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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 (¢r, and gg which mix to form
two mass eigenstates ¢; and ¢z, ordered by increasing mass), and the fermionic partners
of the gluons, gluinos (§), 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 (Y*) or neutralinos (¥°), where the charginos and neutralinos



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, Xi and X3,
and four neutralinos, )Z? (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 ()2?), which interacts weakly and is a possible candidate for dark matter [16].
Undetected Xi LSPs would result in substantial missing transverse momentum (E5SS, with
magnitude ER). Significant ERS 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 ¢; and o is possible due to the
large top Yukawa coupling.! Because of the SM weak isospin symmetry the mass of the
left-handed bottom squark (sbottom, br,) is tied to the mass of the left-handed stop (fr,),
and as a consequence the lightest sbottom (b;) and stop (£;) 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 EITniSS due to the presence of the LSP and possibly
neutrinos, several high-pr 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

The masses of the ¢; and ¢ 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.



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, >~<(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., ¢ — qf((f.



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., ¢ — q)ﬁt — qW X} (@ — qf(li — qWX3 — qWZf(?).
In gluino decays via third-generation squarks, gluinos undergo a one-step decay to a stop
or sbottom such as § — tt — tt)%?, or decay directly to final states containing top or
bottom quarks, for example g — #¢X7 if the stop is off-shell. In these simplified models, all
supersymimetric 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:

e R-parity is exactly conserved,

e there are no new sources of CP violation beyond that already present in the quark
mixing matrix,

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

e 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 (My, My, Ms, associated with the U(1)y, SU(2)r, SU(3)c gauge groups, respec-
tively), the higgsino mass parameter (u), the ratio (tan ) of the vacuum expectation values
of the two Higgs fields, the mass of the pseudoscalar Higgs boson (m4), and the trilinear
couplings for the third generation (Ap, A; and A;) [49].

In the pMSSM model considered here only the left-handed squarks of the first two
generations, the two lightest neutralinos X5 and >Z(1), and the lightest chargino ﬁ[ are
assumed to be within kinematic reach. Three gluino masses are considered, mgz = 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 3 is set to 4. The model is further specified by four
parameters: mg, , p, and M; and M, from which mgo, Mo and My can be calculated.
Either M; is fixed to 60 GeV and M, is varied independently, or M is varied and M> is
set to (M1 +mg)/2.

Left-handed squarks can be pair produced only via t-channel gluino exchange. They
can undergo a direct ¢, — q>~<(1J decay, or one-step decays: ¢, — q + )2(2) —q+ Z/h+ )2(1) or
q. — q+ ﬁ[ —Sq+WE+ X!1. Here the lightest Higgs boson h is assumed to have the SM
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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 ﬁc always decays to W
and X} (figure 1). The branching fraction to a left-handed squark via the one-step decay
with X9 (ﬁ[) is ~ 30% (65%). The branching fraction of the X3 — hX] decay is between
70% and 90% depending on mg, .

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 (my),
a universal gaugino mass (my/5) , a universal trilinear scalar coupling (Ay), all defined at
the grand unification scale, tan 8, and the sign of the higgsino mass parameter (u). The
dependence of the SUSY particle mass spectrum on these five parameters is such that all
masses increase with increasing my /o, while squark and slepton masses also depend on my.
In the mSUGRA/CMSSM model studied here the values tan 8 = 30, Ay = —2myg and
i > 0 are chosen, such that the lightest scalar Higgs boson mass is approximately 125 GeV
in a large fraction of the (mg, m;/5) parameter space studied.

The bRPV scenario uses the same parameters as the mSUGRA /CMSSM model, but R-
parity violation is allowed through the bilinear terms? €;L; Hy, whose coupling parameters
are determined by a fit to neutrino oscillation data [56] under the tree-level dominance
scenario [57]. In this scenario, the )%(1) LSP decays promptly to Wu, Wr, Zv, or hv,
(where the W/Z/h boson can either be on- or off-shell) with branching fractions which
are weakly dependent on mg and m, j, 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 (G’) The
mGMSB model is described by six parameters: the SUSY-breaking mass scale felt by the
low-energy sector (A), the mass of the SUSY breaking messengers (Mmess), the number of
SU(5) messenger fields (N5), tan 8, p and the gravitino coupling scale factor (Cgray) 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]: Mpess = 250 TeV, N5 = 3, u > 0 and
Cyrav = 1. With this choice of parameters the production of squark and/or gluino pairs is

2In this notation, L; indicates a lepton SU(2)-doublet superfield, the Higgs SU(2)-doublet superfield H
contains the Higgs field that couples to up-type quarks, and the ¢; parameters have dimension of mass.



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 (7), a se-
lectron or a smuon (£), the lightest neutralino ()2(1)), or a sneutrino (#7), leading to final states
usually containing tau leptons, light leptons (¢ = e, 1), 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, mz, which is assumed to be smaller. The parameters M; and My
are also set to 2.5 TeV, while all trilinear coupling terms are set to zero. The value of
1 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 m; as the only free parameters.
The chosen value of the p parameter sets the masses of the )ZI_L, X! and )NC(Q), 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: g — g>2(1),2 — gTT — gTTé, g — q(jf((f,z — qqTT — q(jTTC'
and g — qqﬁE - qqus7 — qqu.TG (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 mg = 0, tang = 10, u > 0, quz =0,
and Ag chosen to maximize the mass of the lightest Higgs boson. The ranges of the two
remaining free parameters of the model, my o and m%h, are chosen such that the NSLP is
a tau sneutrino with properties satisfying Big Bang nucleosynthesis constraints [54]. The
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figure 3(a) qq mg, Mo mg > Mo BR(§ — qf((f) =1 figure 18

figure 3(b) 94 mg,mge | mg=0.96 mg > myo BR(¢§ — q>~((1)) =1 figure 20(a)
,,,,,,,,,,,,,,,,,,,,,,,,, BRO~ @)=t | ]

Mg, Mg myo = (0,395,695) GeV | If m(g) > m(g): figure 20(b)
BR(G — ¢X1) = 1, BR(§ — dg) = 1
It m(q) > m(g):

BR(§ — q¢X1) = 1, BR(G — §q) = 1

figure 3(c) 3Jg mg,mgo | mg > Mg BR(g — qqf((l]) =1 figure 19
figure 3(d) 39 mg mgo =0 BR(g — g)~((1)) =1 figure 21(a)
mgo mg = 850 GeV figure 21(b)

Table 1. Simplified models of squark and gluino production with direct decays to X!. 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, m%h and m%,z, are defined at the unification
scale. This model is characterized by significant cross-sections for ¢ and g production. The
gluino decays mainly to a light quark/squark pair ¢G (=~ 50%), but also to tf (= 30%)
or bb (=~ 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 R. and the cut-off scale A.
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
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figure 4(a) qq Mg, Mo Mt = (mg + m;(?)/Q BR(q — qVVX?) =1 figure 22(a)

mg mgo = 60 GeV figure 22(b)

© = Am(XE, )/ Am(g, XY)

. - <0
figure 4(b) 99 Mg, Myo Myt = (mg + mﬂ)/Q BR(g — q¢WXi) =1 figure 23(a)

mg mgo = 60GeV figure 23(b)

T = Am(f(:]t,f(?)/Am(g, ).C(lj)

figure 5(a) qq mg, Mg Mk g0 = (mg+mg)/2 | BR(q— q(ZV/M))Z?) =1 figure 26
mg, = (HI,;(li 9T mg)/2 | L= (e, 1)

BR(q — q(Tl//TT/l/l/))Z?) =1 | figure 28

l=T1
figure 5(b) qq Mg, Mo My = (mg + mﬁ)/Z BR(¢ — qVVZ)Z[l)) =1 figure 24
mgy = (mﬁ + mﬁ)/Q
figure 5(c) 39 mg, Mg Mk g0 = (mg + mﬂ)/Q BR(g — qq(fl//fé)f((f) =1 figure 27

my, = (TTL)Z]i‘)Zg +mg)/2 | L= (e, p)

BR(g — qq(ru/rr/yy)f([f) =1 | figure 29
(=T

~ r 70
figure 5(d) 39 mg, Mo Mg = (mg + milly)/Q BR(g — qgWZXxi) =1 figure 25

Mg = (mgz +mgg)/2

Table 2. Simplified models of squark and gluino production with one- and two-step decays to
Xi. 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 § — Gq — qqf(?. For models with decoupled gluinos two scenarios
have been considered: a scenario with eight mass-degenerate light-flavour squarks (g, and
Gr, with ¢ = @,d,5,¢), 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 mg or mg, and mgo.

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 mgz and mgo.
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figure 6(a) mg, mg, mg > mg +my BR(§ — hit) =1 figure 31
mgy = 60 GeV BR(f — tX1) =1
figure 6(b) mg, mg, mg > my +my BR(§ — f1t) =1 figure 32
Mg = 2mgo BR(f; — b>~(1i) =1
mgo = 60 GeV BR(XT — W) =1
figure 6(c) mg, mg, mg >mg +my BR(§ — hit) =1 figure 33
mgo =mg — 20 GeV BR(# — c)NC?) =1
figure 6(d) mg, mz, mg > mg +my BR(§g— t1t) =1 figure 34

BR(#; — sb) = 1

figure 7 Mg, My, mg > my + mp BR(§ — bib) =1 figure 35

mgo = 60 GeV BR(b; — b>~<(1)) =1

figure 8(a) | mg,m 0 mg < my, If mg > 2my + mypo: BR(g — tff(?) =1 figure 30
If mg < 2my + mge:

BR(j — tWbX])+BR(§ — WbIWbX]) = 1

figure 8(b) | mg, Mo 2my, + mgo < mg <K my BR(g — bB)NC?) =1 figure 36
figure 8(c) Mg, Mo My My Mg < mg K my,,my, BR(g — tbfﬁi) =1 figure 37
Mg = mgo + 2GeV BR()Zli — )Z(fff’) =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 ﬁc into a W boson and the )2(1), as shown in figure 4. The
free parameters in these models are mg or mg, and either My with a fixed myo = 60 GeV
or mgo with Mo = (mgyg +mygo)/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 (5(8).
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
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Figure 3. The decay topologies of (a) squark-pair production, (b) squark-gluino production or
(¢,d) gluino-pair production, in the simplified models with direct decays.
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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 Mot c0 =
1,42

(mgyg + mg0)/2, while the slepton and sneutrino masses are set to be m; ; = (mili 8T
m)a)) /2. All three slepton flavours are mass-degenerate in this model. A separate model

in which the slepton is exclusively a 7 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 m_

X
neutralino mass is set to be myo = (m;(i + mi?)/2.
1

+ = (mgg + mgo)/2 and the next-to-lightest
X

These two categories of simplified models with two-step decays of squarks and gluinos
are illustrated in figure 5.
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Figure 5. Examples of decay topologies of (a, b) squark- or (¢, 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 #; or by
are produced via gluino-pair production followed by § — 1t or § — bib decays. Gluino-stop
models within this class assume that the #; is the lightest squark while all other squarks
are heavier than the gluino, and m; > mg +my such that the branching ratio for § — ¢t

decays is 100%. Top squarks are assumed to decay via either £; — t>~<(1), t — bﬁc, t, — cf(?,
or via t; — sb with R-parity and baryon number violation, as illustrated in figure 6. For the
model with the #; — bf(li 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 t; — %1 decay, which proceeds via a loop and is most relevant when the ; — ALIS%
decay is kinematically forbidden, the mass gap between the #; 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 #;, which is more difficult
to extract from the background for this specific decay mode [21]. Gluino-sbottom models
within this class assume that the by is the lightest squark, all other squarks are heavier
than the gluino, and my; > mg + my such that the branching ratio for § — bib decays is

100%. The bottom squarks are assumed to decay exclusively via b — 3% (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 #; or the by 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 £; is assumed to be the lightest squark, but mg < my . A three-
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Figure 6. Decay topologies in the gluino-stop simplified models with the top squark decays: (a)
f — XY, (b) t; — b)hi, (c) t, — X! and (d) t; — sb with R-parity and baryon number violation,
with a strength determined by the parameter A\5ys.

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

body decay g — #X! via an off-shell stop is assumed for the gluino with a branching ratio
of 100%. For the configuration mg < 2m; + mgo, decays of the gluino involve an off-shell

top quark, e.g. the four-body decay g — tWbXY. 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 by is assumed to be the
lightest squark but with mg < mg . A three-body decay g — bbX] 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 by and #; are the lightest squarks, with mg < mg -
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 t; — b + ﬁc
and by — ¢ + ﬁt decays. The mass difference between charginos and neutralinos is set to
2 GeV, such that the fermions produced in )ZI‘L — X1+ f /' decays do not contribute to the

event selection, and gluino decays result in effective three-body decays bEx;.
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Figure 8. The decay topologies in the (a) gluino-off-shell-stop, (b) gluino-off-shell-sbottom and
(¢) 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 47 coverage in solid angle.?> The
inner tracking detector (ID) consists of pixel and silicon microstrip detectors covering
the pseudorapidity region |n| < 2.5, surrounded by a transition radiation tracker (TRT)
which enhances electron identification in the region |n| < 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 |n| < 3.2. A
steel /scintillator-tile calorimeter provides hadronic coverage in the central pseudorapidity
range (|| < 1.7). The endcap and forward regions (1.5 < |n| < 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 |n| < 2.7, while dedicated fast chambers allow triggering in the
region |n| < 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
20.3fb~!, 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 x
1033 ecm 25!, 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

SATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the
centre of the detector. The positive z-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, ¢) are used in the transverse plane, ¢ being the azimuthal angle around
the z-axis. The pseudorapidity 7 is defined in terms of the polar angle 8 by n = —Intan(6/2).
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triggers or combinations of triggers were used: Elrniss triggers, multi-jet triggers, combined
EIiss et lepton+ERSS or lepton-+jet+ESiSS 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 tt 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 ¢t sample. The SHERPA Drell-Yan samples
have a lepton filter requiring pZTl(b) > 9 (5)GeV and |n1(®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 p 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 pr(t) 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 mg — mgo > 2my) 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 mg — mgo < 2my, the production of
gluino pairs is generated with MADGRAPH 5 1.3.33. The events are subsequently combined
with separately generated gluino decays § — fff" f”bbX] 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 CTEQG6L1 [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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Generator

Cross-section

Process . Tune PDF set
order in ag
W (— lv)+jets SHERPA 1.4.1 [75] NNLO [76] SHERPA default CT10 [77]
Z/v*(— L0)+jets SHERPA 1.4.1 NNLO [76] SHERPA default CT10
Drell-Yan SHERPA 1.4.1 NNLO [78] SHERPA default CT10
(8 < my < 40GeV)
ALPGEN 2.14 [79]
Z[y*(— ) + jets NNLO [78 AUET?2 [80 CTEQ6L1 [81
[T (=) ] + HERWIG 6.520 [82, 83] (78] [80] QBL1 [81]
(10 < mg < 60 GeV) + JiMMY [84]
Y+jets SHERPA 1.4.1 LO SHERPA default CT10
_ Pownec-Box 1.0 [85-87 PERUGIA2011C
1 185 87] ANLO-NNLL [s8, 9] CT10
+ PyTHIA 6.426 [90] [91, 92
tt SHERPA 1.4.1 NNLO+NNLL SHERPA default CT10
Single top
ACeErRMC 3.8 [93
t-channel 193] NNLO-+NNLL [94] AUET2B [95] CTEQS6L1
+ PyTHIA 6.426
Mc@nro 4.03 [96, 97
s-channel, Wt 196, 7] NNLO-+NNLL [98, 99 AUET2B CT10
+ HERWIG 6.520
_ MADGRAPH 5 1.3.28 [100
tt +W/Z boson [100] NLO [101-103] AUET2B CTEQSL1
+ PyTHIA 6.426
Dibosons
WW,WZ, ZZ,
' SHERPA 1.4.1 NLO [104, 105] SHERPA default CT10
W~ and Z~

Table 4. The Standard Model background Monte Carlo simulation samples used in this paper.
The generators, the order in ay 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
~v+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 HERwWIG++. 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 PyYTHIA 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/~v+jets samples with boson
pr < 280 GeV and POWHEG-BOX+PYTHIA tt 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 pp > 400 MeV. When
more than one such vertex is found, the vertex with the largest Zp?r of the associated
tracks is chosen.

Jet candidates are reconstructed using the anti-k; 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 pp > 20 GeV and |n| < 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 ¢t 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 pr > 40 GeV and || < 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 pr > 10 GeV and
In| < 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 pr > 10 GeV and |n| < 1.37 or
1.52 < |n| < 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
pr > 10GeV and |n| < 2.4 or 2.5, depending on the analysis.

Reconstruction of hadronically decaying tau leptons starts from jets with pp >
10 GeV [138], and an n- and pp-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 pr > 20GeV and |n| < 2.5. The “loose”
and “medium” working points [138] are used and correspond to efficiencies of approxi-
mately 70% and 60%, independent of p, with rejection factors of 10 and 20 against jets
misidentified as tau candidates, respectively.

After these selections, ambiguities between candidate jets with |n| < 2.8 and leptons
(electrons and muons) are resolved as follows. First, any such jet candidate lying within
a distance AR = /(An)2 + (A¢)? = 0.2 of a preselected electron is discarded; then any
lepton candidate within a distance AR = 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 AR(e,pn) > 0.01. If
two preselected electrons are found within an angular distance AR(e,e) = 0.05 of each
other, only the electron with the higher pr 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 < |n| < 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
pr >10GeV and jets with pr > 20 GeV are used. Energy deposits not associated with
these objects are also taken into account in the E%ﬁss calculation using an energy-flow al-
gorithm that considers calorimeter energy deposits as well as ID tracks [141]. In the E%liss
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 (S%, and Sgg?p) are derived using the C'Lg
prescription [143], neglecting any possible signal contamination in the control regions; an

uncertainty on S22 is also computed from the 1o uncertainty on the expectation. These

exp
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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 ({eo)% ), 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 (pg) 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 1o 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 2jI’ region from the O-lepton + 2-6 jets + Elfniss analysis is referred to as ‘OL_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 O-lepton + 2-6 jets + ER% 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

O-lepton + 2-6 jets + Emiss [20] OL | 2jL, 2jm, 2jt, 2jW, 3j, 4§W, 4jl-, 4il, 4jm, 4jt,
50, 6il, 6jm, 6jt, 6jt+

0-lepton + 4-5 jets + ERIsS (x) 0L 4jt+, 5jt

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

780, 8j80, (multi-jet+flavour stream),
8j50, 9350, 10§50 (multi-jet+M?7F stream)

0-lepton Razor (e) OLRaz | SRigoses SRiight

1-lepton (soft-+hard) + jets + EMsS [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 + ERiss (x) 1L(H) | 7-jet

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

2-leptons (hard) + jets + Emiss [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 + EXs [25] | SS/3L | SR3b, SR0Ob, SR1b, SR3Llow, SR3Lhigh
Taus + jets + ERiss [26] TAU 17 (Loose, Tight),

27 (Inclusive, GMSB, nGM, bRPV),

7+ 1 (GMSB, nGM, bRPV, mSUGRA)
0/1-lepton + 3b-jets + Eiss [27] 0/1L3B | SR-01-4j-A, SR-01-4j-B, SR-01-4j-C,
SR-01-7j-A , SR-01-7j-B, SR-01-7j-C,
SR-11-6j-A, SR-11-6j-B, SR-11-6j-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 (e), 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 gtatistical 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-prt jets, missing transverse momentum and no elec-
trons or muons

Several searches to address final states without electrons or muons, containing high-pp
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, O-lepton +
2-6 jets + ErT]“iSS (extended with two additional signal regions) and O-lepton + 7-10 jets
+ EITniSS, 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
OL [20] 394, g — gf((l), g— qqf((l) mg > 1330 GeV myo = 0GeV
qq, ¢ — qi? mg > 850 GeV mgo = 0GeV, mass degenerate ¢
qq, ¢ — q>~([1) mg > 440 GeV mgo = 0 GeV, single flavour ¢
33, § — qqW s mg > 1100GeV | mgo = 0GeV
G, G — qW s mg > T00GeV | mgo = 0GeV
33, § — tit, t1 — Xy mg > 1100 GeV | mz = 400 GeV, mgo =mg — 20 GeV
MULTJ [22] G4, § — tEXS mg > 1100 GeV | mgo < 350 GeV
39, § — qqW X3 mg > 1000 GeV | mgo < 200 GeV
99, § — agW ZX3 mg > 1100GeV | mgo < 300 GeV
1L(S,H), 33, § — qqW X! mg > 1200GeV | x = Am(xit,f(?)/Am(g, )2(1)) =1/2, mgo = 60 GeV
2L(S), i, 4 — qW xS mg >T700GeV | = Am(xi, X1)/Am(q, X1) = 1/2, mgo < 200 GeV
2LRaz [23] a4, g — qqéufé? mg > 1320 GeV myo = 100 GeV
qq, ¢ — qﬁuf(‘f mg > 840 GeV mgo = 40 GeV
§d, § — tit, & — X3 mg > 1200 GeV | mz = 200GeV, mg = my, — 20 GeV
3G, § — qqWZX8 mg > 1140 GeV | mgo < 200 GeV
2L-offZ [24] 39, §— qq(te/tv/v)X} | mg > 1170GeV | mgo =50 GeV
i, G — q(t/tv/v)X} | mg > T80GeV | mgo =50 GeV
SS/3L [25] G, § — X mg > 950 GeV
33, § — tit, &, — sb mg > 850 GeV
33, § — qgW X! mg > 860 GeV | mgy < 400 GeV
33, § — qqW Z X3 mg > 1040 GeV | mgo < 520 GeV
@, G — qW 22X} mg > 670GeV | mgo < 300 GeV
39, §— qq(00/tv/v)X} | mg > 1200GeV | mgo < 660 GeV
@, @ — q(0/tv/v)X] | mg > T80GeV | myp < 460 GeV
TAU [26] 399, § — qq(TT/Tu/uu))Z(f mg > 1090 GeV | nGM model, 7 is NLSP
0/1L3B [27] 33, § — X} mg > 1340GeV | myo < 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 ¢¢ pair production [144]
excludes charm squark masses up to 490 GeV for mgo < 200 GeV (95% CL).

The monojet (MONOJ) analysis, originally designed to search for direct production
of top squarks (), each decaying into a charm quark and a neutralino (32(1)) [21], targets
final states characterized by at least one high-pr jet (with pp > 150 GeV and |n| < 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 E%ﬂss.
Three signal regions which are based only on different selection criteria related to the jet
pr and ErTniSS 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 ¢ — q>~<(1) with
a small 5792(1) mass difference.
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Signal region name | OL_4jt+ | OL_5jt
Number of jets > 4 5
Bmiss i > 0.30 0.15
mind [GeV] > 2200 1900

Table 8. Additional OL signal regions optimized to increase the sensitivity of the search for left-
handed squarks within the pMSSM.

The 0-lepton + 2-6 jets + ER (OL) search [20] targets final states where each initial
squark yields one jet and E%iss and each initial gluino yields two jets and E?iss. Additional
decay modes can include the production of charginos via § — q)ﬁE and g — qzjﬁc, where the
subsequent decay of these charginos to a W boson and ! 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 pr > 40 GeV and |n| < 2.8), and
are based on different selection criteria on the effective mass mi}ﬁ?l, defined as the scalar sum
of E%ﬁss and the pr of the jets; the ratio of E%“iss / mi\é}, where mi\g is meg constructed from
only the leading [V jets; and the minimum azimuthal angle between jets and E%‘iss. Two
of the signal regions are designed to improve sensitivity to models with the cascade ¢ or §
decay via )Zic to W and )2(1), in cases where the fﬁ is nearly degenerate in mass with the ¢
or g. These signal regions place additional requirements on the invariant masses m(Weand)
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 OL search for left-handed
squarks within the pMSSM model described in section 2. These two signal regions target
the two one-step decays of qr,, g1, — qf(i — quX(f and ¢, — qf(% — q(Z/h)f((f and are
obtained by optimizing on two variables, E%ﬁss / mé\g and mielgl, 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 ¥* and %Y in their decay chain, and is the
main topology targeted by the 0-lepton + 7-10 jets + E2isS (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 (py > 50 GeV
and |n| < 2) and number of b-jets (pr > 40 GeV and |n| < 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—i—M? 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-k; algorithm with R = 1.0. The event variable M?
is computed as the sum of the masses of the composite jets: M = > j mf':l‘o, where the
composite jets satisfy p=10 > 100 GeV and [n#=10| < 1.5. In total, nineteen signal regions
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OLRaz_SRiyse | OLRaz_SRy;gnt
Emiss [GeV] > 160
Pt [GeV] > 150 200
Ad(jety o, ERISS) > 0.4 1.4
R > 0.5 0.6
M}, [GeV] > 700 900

Table 9. Overview of the selection criteria for the two signal regions used by the 0LRaz analysis.
The OLRaz_SRyight targets high masses of the heavy produced sparticle, and the OLRaz_SRigose
targets small mass splittings between the heavy produced sparticle and the LSP. Details of the
construction of Razor variables M},% 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 [\ /Hr (where Hr is the scalar sum of the pr of all jets) and on the event variable M?7.

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 E%liss
triggers which are fully efficient for the event selections considered in this search. The new
O-lepton Razor (OLRaz) analysis presented here selects events with at least two high-pp
jets and El}liss. 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 OL 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, SRjgese, targets models with small mass splittings which typically have
softer visible objects, while the other signal region, SRyignt, 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-pr 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 + ES5 (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 pr >25GeV in the hard lepton selection, or an electron (muon) with
pr > 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 OL 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 ER, 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 X9 — €+£_>~<(1), where X3 is produced
in the decays of squarks and gluinos, e.g. ¢ — q>~(8 and ¢ — qqig. Compared to the
decay Z — (¢, which leads to a peak in the my, distribution around the Z boson
mass, the decay X5 — £+0=X] leads to a rising distribution in my, that terminates at
an endpoint (“edge”) [147] because events with larger my values are kinematically for-
bidden. Four signal regions are defined by requirements on jet multiplicity, b-tagged jet
multiplicity and Elfniss. 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 tf 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 gg or g¢ production with subse-
quent § — ¢q 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 E%liss,
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 + ERi5 (TAU) search for various models: one hadroni-
cally decaying tau (17) or two or more hadronically decaying taus (27) in the final state with
no additional light leptons (e/u) and one or more tau leptons with exactly one lepton (one
electron (7+e€) or muon (7+p)). The different topologies (17, 27 and 7+ ¢, 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 EEE“SS 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 pp and 7 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 E%‘iss, and additional subdominant uncertainties on E%liss 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 pp- 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 PDF's are computed following the PDFALHC 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+PYTHIAG 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
OLRaz search are estimated to be 6% in the OLRaz_SRjy0se signal region and 9% in the
OLRaz_SRyight 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 + E&Xiss
analysis, 1L(H)_7-jet, the overall background uncertainty is estimated to be 35%, and it is
dominated by the modelling of the ¢t process in the events with high jet multiplicity. The
estimated background uncertainties in the two additional signal regions for the 0O-lepton
+ 26 jets + E%iss analysis, 0L_4jt+ and OL_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 OL analysis. Table 12 displays the equivalent results for
the two signal regions of the new OLRaz 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 (S%, and S22.),

exp

together with the upper limits on the visible cross-section of BSM physics ({€0)%.) and
the p-value for the background-only hypothesis, are also presented in the tables 11-13. The
confidence levels are calculated with the C'Lg 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 OL 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 (0OL). They
are statistically independent due to a veto on any electron or muon with pp > 10 GeV in
the case of the OL search, and requiring an electron or muon with pr(e/u) > 25GeV (hard
single-lepton) or pr(e/u) > 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 OL 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 OL
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 OL analysis the likelihood for the signal region that provides
the best expected CLg 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 OL_4jt+ OL_5jt

Expected background events before the fit

tt (+ V) + single top 0.37 2.9
W +jets 0.75 4.5
Z/v*+jets 2.1 4.8
Diboson — 0.32

Fitted background events
tt (+ V) + single top | 0.39+0.32 | 3.0+ 1.8

W +jets 0.55+0.33 | 20+£1.5
Z/y*+jets 0.107547 | 1.740.9
Diboson — 0.32£0.16
Multi-jet - 0.580 13
Total background 1.044+043 | 76+1.9
Observed events 0 8
(ea)9p [fb] 0.17 0.40
So 3.4 8.2

3 3.1
5%, s5t8 | Tt
p(s =0) 0.50 0.35

Table 11. The background expectations before the fit and the background fit results for the new
OL 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

9 ) and on the number of signal events (S%,).

95% CL upper limits on the visible cross-section ({ec)

The expected upper limit on the number of signal events (ngp) is calculated from the expected

number of background events after fit, with uncertainties indicating the +1o 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 Effniss—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 OL 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 X! mass and approximately 50 GeV higher squark or gluino mass
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Signal region OLRaz_SRiyose | OLRaz_SRy;gnt
Expected background events before the fit
tt 138 1.8
Single top 23.9 1.6
tt+V 4.7 0.2
W+jets 794 49
Z+jets 762 58
Diboson 112 10
Fitted background events
tt 117+ 22 1.7+0.5
Single top 249+ 2.6 1.8+ 0.3
tt+V 3.7£1.0 0.20 =+ 0.07
W +jets 454 4+ 40 27.0+ 3.0
Z+jets 618 + 76 45+ 6
Diboson 94 +£49 10+5
Multi-jet 14 +13 24+24
Total background 1326 + 84 88+ 8
Observed events 1322 74
(ea)2D [fb] 6.17 0.83
S9%. 125.3 16.8
Soeo 135.15555 24.3%55
p(s =0) 0.49 0.50

Table 12. The background expectations before the fit and the background fit results for the
OLRaz 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 ({ec)2p,

The expected upper limit on the number of signal events (ngp) is calculated from the expected
number of background events after fit, with uncertainties indicating the +1¢ deviations from the

expectation. The p-value (p(s = 0)) is also presented in the table.

) and on the number of signal events (S%,).

for massless neutralinos. The combined limit also approaches the diagonal m(>~<(1)) =m(q,q)
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
tt 81
Single top 3.4
tt+V 2.8
W +jets 11
Z+jets 0.59
Diboson 2.7
Fitted background events
tt 56 £ 27
Single top 3.4+22
tt+V 2.8+1.0
W+jets 8+4
Z+jets 0.59 +0.17
Diboson 2.7+1.5
Multi-jet 24423
Total background 76 + 27
Observed events 68
(ea)2p [fb] 2.06
So. 41.9
5%, 513
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
Also shown are the 95%
5%,
) is calculated from the expected

uncertainties on the event samples with the systematic uncertainties.
CL upper limits on the visible cross-section ({ec)?

obs) and on the number of signal events (
The expected upper limit on the number of signal events (

59
xp
number of background events after fit, with uncertainties indicating the +10 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 )a[ into a W boson and the Xi. The mass of the ﬁ[ is chosen to be
between the mg and mgo and is determined by z = (mﬁ —mgo)/(mg — mgo) = 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 OL 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 )Zli into a W boson and the X). The mass of the >~(1i is chosen to be between
the mg and myo and is determined by x = (m)zli - mﬁ))/(mg —mgo) = 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 OL and the 1L(S,H) analyses are overlaid in green and

magenta, respectively.

— 34 —



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 OL 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 C'Lg
value. Expected limits from the individual analyses which contribute to the final combined
limits are also presented for comparison. The :tlatsl}égg, lines around the observed limits
in the figures are obtained by changing the signal cross-section by one standard deviation

(£10), as described in section 8. All mass limits on supersymmetric particles quoted later

SUSY

theory line.

in this section are derived from the —1o

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: mg, , My and My, where M and M, are the masses associated with the
bino and wino fields. For the exclusion limits in figure 11 either M; is fixed to 60 GeV and
Mj is varied independently, or M; is varied and My is set to My = (M; + mg, )/2. The
figures show limits in the (mq,mxi Xo) and (mg, mg) planes, for various gluino masses,
as obtained from the OL analysis with the addltlonal 0L_4jt+ and OL_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 i / X9 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 (mg, m;/,) mMSUGRA/CMSSM plane with tanj3 = 30,
Ag = —2mgy and g > 0 are shown in figure 12. In the parameter space region with
mo values smaller than about 1800 GeV the best sensitivity is obtained with the (0+41)-
lepton combination, which slightly improves the individual limit obtained by the 0L_3jt
signal region from the OL search. For high mg 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 (mg, m, /2) plane in figure 13. The best
sensitivity is provided by the TAU and the SS/3L searches. For my values smaller than ap-
proximately 750 GeV the sensitivity is dominated by the TAU search which excludes m, /;
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 M; and M, which are associated with the bino and wino masses,
respectively. The limits are obtained from the 0L analysis with the additional OL_4jt+ and OL_5jt
signal regions optimized specifically for this model. The parameter set considered here has either
(a, ¢, ) My = 60GeV and M, varying or (b, d, f) My = (M7 + mg, )/2 and M; varying. For
each M, M, combination three gluino masses are considered, mz = 1600, 2200, 3000 GeV. Gluino
pair production is not included. The solid red line and the dashed blue line show respectively the
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combined observed and expected 95% CL exclusion limits.

— 36 —



MSUGRA/CMSSM: tan(p) = 30, A_ = -2m, it > 0

> 1000 2P i " T T Animisatsshcl B
S 900 C . ATLAS \\\ W@ - Expected (+16,,) n
o — \ == Observed (t10,,°") —
1S - [s=8TeV, L ='201b" Expected  (0+1)-lepton combination ]
800 :_ . %, \\\ --Expected  0/1-lepton + 3 b-jets + E:iss {
700 =
600 - =
500 ‘ _
400 o Eio s \ -
300:.\.\..|....|.\...|....|....|...1.:

0 1000 2000 3000 4000 5000 6000
m, [GeV]

Figure 12. Exclusion limits in the (mg, m,/2) plane for the mSUGRA/CMSSM 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.
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Figure 13. Exclusion limits in the (mg, m; /o) 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 mg values the best sensitivity is provided by the SS/3L_SR3b signal region from the
SS/3L search, which excludes values of m, /, between 200 GeV and 490 GeV. For my values
below 2200 GeV, signal models with my /5 < 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 (A, tan ) 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 A and large tan 8 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 A and the tan 8 value. The region of small A and
large tan 3 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 A up to about 75TeV.

11.1.4 Natural gauge mediation model

The limits obtained for the nGM scenario are shown in figure 15 in the (msz, mg) 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 7 mass.

11.1.5 Non-universal Higgs mass model with gaugino mediation

The exclusion limits in the context of a NUHMG model with parameters mg = 0, tan 3
=10, p > 0 and mf% = 0 are shown in the (m%{l, my/2) plane in figure 16. They are
provided by the (0+1)-lepton combination. A band in the (m%{I, my/;) plane can be
excluded, extending up to the ranges 2000 x 103 GeV? < m%,l < 5400 x 103 GeV? and
450 GeV < my 5 < 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/R.,
AR.) 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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Figure 15. Exclusion limits in the (mz, mz) plane for the nGM 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.
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Figure 17. Exclusion limits in the (1/R., AR.) plane for the mUED 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.

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 (AR.) is smaller than 13, the
combined exclusion is dominated by the 2L(S) and 2L.Raz searches which are combined
based on the best expected C'Lg value, while in the remaining regions of the parameter
space the final exclusion is dominated by the SS/3L_SR3Lhigh and SS/3L_SROb signal
regions from the SS/3L search. Values of 1/R. 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 OLRaz) are presented in-
dividually along with the combined expected and observed exclusion limits. The OL and
O0LRaz 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 ¢ — q)~((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 OL 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 OL 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 g — qqf(? 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 §g strong production with the direct decays of squarks § — q>~<(1)
and gluinos g — qq>~<(1) is considered in figure 20, taken from ref. [20], for the OL analysis.
The squark mass is fixed at 0.96mg in figure 20(a), and gluinos can decay via on-shell
squarks as § — gq — qq>2(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 (mg, mg) 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: mgo = 0GeV, 395 GeV or 695 GeV. Depending on the
mass hierarchy, the § — ¢q and ¢§ — gq 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 X1
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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 § — qqXi taken from the OL 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 OL 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 >~<(1), e.g. 550 GeV for a gluino
mass of 850 GeV (figure 21(b)). The cross-section exclusion for the § — gX! model is very
similar to that for the § — q)?? 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 Mo = (mg+mg0)/2 and
the result is shown in the (mg, mgo) 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 (mg, ) plane, where z is defined as x = Am(ﬁc, X?)/Am((j, )2(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 = values. The 1L(S,H) search yields stronger limits than the OL
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 OL 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 my 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 7TeV 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 X! mass for a fixed gluino
mass of mz = 850GeV. 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 o-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 qW>~<(1). Figure (a) shows the limits in the (mg, mﬂ)) plane for a chargino mass fixed at

My = (mg+mgo)/2. Alternatively (b), the neutralino mass is fixed at 60 GeV and exclusion limits

are given for z = Am(f(li, )ﬁf)/Am((j7 )2(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 quf(? are shown in figure 23. Figure 23(a) shows the limit for a
chargino mass fixed at m s+ = (mg+mgo)/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
T = Am(f(?,fég)/Am(g,X?). Nearly the whole range 0 < =z < 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 ¢qWZ X! are shown in figure 24. Results are obtained with
two searches, the OL and the SS/3L searches. The OL search is mainly sensitive in the
low-mass region of 240 GeV < mg < 300 GeV, whereas the SS/3L search is most sensitive
for squark masses between 450 and 650 GeV, where X! 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 gqWW 2 X! 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 X} mass limits at low gluino masses.
For the intermediate range around mg ~ 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, X! masses are excluded up to the kinematic limit indicated by the
diagonal line, and in the range 500 GeV < mg < 1000 GeV lower limits on X! masses are
set around 400 GeV. For my = 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 (mg, mﬁ)) 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 X1
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 (mg,myo) plane. The combined 1L(S,H)+2LRaz searches based on
the best expected CLg 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 X! masses below 100GeV, 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 quf((f. Figure (a) shows the limits in the (mg, mﬂ)) plane for a chargino mass fixed at

My = (mg+myo)/2. Alternatively (b), the neutralino mass is fixed at 60 GeV and exclusion limits

X
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dashed red line show respectively the combined observed and expected 95% CL exclusion limits.
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generation squark-pair production with two-step decay into qgWW ZZ X1X? 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 (mg, mi?) plane for a simplified model of gluino-pair production

with two-step decay into qqq¢'¢ WW ZZ X1X? 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 28. 95% CL exclusion limits in the (mq,mﬁ) 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 (mg, mf(?)

plane. For light >Z(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 (mg,m;{(l)) plane. For

light X! 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 (m§7m>”<?> plane in figure 30, where a 100% branching ratio for the

decay g — XY via an off-shell stop is assumed. In the regions where mgz < 2m; + mgo,

the three-body decays (g — tf)E(l)) 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 Effniss are expected, the sensitivity
is dominated by the 0/1L3B_SR-01-7j signal regions from the 0/1L3B search. For these

models, gluino masses below about 1310 GeV are excluded for mgo < 400 GeV.
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Figure 29. 95% CL exclusion limits in the (mg,mﬁ)) 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 (myg, mfc(f) plane for the gluino-off-shell-stop simplified models

in which the pair-produced gluinos decay via an off-shell stop, as g — ##X7. In the region below
the grey dashed line labelled “On-shell region”, mg > 2m; + myo and thus gluinos decay to two
real top quarks. In the “Off-shell region”, msz < 2m; + mgo and the decays of the gluino involve

an off-shell top quark. Only four-body (§ — th)Z?) and five-body (§ — Wbbe(?) 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 (mg, mz,) plane for the gluino-stop simplified models in which
the top squarks are produced in the decay of pair-produced gluinos and decay via t; — X}. 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 (mg, m;, )
plane in figure 31. The ¢ is assumed to be the lightest squark while all other squarks are

heavier than the gluino, and m; > my +my such that the branching ratio is 100% for

G — t1t decays, and the top squark decays as t; — ¢X1. 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 £; — b)ﬁc
decay of the top squark, are also given in the (mg, mgl) 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 t; — tf(?, presented in figure 31,
the sensitivity in these models is lower for most of the parameter space where soft ErTniSS and
jets are expected from the chargino decay Xli — W*X!. Gluino masses below 1180 GeV
are excluded for stop masses up to 1000 GeV in these models.

Another possible decay of the top squark, £; — c>~<(1), is considered within the same class
of simplified models, with the mass difference between the #; 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 OL 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 mg = 900 GeV). The resulting exclusion limit is presented
in the (mg, mf1) plane in figure 33, and reaches gluino masses up to 1260 GeV.
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Figure 32. Exclusion limits in the (mg, mz,) plane for the gluino-stop simplified models in which
the top squarks are produced in the decay of pair-produced gluinos and decay via t; — bfﬁi. 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 (mg, m; ) plane for the gluino-stop simplified models in which
the top squarks are produced in the decay of pair-produced gluinos and decay via t; — ¢+ X?. The
mass difference between the #; 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 (mg, mz,) 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 ¢; — 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, t; — sb, involves
R-parity and baryon number violation. The result is presented in the (mg, mgl) 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 g — bib decays is 100% and the bottom squarks are assumed to decay exclusively
via by — bX! 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 g — bbX] via an off-shell sbottom, are
given in the (mg’mfc?) plane in figure 36. The best sensitivities are provided by two
searches, the 0/1L3B and the OL 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
ErT]rliss are expected in the final state. In these models, gluino masses below 1250 GeV are
excluded for mgo < 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 (btf((f). 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 (mg, m; ) 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 (mg,mi?) plane for the gluino-off-shell-sbottom simplified

models in which the pair-produced gluinos decay via an off-shell sbottom as g — bbX?. 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 (mg, mf(?) 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-pr 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~!. 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 g — tEX) 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 § — tX] to the region my + mw + mp < mg — mgo < 2my, 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 mg — mgo > 2my, but it was found that

for a 100% branching ratio hypothesis for the § — XY 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
(mz, = mg, t; = tg). 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 mg — mgo > my +my + my.

Despite the restriction of the model parameter space to regions where four-body gluino
decays g — tWHXY 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 g — tWbX! becomes too soft for ex-
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perimental detection when mgz ~ m; + mw + my + mgo, whereas it can still get sizeable

momentum in the alternative decay g — WWbbX!]. 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 mg —mgo > 2my 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 § — ff'f"f" bbX 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-pr 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+PYTHIAG setup used to generate five-body gluino
decays g — WHW—bbX}: 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 § — X} (mg = 1TeV, mgo = 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/, 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 + 26 jets + EXisS (OL) search [20], and are not discussed here.
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Signal region

Requirement

M1 M2 M3

Jets At most three jets with

preselection pr > 30GeV and |n| < 2.8

Pt [GeV] > 280 340 450
Emiss [GeV] > 220 340 450
Ag(jet, ERIsS) > 0.4

Table 14. Selection criteria used to define the three signal regions in the search with at least
one high-pr jet and large missing transverse momentum (Monojet) [21]. The azimuthal separation
Ag(jet, EX) 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}, can be defined in this frame:

Mp = \/(jl,E + jo,8)% — (J1,L + J2.1)?, (C.1)

where j; 1, denotes the longitudinal momentum, and j; g the energy in the R-frame, of the
mega-jet .

To help reduce the SM backgrounds, a second variable, M%, 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 E%iss from the escaping LSPs. Assigning half of the
missing transverse momentum per event to each of the LSPs, ML is defined as

Emiss ; ; _Emiss (A :
ME = \/ T (e +Jer) — EX™ - (G + J21) (C.2)

2 )

where j; T denotes the transverse momentum of the mega-jet i. The variable M% is designed
such that for small values of E%liss, M%Z is also small. If the multi-jet event were perfectly re-
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Requirement Signal region
21 | 2jm | 2t | 2jW | 3j | 4jW
B [GeV] > 160
Pt [GeV] > 130
2 [GeV] > 60
3 [GeV] > - 60 40
‘*4 [GeV] > - 40
A(;S(Jetl,z(g), ER™)min > 0.4
Ad(jet; s, B ) min > - 0.2
W candidates - 2W =) | - [ W =g+ (W)
B /Hr [GeV'/?] > | 8 | 15 -
BRI fml > - 0.25 0.3 0.35
misel [GeV] > 800 | 1200 [ 1600 | 1800 | 2200 1100
Requirement Signal region
4jl- | 40 [ 4jm | 45t | 55 [ 6j1 | 6jm | 6jt | 6jt+
BT [GeV] > 160
Pt [GeV] > 130
2 [GeV] > 60
ets [GeV] > 60
'“4 [GeV] > 60
pJ [GeV] > - | 60
Pt [GeV] > - | 60
Ad(jet, ,2,(3)> E$iss)min > 0.4
Ad(jet;s s, E‘““ss)min > 0.2
ERss /\/Hr [GeVY/?] > 10 -
B /ml > - 04 | 0.25 0.2 025 | 0.15
mz! [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 EfsS and the absence of isolated electrons or muons (0-lepton +
2-6 jets + EXs) [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
‘1= (‘very loose’), ‘I’ (‘loose’), ‘m’ (‘medium’), ‘t’ (‘tight’) and ‘t+’ (‘very tight’). The E%‘iss/mé\g
requirement in any Nj-jet channel uses a value of meg constructed from only the leading Nj jets
(mi\g) The final mii¢! selection, which is used to define the signal regions, includes all jets with
pr > 40 GeV. The variable Ht is defined as the scalar sum of the transverse momenta of all jets
with pr > 40 GeV. The azimuthal separation Ag(jet, EX%),,;, is defined to be the smallest of
the azimuthal separations between EXS and the reconstructed jets. In SR 2jW and SR 4jW
a requirement 60 GeV < m(Weand) < 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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Signal regions in multi-jet + flavour stream
Requirement
8j50 9j50 ‘ 10350 | 7j80 8j80
[l < 2.0
Pt [GeV] > 50 80
Njet =8 =9 > 10 =7 >8
Nb—jet
ol1|>2|0|1|>2| — Jo|1|>2]0]1]>2
(pr > 40GeV, || < 2.5)
ERs /\/Hr [GeVY/?] > 4
Signal regions in multi-jet + M7 stream
Requirement
8j50 \ 9j50 \ 10§50
™" < 2.8
T [GeV] > 50
Njet >8 ‘ >9 ‘ >10
M7 [GeV] > 340 and > 420 for each case
B} /VHr [GeV'/?] > 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 EXS and the absence of isolated electrons or muons (0-lepton
+ 7-10 jets + EX%) [22]. The four-momenta of the R=0.4 jets satisfying pr > 20 GeV and |5| < 2.8
are used as inputs to a second iteration of the anti-k; jet algorithm, this time using the larger distance
parameter R=1.0. The resulting larger objects are denoted as composite jets. The selection variable
M% is then defined to be the sum of the masses of the composite jets: M7 = Zj mle'o, where
the sum is over the composite jets that satisfy p%=1-0 > 100 GeV and [p#=1°| < 1.5. The variable
Hr is defined as the scalar sum of pr of all jets with pr > 40 GeV and |n| <2.8.

constructed then E%liss =0and M%% would also be zero, while in the case where a jet is mis-
calibrated, the fake E?iss tends to align with one of the mega-jets (that are back-to-back),
also creating small values of M{f. For SUSY-like events where the mega-jets tend not to be
back-to-back, and their vector sum is opposite to the E%iss, the quantity M{z is large. The
kinematic endpoint of M{? is the mass difference between the heavy and the light sparticles.

Finally, the razor variable is defined as:

_ My

R=_T
Mp

(C.3)

For SUSY-like events, when the mass splitting between the heavier and light sparticles
is large, M7, peaks near the mass of the heavier sparticle and Mrﬁ/ 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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Signal region

Requirement Single-bin (binned) soft single-lepton Soft dimuon

3-jet ‘ 5-jet ‘ 3-jet inclusive 2-jet
Ny 1 electron or muon 2 muons
p5[GeV] [7,25] for electron, [6,25] for muon [6,25]
Lepton veto No additional electron or muon with pr > 7GeV or 6 GeV, respectively
muu [GeV] - - - [15,60]
]Vjet [374] 2 5 2 3 2 2
pr °*[GeV] > 180, 25, 25 | 180, 25, 25, 25, 25 130, 100, 25 80, 25
Np_jet — — 0 0
EF= [GeV] > 400 300 180
mr [GeV] > 100 120 40
Emiss [ppincl 0.3 (0.1) 0.1 0.3
ARpmin(jet, £) > 1.0 \ - - 1.0 (2°9 muon)
Binned variable (Fmiss fminel in 4 bins) —
Bin width (0.1, 4™ is inclusive) -

Signal region
Requirement Single-bin (binned) hard single-lepton
3-jet ‘ 5-jet ‘ 6-jet

Ny 1 electron or muon
p7[GeV] > 25
Lepton veto T 2™Mepton 10 GeV
Njet >3 >5 >6
pr °*[GeV] > 80, 80, 30 80, 50, 40, 40, 40 80, 50, 40, 40, 40, 40
Jet veto (pr °i°t < 40GeV) | (pr 073 < 40 GeV) —
EXss [GeV] > 500 (300) 300 350 (250)
mr [GeV] > 150 200 (150) 150
ERiss Imexel > 0.3 — -
mi [GeV] > 1400 (800) 600
Binned variable (m% in 4 bins) (B in 3 bins)
Bin width (200 GeV, 4" is inclusive) (100 GeV, 3™ 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 + ERS) and in the search requiring two soft muons
(2-leptons + jets + EmMiss) [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 (mr)
of the lepton (£) and EXS is defined as mp = \/ prFEr}niSS(l — cos[A(b(Z Emiss)]). The inclusive
effective mass (m¥) is computed as the scalar sum of the pr of the lepton(s), the jets and Emiss:
mie = SV ph + Z;ij pr,; + ESsS where the index i identifies all the signal leptons and the
exel) is defined in a similar
mc

index j all the signal jets in the event. The exclusive effective mass (mgy
way to mgy , with the exception that only the three leading signal jets are considered. The minimum

angular separation AR, 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 ARyin.
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Signal region
Requirement Single-bin (binned) hard dilepton
Low-multiplicity (< 2-jet) 3-jet
ee/pp e ee/pp e
Ny 2, 2 of opposite sign or > 2
p5[GeV] > 14,10
Ny with 81< myp <101 GeV 0 — 0 —
Niet <2 >3
pr 1t [GeV] > 50,50 50, 50, 50
Np_jet 0
R >0.5 >0.35
M;% [GeV] > 600 (400 in 8 bins) 800 (800 in 5 bins)
M7, 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) [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 Mé and R can be found
in the appendix C.1. In this case, mega-jets are constructed using the final-state jets and leptons.

) Signal region
Requirement
SR-2j-bveto | SR-2j-btag | SR-4j-bveto | SR-4j-btag | SR-loose
Niet > > 2 > 2 > 4 >4 (2,>3)
Np_jet =0 >1 =0 > 1 o
EXiss [GeV] > 200 200 200 200 (150, 100)
mye [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 pr are selected. The leading lepton in the event must have
pr > 25GeV and the subleading lepton is required to have pp > 20 GeV. These two leptons are
used to define the dilepron invariant mass, mye. 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.
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Requirement Signal region

SR3b | SROb | SR1b SR3Llow SR3Lhigh
Leptons SS or 3L SS SS 3L 3L
Np_jet >3 =0 >1 - -
Njet > 5 3 3 4 4
Emiss [GeV| > 150 | > 150 | 50 < Emiss < 150 > 150
mr [GeV] > - 100 - - -
Veto - - SR3b Z boson, SR3b SR3b
meg [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 + EXis5) [25]. The effective mass (meg) is computed from all selected leptons and selected

o N Nie ‘s .
jets in event, as meg = Y ;0 Pr; + >0 pry + EX™. The transverse mass (mr) is computed

from the highest-pr lepton (¢1) and EX' as mp = \/2]0{13 Emiss(1 — cos[A¢(f, Emiss))),

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, for two simplified model signal
points, one with mgz = 450 GeV and mpsp = 400 GeV, where the Am = 50 GeV is small
(referred to as small-Amgigna1) and the other with mg = 850 GeV and mysp = 100 GeV,
where the Am = 750 GeV is large (referred to as large-Amygignal), after requiring no leptons
and at least two jets in the final state.

Since the variable M7, is related to the mass difference between the squark and the
neutralino, going from the small-Amgignal to the large-Amgignal, the events tend to populate
higher M7}, regions. Extending this to all points of the model with squark-pair production
followed by the direct decay of squarks, the average value of M7, is approximately constant
for a fixed mass splitting between the LSP and the squark, and increases with increasing
Am, while the average R-value tends to be around 0.5.

To select events for this search, the combination of two E%liss triggers, which are fully
efficient in events having offline reconstructed ErTniSS > 160 GeV is used. Two signal regions
which target different regions of the (myg, mﬁ)) plane are defined: SRigose and SRyight. Signal
region SRjoese has a lower requirement on R and targets regions of the (myg, mfc?) plane
with small mass splitting, which typically have softer visible objects. Signal region SR ight
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
17 Loose SR | 17 Tight SR
Taus Nmedium _ g
pr > 30GeV
Ag(jety o, BF™) > 0.4
A¢(r, BR™) > 0.2
my [GeV] > 140
ERs [GeV] > 200 300
Hy [GeV] > 800 1000
Requirement Signal region
27 Inclusive SR | 2r GMSB SR | 2r nGM SR | 27 bRPV SR
Taus Nloose > 9
pr > 20 GeV
Ap(jety o, EF™) > 0.3
mp +mp [GeV] > 150 250 250 150
HY [GeV] > 1000 1000 600 1000
Njey > - 4
Requirement Signal region
74+¢ GMSB SR | 7+{ nGM SR | 7+{ bRPV SR | 7+{ mSUGRA SR
Taus Nloose > 1
pr > 20GeV
Ne = 1
m% [GeV] > 100
meg [GeV] > 1700 - 1300 -
EF [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) [26]. The transverse mass m7. is formed from the EX and the pr of the tau lepton in the
17 channel as: mf = \/2pL ER5(1 — cos(Ag(t, ER))). In addition, the variable m7! +m? is used
as a discriminating variable in the 27 channel. The transverse mass m% is similarly formed from the
Emiss and the pr of the light leptons. The variable Hr is defined as the scalar sum of the transverse
momenta of the tau, light lepton and jets ( '{ft > 30GeV): Hy = Zf\[:‘l ph + Z;V:TI P+ EkNj{ pjTet.
The variable H%J 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:

H%j = vazﬂ Py + Zjvél PT+ D12 pjTet"". The effective mass (meg) is defined as meg = H%i—i—Er‘fliss.
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Requirement Signal region
SR-0¢-4j-A|SR-0(-4j-B|SR-0/-4j-C* |[SR-0/-7j-A [SR-0/-7j-B|SR-0¢(-7j-C

Baseline 0-lepton selection lepton veto, pjTeh > 90 GeV, EXIs > 150 GeV
N jets (pr [GeV]) > 4 (50) 4 (50) 4 (30) 7 (30) 7 (30) 7 (30)
EXiss [GeV] > 250 350 400 200 350 250
mc [GeV] > - - - 1000 1000 1500
m [GeV] > 1300 1100 1100 - - -
ERiss ) JHY [VGeV] > - - 16 - - -

Requirement Signal region

SR-1/-6j-A | SR-1/-6j-B SR-1¢-6j-C

Baseline 1-lepton selection | > 1 signal lepton (e,u), pjTetl > 90 GeV, ERiss 5 150 GeV

N jets (pr [GeV]) > 6 (30) 6 (30) 6 (30)

BT [GeV] > 175 225 275

mr|GeV] > 140 140 160

mi' [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 + Es5) [27]. The jet pr 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 mfe‘ﬁ?l is defined as the scalar sum of the Emiss
and the pr of all jets with pp > 30 GeV. In the 1-lepton selection the mie‘%fd is defined as for the 0-
lepton selection with the addition of the pr of all selected leptons with pp > 20 GeV. The exclusive
effective mass (mgf) is defined as the scalar sum of the EX5 and the pr of the four leading jets. The
transverse mass (mr) is computed from the leading lepton and the missing transverse momentum.
The variable Hiﬁj 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 (WW/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 ¢t +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 M7, for the major SM backgrounds in this search.
As previously discussed, the SM backgrounds tend to occupy regions with lower values
of M}, 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, 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
mg = 450 GeV and mysp = 400 GeV, and (b) where mg = 850 GeV and mrgp = 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 E%ﬂss and other variables, is used. Two dedicated control regions,
CRQioose and CRQyight, which use different selection criteria on R and Aqﬁ(p]f2 ,ErTmSS),
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 ¢t 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 OL 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 ¢t 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(— fv)+jets and semileptonic ¢t 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 — vv in the
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Figure 40. Distributions of the Razor variable R versus the characteristic mass in the R-frame M,
for the dominant Standard Model backgrounds: (a) Z+jets, (b) W+jets and (c) ¢, 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
ENss a5 EWS’ — Emiss 4 pp(4f) with the invariant mass of the leptons falling within a
Z-mass window, 66 < m(¢f) < 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, VRQjoose and VRQyight for Z-+jets, W-jets, tt 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, Wjets, tt and multi-jet processes are estimated by using the background-only fit,
as described in section 6. Figures 41 and 42 show the M}, 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, distributions in control regions for (a) Z+jets, (b) Wjets, (c) ¢t and
multi-jet backgrounds for (d) loose and (e) tight selection. The “Top” label includes all top-quark-
related backgrounds (¢, single top and ¢t + V'), while the “Others” includes the contributions of the
jets misidentified as leptons or of non-prompt leptons, and the y+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, distributions in validation regions for (a) Z-+jets, (b) W+jets, (c) ¢ and
multi-jet backgrounds for (d) loose and (e) tight selection. The “Top” label includes all top-quark-
related backgrounds (¢, single top and ¢t + V'), while the “Others” includes the contributions of the
jets misidentified as leptons or of non-prompt leptons, and the y+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) My 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 (t%,
single top and ¢ + V). All distributions are after the background-only fit has been performed.

The Razor variable distributions, My, and R, for the SM backgrounds and a simplified
model point with large-Amgignal are shown in figure 43 for SRigose and SRyight-
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