range around mg̃ ≈ 900 GeV the SS/3L search is most sensitive, while

for high gluino masses the best limits are obtained by the MULTJ analysis. For gluino

masses below 500 GeV, χ̃
0
1 masses are excluded up to the kinematic limit indicated by the

diagonal line, and in the range 500 GeV < mg̃ < 1000 GeV lower limits on χ̃0
1 masses are

set around 400 GeV. For mχ̃0
1

= 100 GeV, gluino masses are excluded below 1150 GeV.

Another example of a simplified model with squark-pair production is considered in

figure 26, where squarks decay through a two-step process via a chargino or neutralino and

a slepton into final states with jets, leptons and missing transverse momentum. Figure 26

shows the exclusion limits in the (mq̃,mχ̃0
1
) plane, for which the best results are obtained

by the 2LRaz and the SS/3L searches. Masses for the lightest neutralino can be excluded

nearly up to the kinematic limit (diagonal line) for squark masses below 630 GeV. For χ̃
0
1

masses below 100 GeV, squark masses can be excluded below 820 GeV.

Similarly, a simplified model with gluino-pair production is considered in figure 27,

where gluinos decay through a two-step process via a chargino or neutralino and sleptons

into final states with jets, leptons and missing transverse momentum. Figure 27 shows the

exclusion limits in the (mg̃,mχ̃0
1
) plane. The combined 1L(S,H)+2LRaz searches based on

the best expected CLS value and the SS/3L search provide the best sensitivities for this

model. Masses for the lightest neutralino can be excluded nearly up to the kinematic limit

(diagonal line) for gluino masses below 600 GeV. For χ̃
0
1 masses below 100 GeV, gluino

masses can be excluded below 1320 GeV.

A further example of a simplified model of squark-pair production and decay through

a two-step process is shown in figure 28, where squarks decay via charginos or neutralinos
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Figure 23. Exclusion limits for gluino-pair production with a one-step decay via an intermediate

chargino into qqWχ̃0
1. Figure (a) shows the limits in the (mg̃,mχ̃0

1
) plane for a chargino mass fixed at

mχ̃±1
= (mg̃+mχ̃0

1
)/2. Alternatively (b), the neutralino mass is fixed at 60 GeV and exclusion limits

are given for x = ∆m(χ̃
±
1 , χ̃

0
1)/∆m(g̃, χ̃

0
1) as function of the gluino mass. The solid red line and the

dashed red line show respectively the combined observed and expected 95% CL exclusion limits.
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Figure 24. Exclusion limits in the (mq̃,mχ̃0
1
) plane for a simplified model of first- and second-

generation squark-pair production with two-step decay into qqWWZZχ̃
0
1χ̃

0
1 and missing transverse

momentum. The solid red line and the dashed red line show respectively the combined observed and

expected 95% CL exclusion limits. Expected limits from the individual analyses which contribute

to the final combined limits are also shown for comparison.
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Figure 25. Exclusion limits in the (mg̃,mχ̃0
1
) plane for a simplified model of gluino-pair production

with two-step decay into qqq′q′WWZZχ̃
0
1χ̃

0
1 and missing transverse momentum. The solid red line

and the dashed red line show respectively the combined observed and expected 95% CL exclusion

limits. Expected limits from the individual analyses which contribute to the final combined limits

are also shown for comparison. A previous result from ATLAS [60] using 7 TeV proton-proton

collisions is represented by the shaded (grey) area.
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Figure 26. Exclusion limits in the (mq̃,mχ̃0
1
) plane for a simplified model of squark-pair production

with two-step decay into jets, leptons and missing transverse momentum via sleptons. The solid

red line and the dashed red line show respectively the combined observed and expected 95% CL

exclusion limits. Expected limits from the individual analyses which contribute to the final combined

limits are also shown for comparison.
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Figure 27. Exclusion limits in the (mg̃,mχ̃0
1
) plane for a simplified model of gluino-pair production

with two-step decay into jets, leptons and missing transverse momentum via sleptons. The solid

red line and the dashed red line show respectively the combined observed and expected 95% CL

exclusion limits. Expected limits from the individual analyses which contribute to the final combined

limits are also shown for comparison.
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Figure 28. 95% CL exclusion limits in the (mq̃,mχ̃0
1
) plane for a simplified model of squark-

pair production with two-step decay via staus. The solid red line and the dashed black line show

respectively the observed and expected 95% CL exclusion limits.

and staus. The exclusion limits obtained by the TAU search are indicated in the (mq̃,mχ̃0
1
)

plane. For light χ̃
0
1 masses around 50 GeV, squark masses below 850 GeV are excluded;

and for light squark masses of 300 GeV, neutralino masses below 170 GeV are excluded.

A simplified model of gluino-pair production and decay through a two-step process

is shown in figure 29, where gluinos decay via charginos or neutralinos and staus. The

exclusion limits obtained by the TAU search are indicated in the (mg̃,mχ̃0
1
) plane. For

light χ̃
0
1 masses around 100 GeV, gluino masses below 1220 GeV are excluded; and for light

gluino masses of 400 GeV, neutralino masses below 280 GeV are excluded.

11.2.4 Gluino decays via third-generation squarks

This section summarizes the exclusion limits placed in the various simplified models with

gluino decays via third-generation squarks described in section 2.2.4.

The combined expected and observed exclusion limits for the gluino-off-shell-stop mod-

els are given in the (mg̃,mχ̃0
1
) plane in figure 30, where a 100% branching ratio for the

decay g̃ → tt̄(∗)χ̃
0
1 via an off-shell stop is assumed. In the regions where mg̃ < 2mt +mχ̃0

1
,

the three-body decays (g̃ → tt̄χ̃
0
1) are replaced by the more complex multi-body decays

proceeding via off-shell top quarks and W bosons, as discussed in appendix A. The best

sensitivity for this model is provided by the 0/1L3B and the SS/3L searches. In the re-

gions of parameter space where the mass difference between the gluino and the lightest

neutralino is small, the most sensitive search is the SS/3L, and the sensitivity is dominated

by the SS/3L SR3b signal region. In the regions with a large mass splitting between the

gluino and the neutralino, where hard jets and large Emiss
T are expected, the sensitivity

is dominated by the 0/1L3B SR-0l-7j signal regions from the 0/1L3B search. For these

models, gluino masses below about 1310 GeV are excluded for mχ̃0
1
< 400 GeV.
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Figure 29. 95% CL exclusion limits in the (mg̃,mχ̃0
1
) plane for a simplified model of gluino-

pair production with two-step decay via staus. The solid red line and the dashed black line show

respectively the observed and expected 95% CL exclusion limits.
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Figure 30. Exclusion limits in the (mg̃,mχ̃0
1
) plane for the gluino-off-shell-stop simplified models

in which the pair-produced gluinos decay via an off-shell stop, as g̃ → tt̄χ̃
0
1. In the region below

the grey dashed line labelled “On-shell region”, mg̃ > 2mt + mχ̃0
1

and thus gluinos decay to two

real top quarks. In the “Off-shell region”, mg̃ < 2mt + mχ̃0
1

and the decays of the gluino involve

an off-shell top quark. Only four-body (g̃ → tWbχ̃
0
1) and five-body (g̃ → WbWbχ̃

0
1) decays are

considered because for higher multiplicities the gluinos do not decay promptly. The solid red line

and the dashed red line show respectively the combined observed and expected 95% CL exclusion

limits. Expected limits from the individual analyses which contribute to the final combined limits

are also shown for comparison.
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Figure 31. Exclusion limits in the (mg̃,mt̃1
) plane for the gluino-stop simplified models in which

the top squarks are produced in the decay of pair-produced gluinos and decay via t̃1 → tχ̃
0
1. The

neutralino mass is set to 60 GeV. The solid red line and the dashed red line show respectively the

combined observed and expected 95% CL exclusion limits. Also shown for reference is the limit

from the ATLAS search for direct stop-pair production [18].

The exclusion limits for the gluino-stop simplified models are given in the (mg̃,mt̃1
)

plane in figure 31. The t̃1 is assumed to be the lightest squark while all other squarks are

heavier than the gluino, and mg̃ > m
t̃1

+ mt such that the branching ratio is 100% for

g̃ → t̃1t decays, and the top squark decays as t̃1 → tχ̃
0
1. The 0/1L3B search provides the

best sensitivity in these models, excluding gluino masses below 1220 GeV for stop masses

up to 1000 GeV. Limits for the same class of simplified models, but assuming the t̃1 → bχ̃
±
1

decay of the top squark, are also given in the (mg̃,mt̃1
) plane, and summarized in figure 32.

The mass of the lightest neutralino in these models is set to 60 GeV, and the mass of the

chargino is assumed to be twice the mass of the neutralino. The chargino decays into a

neutralino and a virtual W boson. The strongest limits are provided by the 0/1L3B search.

Compared to the models where the top squark decays via t̃1 → tχ̃
0
1, presented in figure 31,

the sensitivity in these models is lower for most of the parameter space where soft Emiss
T and

jets are expected from the chargino decay χ̃±1 → W ∗χ̃
0
1. Gluino masses below 1180 GeV

are excluded for stop masses up to 1000 GeV in these models.

Another possible decay of the top squark, t̃1 → cχ̃
0
1, is considered within the same class

of simplified models, with the mass difference between the t̃1 and the lightest neutralino

fixed to 20 GeV. The (0+1)-lepton combination provides the best sensitivity in these mod-

els. The 1L(S,H) search is complementary to the 0L search in that the expected limit for

the single-lepton search is able to cover higher top squark masses at intermediate gluino

masses (e.g. 80 GeV higher at mg̃ = 900 GeV). The resulting exclusion limit is presented

in the (mg̃,mt̃1
) plane in figure 33, and reaches gluino masses up to 1260 GeV.
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Figure 32. Exclusion limits in the (mg̃,mt̃1
) plane for the gluino-stop simplified models in which

the top squarks are produced in the decay of pair-produced gluinos and decay via t̃1 → bχ̃
±
1 . The

neutralino mass is set to 60 GeV and the mass of the chargino is assumed to be twice the mass of

the neutralino. The solid red line and the dashed red line show respectively the combined observed

and expected 95% CL exclusion limits. Also shown for reference is the limit from the ATLAS search

for direct stop-pair production [18].
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Figure 33. Exclusion limits in the (mg̃,mt̃1
) plane for the gluino-stop simplified models in which

the top squarks are produced in the decay of pair-produced gluinos and decay via t̃1 → c+ χ̃0
1. The

mass difference between the t̃1 and the lightest neutralino is fixed to 20 GeV. The solid red line and

the dashed red line show respectively the combined observed and expected 95% CL exclusion limits.

Also shown for reference is the limit from the ATLAS search for direct stop-pair production [18].
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Figure 34. Exclusion limits in the (mg̃,mt̃1
) plane for the gluino-stop simplified models in which

the top squarks are produced in the decay of pair-produced gluinos and decay via R-parity and

baryon number violation t̃1 → sb. The solid red line and the dashed red line show respectively

the combined observed and expected 95% CL exclusion limits. Expected limits from the individual

analyses which contribute to the final combined limits are also shown for comparison.

A simplified model is also considered, in which the top squark decay, t̃1 → sb, involves

R-parity and baryon number violation. The result is presented in the (mg̃,mt̃1
) plane in

figure 34, where the best limit is obtained by the MULTJ search. Gluino masses below

880 GeV are excluded for top squark masses ranging from 400 GeV to 1000 GeV.

The sensitivity in the gluino-sbottom simplified models in which the branching ratio

for g̃ → b̃1b decays is 100% and the bottom squarks are assumed to decay exclusively

via b̃1 → bχ̃
0
1 is provided only by the 0/1L3B search [27] and the result is presented for

completeness in figure 35. The search excludes gluino masses below 1200 GeV for sbottom

masses up to about 1100 GeV.

The limits for the gluino-off-shell-sbottom simplified models, which assume 100%

branching ratio for the gluino three-body decay g̃ → bb̄χ̃
0
1 via an off-shell sbottom, are

given in the (mg̃,mχ̃0
1
) plane in figure 36. The best sensitivities are provided by two

searches, the 0/1L3B and the 0L search. The former is the most sensitive search in regions

of the parameter space with a large mass splitting between the gluino and the lightest neu-

tralino, and the latter in regions with a small mass splitting where softer jets and smaller

Emiss
T are expected in the final state. In these models, gluino masses below 1250 GeV are

excluded for mχ̃0
1
< 400 GeV while neutralino masses below 600 GeV are excluded in the

gluino mass range between 700 and 1200 GeV.

The sensitivity in the gluino-off-shell-stop/sbottom simplified models in which gluinos

decay via virtual stops or sbottoms is provided only by the 0/1L3B search [27]. Here

the mass difference between the particles is set such that the gluino decays result in an

effectively three-body final state (btχ̃
0
1). The exclusion limit is presented in figure 37 for

completeness. For neutralino masses of 500 GeV, gluino masses are excluded between 750

and 1250 GeV.
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Figure 35. Exclusion limits in the (mg̃,mb̃1
) plane for the gluino-sbottom simplified models, taken

from ref. [27]. Also shown for reference is the limit from the ATLAS search for direct sbottom-pair

production [18].
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Figure 36. Exclusion limits in the (mg̃,mχ̃0
1
) plane for the gluino-off-shell-sbottom simplified

models in which the pair-produced gluinos decay via an off-shell sbottom as g̃ → bb̄χ̃
0
1. The solid

red line and the dashed red line show respectively the combined observed and expected 95% CL

exclusion limits. Expected limits from the individual analyses which contribute to the final combined

limits are also shown for comparison.
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Figure 37. Exclusion limits in the (mg̃,mχ̃0
1
) plane for the gluino-off-shell-stop/sbottom simplified

models, taken from ref. [27].

12 Conclusions

A search for squarks and gluinos in inclusive final states containing high-pT jets and missing

transverse momentum, with or without leptons or b-jets, is presented. The data were

recorded in 2012 by the ATLAS experiment with
√
s = 8 TeV proton-proton collisions at the

Large Hadron Collider, with a total integrated luminosity up to 20.3 fb−1. Earlier ATLAS

searches have been extended and combined with new search techniques, thus improving

the sensitivity for supersymmetric models. Good agreement is found with the predictions

from SM processes. The data are therefore used to set exclusion limits for a variety of

simplified and phenomenological SUSY models.

Limits in simplified models with gluinos and squarks of the first and second generations

are derived for direct and one- or two-step decays of squarks and gluinos, and gluino decays

via third-generation squarks. In all the considered simplified models that assume R-parity

conservation, the limit on the gluino mass exceeds 1150 GeV at 95% CL, for an LSP mass

smaller than 100 GeV. Additional limits are set in a phenomenological MSSM model used

in the search for left-handed squarks, a minimal Supergravity/Constrained MSSM model,

R-parity-violation scenarios, a minimal gauge-mediated supersymmetry breaking model, a

natural gauge mediation model, a non-universal Higgs mass model with gaugino mediation

and a minimal model of universal extra dimensions. These limits are either new or extend

the region of parameter space excluded by previous searches with the ATLAS detector.
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A Extension of the g̃ → tt̄χ̃
0
1 simplified model to include decays with

off-shell top quarks

In this appendix, further details are provided about the extension of the gluino-mediated

off-shell stop model g̃ → tt̄χ̃
0
1 to the region mt + mW + mb ≤ mg̃ − mχ̃0

1
≤ 2mt, where

three-body decays are replaced by more complex multi-body decays proceeding via off-

shell top quarks and W bosons. This region is delimited by the kinematic boundaries

corresponding to three- and four-body gluino decays. In principle, the extension could

have been performed up to mass gaps as small as mg̃ −mχ̃0
1
≥ 2mb, but it was found that

for a 100% branching ratio hypothesis for the g̃ → tt̄χ̃
0
1 mode, mass gaps smaller than

the four-body kinematic bound quickly lead to large gluino lifetimes, resulting in displaced

gluino decays. This is verified even in the scenario leading to the smallest gluino lifetime

(mt̃1
= mg̃, t̃1 = t̃R). Since the results of the various searches reported in this paper are all

based on prompt objects, the expected sensitivity to these scenarios with small mass gaps

is very small, and they are addressed by dedicated searches [157]. Therefore, the probed

parameter space is limited to mg̃ −mχ̃0
1
≥ mt +mW +mb.

Despite the restriction of the model parameter space to regions where four-body gluino

decays g̃ → tWbχ̃
0
1 are always kinematically allowed, more complex decays (mainly five-

body) can occur concurrently with a significant branching ratio, and even become dominant

when the mass gap approaches its lower bound. Consideration of these alternative decay

modes also sometimes leads to large differences in kinematic distributions of the decay

products. For example, the b-quark in the decay g̃ → tWbχ̃
0
1 becomes too soft for ex-
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perimental detection when mg̃ ≈ mt + mW + mb + mχ̃0
1
, whereas it can still get sizeable

momentum in the alternative decay g̃ → WWbbχ̃
0
1. Since the most sensitive searches for

this model rely on selections with at least three b-jets, one can see that the acceptance of

these selections would vanish at the kinematic bound if considering only four-body decays,

although it is not the case thanks to the alternative decay modes. To summarize, quanti-

tative studies showed that it is important to consider at least the five-body decay as well

in this region of the parameter space.

Finally, signal events were generated following a configuration defined and validated by

comparing generator predictions for several observables in a region at low neutralino mass

where only three-body decays contribute. The reference was provided by Herwig++ (the

generator used for the mg̃−mχ̃0
1
> 2mt region of this scenario), characterized notably by the

use of a matrix element amplitude for the gluino decay, and the preservation of spin corre-

lation between the decay products. It was first observed that narrow-width approximations

for the gluino decay compared poorly to the reference, hence imposing the need for decay

amplitudes computed from matrix elements for the four- and five-body decays, and as a

consequence the choice of the Madgraph generator. However, the computing requirements

to obtain the amplitude associated with such a 2 → 10 (+1) hard process (with an extra

parton) are too demanding. An approximation is used instead, consisting in the separate

generation of pair-produced gluinos, and gluino decays into fermions g̃ → ff̄ ′f ′′f̄ ′′′bbχ̃
0
1.

The two stages are then combined by boosting the gluino decay products according to the

gluino’s directions and momenta defined by the hard process, while preserving the gluino

spin orientations. The use of the inclusive seven-body gluino decay, instead of the minimally

required five-body decay, came at no additional computing cost and allowed, in particular,

proper propagation of the various spin correlations along the gluino decay chain. This setup

provided agreement with the reference at the level of 5%, for the shapes of various generator-

level kinematic distributions (a few of which are presented in figure 38), as well as for fiducial

acceptances of typical event selections used as signal regions in the relevant SUSY searches.

B Summary of selection criteria

Tables 14–22 summarize the selection criteria for signal regions listed in table 5 which have

been defined in previous ATLAS publications [20–27].

C 0-lepton Razor analysis details

Many kinematical variables have been used to search for SUSY at hadron colliders, typ-

ically making use of the expected heavy mass scale of the SUSY particles produced, and

the missing transverse momentum originating from the LSP. The analysis described here

searches for squarks in final states with high-pT jets, missing transverse momentum and no

electrons or muons, using the Razor variable set [19]. These variables provide longitudinal

and transverse information about each event, contribute to the rejection of the background

from the multi-jet processes that dominate hadronic collisions, and can be used as an

approximation of the mass scale of the produced particles.
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Figure 38. Validation of the Madgraph5+Pythia6 setup used to generate five-body gluino

decays g̃ → W+W−bb̄χ̃0
1: kinematic distributions obtained with the nominal configuration (red

markers) are compared to the reference Herwig++ sample (black), for a signal scenario featuring

only three-body gluino decays g̃ → tt̄χ̃
0
1 (mg̃ = 1 TeV, mχ̃0

1
= 100 GeV). A few alternative (and

simpler) generator configurations are also shown (other coloured markers), but they fail to reach a

satisfactory level of agreement with the reference, for the typical signal region requirements (cf. SR3b

in table 20). The distributions are built from the outgoing particles provided by the generators.

The basic analysis approach relies on the definition of statistically independent regions

in the Razor variable phase space, R and M ′R, explained in details in the remainder of

this section, that are rich in SUSY-like events, and other regions, each dominated by

one SM background component. Following the strategy explained in section 6, the Monte

Carlo expectations are normalized to the data in each background control region, and those

normalization factors are then transferred to the MC prediction in the SUSY signal regions.

The baseline object selection and event cleaning, as well as the choice of MC generators for

SM background processes and the approach for calculating systematic uncertainties exactly

follow those of the 0-lepton + 2–6 jets + Emiss
T (0L) search [20], and are not discussed here.
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Requirement
Signal region

M1 M2 M3

Jets At most three jets with

preselection pT > 30 GeV and |η| < 2.8

pjet1

T [GeV] > 280 340 450

Emiss
T [GeV] > 220 340 450

∆φ(jet,Emiss
T ) > 0.4

Table 14. Selection criteria used to define the three signal regions in the search with at least

one high-pT jet and large missing transverse momentum (Monojet) [21]. The azimuthal separation

∆φ(jet,Emiss
T ) is calculated between the missing transverse momentum direction and each of the

selected jets.

C.1 The Razor variables

The Razor variable set is designed to group together visible final-state particles associated

with heavy produced sparticles, and in doing so contains information about the mass scale

of the directly produced sparticles. The final-state jets are grouped into two hemispheres

called “mega-jets”, where all visible objects from one side of the di-sparticle decay are

collected 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 minimizes 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. [19])

can be 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, (C.1)

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

mega-jet i.

To help reduce the SM backgrounds, a second variable, MR
T , is defined that includes

information about the transverse quantities, including the total missing transverse mo-

mentum and its angular distance to the two mega-jets. 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 =

√
Emiss

T (j1,T + j2,T)−Emiss
T · (j1,T + j2,T)

2
, (C.2)

where ji,T denotes the transverse momentum of the mega-jet i. The variable MR
T is designed

such that for small values of Emiss
T , MR

T is also small. If the multi-jet event were perfectly re-
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Requirement
Signal region

2jl 2jm 2jt 2jW 3j 4jW

Emiss
T [GeV] > 160

pjet1
T [GeV] > 130

pjet2
T [GeV] > 60

pjet3
T [GeV] > – 60 40

pjet4
T [GeV] > – 40

∆φ(jet1,2,(3),E
miss
T )min > 0.4

∆φ(jeti>3,E
miss
T )min > – 0.2

W candidates – 2(W → j) – (W → j) + (W → jj)

Emiss
T /

√
HT [GeV1/2] > 8 15 –

Emiss
T /m

Nj

eff > – 0.25 0.3 0.35

mincl
eff [GeV] > 800 1200 1600 1800 2200 1100

Requirement
Signal region

4jl- 4jl 4jm 4jt 5j 6jl 6jm 6jt 6jt+

Emiss
T [GeV] > 160

pjet1
T [GeV] > 130

pjet2
T [GeV] > 60

pjet3
T [GeV] > 60

pjet4
T [GeV] > 60

pjet5
T [GeV] > – 60

pjet6
T [GeV] > – 60

∆φ(jet1,2,(3),E
miss
T )min > 0.4

∆φ(jeti>3,E
miss
T )min > 0.2

Emiss
T /

√
HT [GeV1/2] > 10 –

Emiss
T /m

Nj

eff > – 0.4 0.25 0.2 0.25 0.15

mincl
eff [GeV] > 700 1000 1300 2200 1200 900 1200 1500 1700

Table 15. Selection criteria used to define the fifteen signal regions in the search with at least

two to at least six jets, significant Emiss
T and the absence of isolated electrons or muons (0-lepton +

2–6 jets + Emiss
T ) [20]. Each signal region is labelled with the inclusive jet multiplicity considered

(‘2j’, ‘3j’, etc.) together with the degree of background rejection. The latter is denoted by labels

‘l-’ (‘very loose’), ‘l’ (‘loose’), ‘m’ (‘medium’), ‘t’ (‘tight’) and ‘t+’ (‘very tight’). The Emiss
T /m

Nj

eff

requirement in any Nj-jet channel uses a value of meff constructed from only the leading Nj jets

(m
Nj

eff ). The final mincl
eff selection, which is used to define the signal regions, includes all jets with

pT > 40 GeV. The variable HT is defined as the scalar sum of the transverse momenta of all jets

with pT > 40 GeV. The azimuthal separation ∆φ(jet,Emiss
T )min is defined to be the smallest of

the azimuthal separations between Emiss
T and the reconstructed jets. In SR 2jW and SR 4jW

a requirement 60 GeV < m(Wcand) < 100 GeV is placed on the masses of candidate resolved or

unresolved hadronically decaying W bosons. Candidate W bosons are reconstructed from single

high-mass jets (unresolved candidates; W → j in the table) or from pairs of jets (resolved candidates;

W → jj in the table.
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Requirement
Signal regions in multi-jet + flavour stream

8j50 9j50 10j50 7j80 8j80

|η|jet < 2.0

pjet
T [GeV] > 50 80

Njet = 8 = 9 ≥ 10 = 7 ≥ 8

Nb−jet
0 1 ≥ 2 0 1 ≥ 2 — 0 1 ≥ 2 0 1 ≥ 2

(pT > 40 GeV, |η| < 2.5)

Emiss
T /

√
HT [GeV1/2] > 4

Requirement
Signal regions in multi-jet + MΣ

J stream

8j50 9j50 10j50

|η|jet < 2.8

pjet
T [GeV] > 50

Njet ≥ 8 ≥ 9 ≥ 10

MΣ
J [GeV] > 340 and > 420 for each case

Emiss
T /

√
HT [GeV1/2] > 4

Table 16. Selection criteria used to define the nineteen signal regions in the search with at least

seven to at least ten jets, significant Emiss
T and the absence of isolated electrons or muons (0-lepton

+ 7–10 jets + Emiss
T ) [22]. The four-momenta of the R=0.4 jets satisfying pT > 20 GeV and |η| < 2.8

are used as inputs to a second iteration of the anti-kt jet algorithm, this time using the larger distance

parameter R=1.0. The resulting larger objects are denoted as composite jets. The selection variable

MΣ
J is then defined to be the sum of the masses of the composite jets: MΣ

J ≡
∑
jm

R=1.0
j , where

the sum is over the composite jets that satisfy pR=1.0
T > 100 GeV and |ηR=1.0| < 1.5. The variable

HT is defined as the scalar sum of pT of all jets with pT > 40 GeV and |η| <2.8.

constructed then Emiss
T = 0 and MR

T would also be zero, while in the case where a jet is mis-

calibrated, the fake Emiss
T tends to align with one of the mega-jets (that are back-to-back),

also creating small values of MR
T . For SUSY-like events where the mega-jets tend not to be

back-to-back, and their vector sum is opposite to the Emiss
T , the quantity MR

T is large. The

kinematic endpoint of MR
T is the mass difference between the heavy and the light sparticles.

Finally, the razor variable is defined as:

R =
MR

T

M ′R
. (C.3)

For SUSY-like events, when the mass splitting between the heavier and light sparticles

is large, M ′R peaks near the mass of the heavier sparticle and MR
T has a kinematical endpoint

at the mass of the heavier sparticle. For SM processes, R tends to have a low value, while

it tends to have a broad distribution centred around 0.5 for SUSY-like events. Thus R can

be used as a discriminant between signal and background.
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Requirement

Signal region

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−jet − − 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) −

Requirement

Signal region

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 17. Selection criteria used to define the signal regions in the search requiring at least one

isolated lepton (1-lepton (soft+hard) + jets + Emiss
T ) and in the search requiring two soft muons

(2-leptons + jets + Emiss
T ) [23]. For each jet multiplicity in the single-lepton channel, two sets

of requirements are defined: one single-bin signal region optimized 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 requirements of the binned signal region are shown in

parentheses when they differ from those of the single-bin signal region. The transverse mass (mT)

of the lepton (`) and Emiss
T is defined as mT =

√
2p`TE

miss
T (1− cos[∆φ(~̀,Emiss

T )]). The inclusive

effective mass (minc
eff ) is computed as 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 , where the index i identifies all the signal leptons and the

index j all the signal jets in the event. The exclusive effective mass (mexcl
eff ) is defined in a similar

way to minc
eff , with the exception that only the three leading signal jets are considered. The minimum

angular separation ∆Rmin calculated between the signal lepton ` and all preselected jets 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.
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Requirement

Signal region

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−jet 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 18. Selection criteria used to define the signal regions in the search requiring two hard leptons

(2-leptons + jets + Emiss
T ) [23]. For each jet multiplicity two sets of requirements are defined: one

single-bin signal region optimized 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

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

the single-bin signal region. Details of the construction of Razor variables M
′

R and R can be found

in the appendix C.1. In this case, mega-jets are constructed using the final-state jets and leptons.

Requirement
Signal region

SR-2j-bveto SR-2j-btag SR-4j-bveto SR-4j-btag SR-loose

Njet ≥ ≥ 2 ≥ 2 ≥ 4 ≥ 4 (2, ≥ 3)

Nb−jet = 0 ≥ 1 = 0 ≥ 1 —

Emiss
T [GeV] > 200 200 200 200 (150, 100)

m`` [GeV] /∈ [80, 110] [80, 110] [80, 110] [80, 110] [80, 110]

Table 19. Selection criteria used to define the signal regions in the search requiring two same-

flavour opposite-sign electrons or muons (2-leptons off-Z) [24]. If more than two leptons are present,

the two with the largest values of pT are selected. The leading lepton in the event must have

pT > 25 GeV and the subleading lepton is required to have pT > 20 GeV. These two leptons are

used to define the dilepron invariant mass, m``. In addition, one SR with the same requirements as

those used in the CMS search [148], which reported an excess of events above the SM background

with a significance of 2.6 standard deviations, is defined (SR-loose) for comparison purposes.

– 64 –



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

Requirement
Signal region

SR3b SR0b SR1b SR3Llow SR3Lhigh

Leptons SS or 3L SS SS 3L 3L

Nb−jet ≥ 3 =0 ≥ 1 - -

Njet ≥ 5 3 3 4 4

Emiss
T [GeV] > 150 > 150 50 < Emiss

T < 150 > 150

mT [GeV] > - 100 - - -

Veto - - SR3b Z boson, SR3b SR3b

meff [GeV] > 350 400 700 400 400

Table 20. Selection criteria used to define the signal regions in the search with multiple jets, and

either two leptons of the same electric charge (same-sign leptons) or at least three leptons (SS/3L

+ jets + Emiss
T ) [25]. The effective mass (meff) is computed from all selected leptons and selected

jets in event, as meff =
∑N`
i=1 p

`
T,i +

∑Njet

j=1 pT,j + Emiss
T . The transverse mass (mT) is computed

from the highest-pT lepton (`1) and Emiss
T as mT =

√
2p`1TE

miss
T (1− cos[∆φ( ~̀1,Emiss

T )]).

C.2 Signal regions

The SUSY models targeted by this search are expected to have final states characterized by

the presence of jets, missing transverse momentum, and no leptons. In the simplest case of

squark-pair production with direct decays to quarks and neutralinos, there are at least two

jets visible in the detector, so the baseline inclusive signal regions require at least two jets.

This is also the minimum number of visible objects in the final state necessary to construct

the Razor variables. Figure 39 shows the values of R and M ′R for two simplified model signal

points, one with mq̃ = 450 GeV and mLSP = 400 GeV, where the ∆m = 50 GeV is small

(referred to as small-∆msignal) and the other with mq̃ = 850 GeV and mLSP = 100 GeV,

where the ∆m = 750 GeV is large (referred to as large-∆msignal), after requiring no leptons

and at least two jets in the final state.

Since the variable M ′R is related to the mass difference between the squark and the

neutralino, going from the small-∆msignal to the large-∆msignal, the events tend to populate

higher M ′R regions. Extending this to all points of the model with squark-pair production

followed by the direct decay of squarks, the average value of M ′R is approximately constant

for a fixed mass splitting between the LSP and the squark, and increases with increasing

∆m, while the average R-value tends to be around 0.5.

To select events for this search, the combination of two Emiss
T triggers, which are fully

efficient in events having offline reconstructed Emiss
T > 160 GeV is used. Two signal regions

which target different regions of the (mq̃,mχ̃0
1
) plane are defined: SRloose and SRtight. Signal

region SRloose has a lower requirement on R and targets regions of the (mq̃,mχ̃0
1
) plane

with small mass splitting, which typically have softer visible objects. Signal region SRtight

was chosen to target high squark masses which typically contain harder visible objects. An

overview of the selection criteria for these two signal regions is given in table 9.
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Requirement
Signal region

1τ Loose SR 1τ Tight SR

Taus Nmedium
τ = 1

pT > 30 GeV

∆φ(jet1,2,E
miss
T ) > 0.4

∆φ(τ,Emiss
T ) > 0.2

mτ
T [GeV] > 140

Emiss
T [GeV] > 200 300

HT [GeV] > 800 1000

Requirement
Signal region

2τ Inclusive SR 2τ GMSB SR 2τ nGM SR 2τ bRPV SR

Taus N loose
τ ≥ 2

pT > 20 GeV

∆φ(jet1,2,E
miss
T ) ≥ 0.3

mτ1
T +mτ2

T [GeV] ≥ 150 250 250 150

H2j
T [GeV] > 1000 1000 600 1000

Njet ≥ - 4

Requirement
Signal region

τ+` GMSB SR τ+` nGM SR τ+` bRPV SR τ+` mSUGRA SR

Taus N loose
τ ≥ 1

pT > 20 GeV

N` = 1

m`
T [GeV] > 100

meff [GeV] > 1700 - 1300 -

Emiss
T [GeV] > - 350 - 300

Njet ≥ - 3 4 3

Table 21. Selection criteria used to define the signal regions in the search requiring large miss-

ing transverse momentum, jets and at least one hadronically decaying tau lepton (taus + jets +

Emiss
T ) [26]. The transverse mass mτ

T is formed from the Emiss
T and the pT of the tau lepton in the

1τ channel as: mτ
T =

√
2pτTE

miss
T (1− cos(∆φ(τ,Emiss

T ))). In addition, the variable mτ1
T +mτ2

T is used

as a discriminating variable in the 2τ channel. The transverse mass m`
T is similarly formed from the

Emiss
T and the pT of the light leptons. The variable HT is defined as the scalar sum of the transverse

momenta of the tau, light lepton and jets (pjet
T > 30 GeV): HT =

∑N`
i=1 p

`
T +

∑Nτ
j=1 p

τ
T +

∑Njet

k=1 p
jet
T .

The variable H2j
T is defined as the scalar sum of the transverse momenta of the tau and

light lepton candidates, and the two jets with the largest transverse momenta in the event:

H2j
T =

∑N`
i=1 p

`
T +

∑Nτ
j=1 p

τ
T +

∑
k=1,2 p

jetk
T . The effective mass (meff) is defined asmeff = H2j

T +Emiss
T .
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Requirement
Signal region

SR-0`-4j-ASR-0`-4j-BSR-0`-4j-C* SR-0`-7j-A SR-0`-7j-BSR-0`-7j-C

Baseline 0-lepton selection lepton veto, pjet1
T > 90 GeV, Emiss

T > 150 GeV

N jets (pT [GeV]) ≥ 4 (50) 4 (50) 4 (30) 7 (30) 7 (30) 7 (30)

Emiss
T [GeV] > 250 350 400 200 350 250

mincl
eff [GeV] > - - - 1000 1000 1500

m4j
eff [GeV] > 1300 1100 1100 - - -

Emiss
T /

√
H4j

T [
√

GeV] > - - 16 - - -

Requirement
Signal region

SR-1`-6j-A SR-1`-6j-B SR-1`-6j-C

Baseline 1-lepton selection > 1 signal lepton (e,µ), pjet1
T > 90 GeV, Emiss

T > 150 GeV

N jets (pT [GeV]) ≥ 6 (30) 6 (30) 6 (30)

Emiss
T [GeV] > 175 225 275

mT[GeV] > 140 140 160

mincl
eff [GeV] > 700 800 900

Table 22. Selection criteria used to define the signal regions in the search that requires at least

three jets tagged as b-jets, no or at least one lepton, jets and large missing transverse momentum

(0/1-lepton + 3b-jets + Emiss
T ) [27]. The jet pT threshold requirements are also applied to b-jets.

The notation SR-0`-4j-C* means that the leading jet is required to fail the b-tagging requirements, in

order to target the region close to the kinematic boundary in the gluino-sbottom simplified models.

In the 0-lepton selection, the inclusive effective mass mincl
eff is defined as the scalar sum of the Emiss

T

and the pT of all jets with pT > 30 GeV. In the 1-lepton selection the mincl
eff is defined as for the 0-

lepton selection with the addition of the pT of all selected leptons with pT > 20 GeV. The exclusive

effective mass (m4j
eff) is defined as the scalar sum of the Emiss

T and the pT of the four leading jets. The

transverse mass (mT) is computed from the leading lepton and the missing transverse momentum.

The variable H4j
T is defined as the scalar sum of the transverse momenta of the four leading jets.

C.3 Control and validation regions for SM background processes

The dominant SM background processes which contribute to the event counts in the signal

regions are: Z+jets, W+jets, top quark pairs, and multiple jets. For each of these processes

a dedicated control region is defined. The production of boson (W/Z) pairs in which at least

one boson decays to charged leptons and/or neutrinos (referred to as ‘dibosons’ below),

the single-top production, and the tt̄+W/Z boson production are small components of the

total background and are estimated with MC simulated data.

Figure 40 shows the values of R and M ′R for the major SM backgrounds in this search.

As previously discussed, the SM backgrounds tend to occupy regions with lower values

of M ′R and R, which is taken into account while defining control regions for the main

background processes. A summary of the selection criteria used to define the control and

validation regions in this search is shown in table 23.

The largest potential background for a search with no leptons is expected to originate

from the QCD-induced multi-jet event. However, the Razor variables were constructed
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Figure 39. Distributions of the Razor variable R versus the characteristic mass in the R-frame

M ′R for two points of the simplified model with squark-pair production assuming the direct decay

of squarks, after requiring no leptons and at least two jets. Figure (a) shows the case where

mq̃ = 450 GeV and mLSP = 400 GeV, and (b) where mq̃ = 850 GeV and mLSP = 100 GeV.

to be able to distinguish this background from a SUSY-like signal, which minimizes the

contribution of the multi-jet events after the SR event selection has been applied. To

estimate the contribution of multi-jet background events in the final signal region selection,

a data-driven technique [156], which applies a resolution function to well-measured multi-

jet events in order to estimate the impact of jet energy mis-measurement and heavy-flavour

semileptonic decays on Emiss
T and other variables, is used. Two dedicated control regions,

CRQloose and CRQtight, which use different selection criteria on R and ∆φ(pj2T , E
miss
T ),

correspond to the loose and tight signal regions respectively, and select samples of events

with similar kinematics to the SR but enriched in multi-jet background events.

Since the QCD multi-jet background is significantly reduced by use of the Razor vari-

ables, the largest remaining backgrounds come from the production of W/Z bosons with

additional jets and semileptonic tt̄ decays, where the leptons can be mis-reconstructed as

jets, non-prompt or be outside the lepton identification criteria. For each of these back-

grounds a control region, rich in the respective process, is defined. The trigger requirements

for these lepton-rich control regions follow those used by the corresponding control regions

for the the 0L search [20]. The Razor variables are used to preselect a region which is dom-

inated by the particular process. Following this preselection, to control the tt̄ background,

the control region CRT requires at least one jet tagged as a b-jet and exactly one electron

or muon, while the W+jets control region, CRW, applies a veto on the presence of b-jets

and requires exactly one electron or muon. In both cases the lepton is treated as a jet in

the reconstruction of the Razor variables. This treatment of leptons as jets is motivated by

the observation that ∼75% of W(→ `ν)+jets and semileptonic tt̄ events appearing in the

SRs possess leptons which have fake jets, either through the misidentification of electrons

or by the production of tau leptons decaying hadronically (identification of hadronic tau

decays is not used in this analysis). The Z+jets control region, CRZ, is required to have ex-

actly two opposite-sign same-flavour leptons. The Z+jets contribution to the signal region

largely originates from Z decays to neutrinos. To mimic the behaviour of Z → νν in the
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Figure 40. Distributions of the Razor variable R versus the characteristic mass in the R-frame M ′R
for the dominant Standard Model backgrounds: (a) Z+jets, (b) W+jets and (c) tt̄, after requiring

no-leptons and at least two jets in the final state.

control region, the two leptons have been treated as invisible and are used to re-calculate

Emiss
T as Emiss′

T = Emiss
T + pT(``) with the invariant mass of the leptons falling within a

Z-mass window, 66 < m(``) < 116 GeV. The Razor variables are also calculated with this

methodology where the leptons are treated as invisible objects.

To validate the normalization parameters extracted in the background control regions,

validation regions VRZ, VRW, VRT, VRQloose and VRQtight for Z+jets, W+jets, tt̄ and

multi-jet backgrounds respectively, are defined (table 23). These validation regions are

statistically independent from the signal and control regions previously defined, and are

expected to have minimal contribution from any signal, if present.

Following the definition of the control and validation regions, the backgrounds from

Z+jets, W+jets, tt̄ and multi-jet processes are estimated by using the background-only fit,

as described in section 6. Figures 41 and 42 show the M ′R distributions for these control

and validation regions after the fit. Good agreement is seen between the fitted and observed

yields in all regions.
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Figure 41. Observed M ′R distributions in control regions for (a) Z+jets, (b) W+jets, (c) tt̄ and

multi-jet backgrounds for (d) loose and (e) tight selection. The “Top” label includes all top-quark-

related backgrounds (tt̄, single top and tt̄+V ), while the “Others” includes the contributions of the

jets misidentified as leptons or of non-prompt leptons, and the γ+jets background which is estimated

with MC simulated data. All distributions are after the background-only fit has been performed.
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Figure 42. Observed M ′R distributions in validation regions for (a) Z+jets, (b) W+jets, (c) tt̄ and

multi-jet backgrounds for (d) loose and (e) tight selection. The “Top” label includes all top-quark-

related backgrounds (tt̄, single top and tt̄+V ), while the “Others” includes the contributions of the

jets misidentified as leptons or of non-prompt leptons, and the γ+jets background which is estimated

with MC simulated data. All distributions are after the background-only fit has been performed.
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Figure 43. Observed (a, c) M ′R and (b, d) R distributions in (a, b) loose and (c, d) tight signal

region selections listed in table 9. The “Top” label includes all top-quark-related backgrounds (tt̄,

single top and tt̄+ V ). All distributions are after the background-only fit has been performed.

The Razor variable distributions, M ′R and R, for the SM backgrounds and a simplified

model point with large-∆msignal are shown in figure 43 for SRloose and SRtight.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

[1] H. Miyazawa, Baryon number changing currents, Prog. Theor. Phys. 36 (1966) 1266

[INSPIRE].

[2] P. Ramond, Dual theory for free fermions, Phys. Rev. D 3 (1971) 2415 [INSPIRE].

– 73 –

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


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

[3] Yu. A. Golfand and E.P. Likhtman, Extension of the algebra of Poincaré group generators
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[33] L.E. Ibáñez, Locally supersymmetric SU(5) grand unification, Phys. Lett. B 118 (1982) 73

[INSPIRE].

[34] L.J. Hall, J.D. Lykken and S. Weinberg, Supergravity as the messenger of supersymmetry

breaking, Phys. Rev. D 27 (1983) 2359 [INSPIRE].

[35] N. Ohta, Grand unified theories based on local supersymmetry, Prog. Theor. Phys. 70

(1983) 542 [INSPIRE].

[36] 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].

[37] M. Dine and W. Fischler, A phenomenological model of particle physics based on

supersymmetry, Phys. Lett. B 110 (1982) 227 [INSPIRE].

– 75 –

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/JHEP04(2015)116
http://dx.doi.org/10.1007/JHEP04(2015)116
http://arxiv.org/abs/1501.03555
http://inspirehep.net/search?p=find+EPRINT+arXiv:1501.03555
http://dx.doi.org/10.1140/epjc/s10052-015-3518-2
http://arxiv.org/abs/1503.03290
http://inspirehep.net/search?p=find+EPRINT+arXiv:1503.03290
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/JHEP09(2014)103
http://arxiv.org/abs/1407.0603
http://inspirehep.net/search?p=find+EPRINT+arXiv:1407.0603
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/10.1016/0370-2693(74)90310-4
http://inspirehep.net/search?p=find+J+Phys.Lett.,B51,461
http://dx.doi.org/10.1016/0550-3213(75)90636-7
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B90,104
http://dx.doi.org/10.1016/0550-3213(75)90585-4
http://dx.doi.org/10.1016/0550-3213(75)90585-4
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B96,331
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+J+Phys.Rev.,D49,6173
http://dx.doi.org/10.1016/0370-2693(82)91241-2
http://inspirehep.net/search?p=find+J+Phys.Lett.,B110,227


J
H
E
P
1
0
(
2
0
1
5
)
0
5
4
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A.I. Butt3, C.M. Buttar53, J.M. Butterworth78, P. Butti107, W. Buttinger25, A. Buzatu53,

A.R. Buzykaev109,c, S. Cabrera Urbán167, D. Caforio128, V.M. Cairo37a,37b, O. Cakir4a,

N. Calace49, P. Calafiura15, A. Calandri136, G. Calderini80, P. Calfayan100, L.P. Caloba24a,

D. Calvet34, S. Calvet34, R. Camacho Toro31, S. Camarda42, P. Camarri133a,133b, D. Cameron119,

R. Caminal Armadans165, S. Campana30, M. Campanelli78, A. Campoverde148,

V. Canale104a,104b, A. Canepa159a, M. Cano Bret33e, J. Cantero82, R. Cantrill126a, T. Cao40,

M.D.M. Capeans Garrido30, I. Caprini26a, M. Caprini26a, M. Capua37a,37b, R. Caputo83,

R. Cardarelli133a, F. Cardillo48, T. Carli30, G. Carlino104a, L. Carminati91a,91b, S. Caron106,

E. Carquin32a, G.D. Carrillo-Montoya30, J.R. Carter28, J. Carvalho126a,126c, D. Casadei78,

M.P. Casado12, M. Casolino12, E. Castaneda-Miranda145b, A. Castelli107, V. Castillo Gimenez167,

N.F. Castro126a,g, P. Catastini57, A. Catinaccio30, J.R. Catmore119, A. Cattai30, J. Caudron83,

V. Cavaliere165, D. Cavalli91a, M. Cavalli-Sforza12, V. Cavasinni124a,124b, F. Ceradini134a,134b,

B.C. Cerio45, K. Cerny129, A.S. Cerqueira24b, A. Cerri149, L. Cerrito76, F. Cerutti15, M. Cerv30,

A. Cervelli17, S.A. Cetin19c, A. Chafaq135a, D. Chakraborty108, I. Chalupkova129, P. Chang165,

J.D. Chapman28, D.G. Charlton18, C.C. Chau158, C.A. Chavez Barajas149, S. Cheatham152,

A. Chegwidden90, S. Chekanov6, S.V. Chekulaev159a, G.A. Chelkov65,h, M.A. Chelstowska89,

C. Chen64, H. Chen25, K. Chen148, L. Chen33d,i, S. Chen33c, X. Chen33f , Y. Chen67,

H.C. Cheng89, Y. Cheng31, A. Cheplakov65, E. Cheremushkina130, R. Cherkaoui El Moursli135e,

V. Chernyatin25,∗, E. Cheu7, L. Chevalier136, V. Chiarella47, G. Chiarelli124a,124b, G. Chiodini73a,

A.S. Chisholm18, R.T. Chislett78, A. Chitan26a, M.V. Chizhov65, K. Choi61, S. Chouridou9,

B.K.B. Chow100, V. Christodoulou78, D. Chromek-Burckhart30, J. Chudoba127, A.J. Chuinard87,

J.J. Chwastowski39, L. Chytka115, G. Ciapetti132a,132b, A.K. Ciftci4a, D. Cinca53, V. Cindro75,

I.A. Cioara21, A. Ciocio15, Z.H. Citron172, M. Ciubancan26a, A. Clark49, B.L. Clark57,

P.J. Clark46, R.N. Clarke15, W. Cleland125, C. Clement146a,146b, Y. Coadou85, M. Cobal164a,164c,

A. Coccaro138, J. Cochran64, L. Coffey23, J.G. Cogan143, L. Colasurdo106, B. Cole35, S. Cole108,

A.P. Colijn107, J. Collot55, T. Colombo58c, G. Compostella101, P. Conde Muiño126a,126b,

E. Coniavitis48, S.H. Connell145b, I.A. Connelly77, S.M. Consonni91a,91b, V. Consorti48,

S. Constantinescu26a, C. Conta121a,121b, G. Conti30, F. Conventi104a,j , M. Cooke15,

B.D. Cooper78, A.M. Cooper-Sarkar120, T. Cornelissen175, M. Corradi20a, F. Corriveau87,k,

A. Corso-Radu163, A. Cortes-Gonzalez12, G. Cortiana101, G. Costa91a, M.J. Costa167,
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Fisica, Università della Calabria, Rende, Italy
38 (a) AGH University of Science and Technology, Faculty of Physics and Applied Computer Science,

Krakow; (b) Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakow, Poland
39 Institute of Nuclear Physics Polish Academy of Sciences, Krakow, Poland
40 Physics Department, Southern Methodist University, Dallas TX, United States of America
41 Physics Department, University of Texas at Dallas, Richardson TX, United States of America
42 DESY, Hamburg and Zeuthen, Germany
43 Institut für Experimentelle Physik IV, Technische Universität Dortmund, Dortmund, Germany
44 Institut für Kern- und Teilchenphysik, Technische Universität Dresden, Dresden, Germany
45 Department of Physics, Duke University, Durham NC, United States of America
46 SUPA - School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
47 INFN Laboratori Nazionali di Frascati, Frascati, Italy
48 Fakultät für Mathematik und Physik, Albert-Ludwigs-Universität, Freiburg, Germany
49 Section de Physique, Université de Genève, Geneva, Switzerland
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135 (a) Faculté des Sciences Ain Chock, Réseau Universitaire de Physique des Hautes Energies -
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