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Abstract

This note presents a search for supersymmetry by the ATLAS experiment at the LHC in
final states containing at least one isolated lepton (electron or muon), jets, with or without
b-jet requirements, and large missing transverse momentum. The kinematic reach of the
analysis is extended to soft leptons to increase the sensitivity to supersymmetric spectra with
small mass splitting. The search is based on the proton-proton collision data at a center-of-
mass energy /s = 8 TeV collected in 2012, corresponding to an integrated luminosity of
20 fb~!. No significant excess above the Standard Model expectation is observed. The
results are used to set limits on sparticle masses for various simplified models covering the
pair production of gluinos, first and second generation squarks and top squarks. Limits are
also set on a MSUGRA/CMSSM model and on the parameters of a minimal Universal Extra
Dimensions model.
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1 Introduction

Supersymmetry (SUSY) [1-9] has been proposed as a theory that could describe physical phenomena
beyond the Standard Model (SM). It postulates the existence of SUSY particles which differ by half a unit
of spin with respect to that of their SM partner. The squarks () and sleptons (£) are the scalar partners
of the quarks and leptons, the gluinos (§) are the fermionic partners of the gluons, and the charginos (i}
with i = 1,2) and neutralinos (X/? with j = 1,2,3,4), are the mass eigenstates formed from the linear
superpositions of the SUSY partners of the Higgs and electroweak gauge bosons.

If strongly interacting supersymmetric particles are present at the TeV-scale, they should be ac-
cessible at the Large Hadron Collider [10]. In the minimal supersymmetric extension of the Standard
Model [11-15] such particles decay into jets, possibly leptons and the lightest supersymmetric particle
(LSP). The LSP is stable, owing to R-parity conservation, and can be weakly interacting and therefore
escape detection, leading to missing transverse momentum (p‘Tniss and its magnitude E‘Tniss) in the final
state. Significant E™* can also arise in R-parity violating scenarios in which the LSP decays to final
states containing neutrinos or in scenarios where neutrinos are present in the cascade decay.

This note presents a search with the ATLAS detector for SUSY in final states containing jets, possibly
identified as originating from b-quarks (b-jets), at least one isolated lepton (electron or muon) and large
E%‘iss. The search probes events characterized by the presence of a low (10(6) < pr < 25 GeV) or of a
high (pt > 25 GeV) transverse momentum electron (muon). In the following, the former class of events
is referred to as the soft-lepton channel, the latter as the hard-lepton channel. Previous searches in this
channel have been conducted by the ATLAS [16] and CMS [17] collaborations using their full 2011
dataset at a center-of-mass energy of 7 TeV. The ATLAS collaboration has also conducted a search in the
final state containing four high transverse momentum jets, large missing transverse momentum and one
isolated hard lepton for a 5.8 fb~! subset of the 2012 dataset at /s = 8 TeV [18]. In this note, the analysis
is reported with the full 2012 dataset at a center-of-mass energy of 8 TeV. The analysis is extended to
also search for direct top squark pair production and minimal Universal Extra Dimensions (mUED). Ten
different signal regions are used in this search, all optimized for the new center-of-mass energy and the
full 2012 dataset.

2 The ATLAS Detector

The ATLAS detector [19,20] consists of a tracking system (inner detector, or ID) surrounded by a thin
superconducting solenoid providing a 2 T magnetic field, electromagnetic and hadronic calorimeters and
a muon spectrometer (MS). The ID consists of pixel and silicon microstrip detectors, surrounded by the
transition radiation tracker (TRT). The electromagnetic calorimeter is a lead liquid-argon (LAr) detector.
Hadron calorimetry is based on two different detector technologies, with scintillator-tiles or LAr as active
media, and with either steel, copper, or tungsten as the absorber material. The MS is based on three large
superconducting toroids arranged with an eight-fold azimuthal coil symmetry around the calorimeters,
and a system of three stations of chambers for the trigger and for precise measurements. The nominal
pp interaction point at the center of the detector is defined as the origin of a right-handed coordinate
system. The positive x-axis is defined by the direction from the interaction point to the center of the
LHC ring, with the positive y-axis pointing upwards, while the beam direction defines the z-axis. The
azimuthal angle ¢ is measured around the beam axis and the polar angle 6 is the angle from the z-axis.
The pseudorapidity is defined as n = — Intan(6/2).



3 SUSY Signal Modeling and Simulated Event Samples

Simulated event samples are used for estimating the signal acceptance, the detector efficiency, and to aid
in the estimation of SM background contributions.

3.1 Signal Event Samples

The signal models considered here are the pair production of first and second generation squarks, top
squarks and gluinos, each covered by different simplified models [21,22], a MSUGRA/CMSSM model
[23,24] and the mUED model [25].

The first type of simplified models focuses on the pair production of gluinos or of left-squarks, the
latter assuming degenerate first and second generation squarks. This category of models is subdivided
into three different decay chains: the “one-step” models, “two-step”” models with sleptons and “two-step”
models without sleptons. In the “one-step” models, the pair-produced strongly interacting sparticles de-
cay via the lighter chargino, considered to be a pure wino, into a W and the lightest neutralino, considered
to be a pure bino. The free parameters in these models are the mass of the gluino/squark and either the
mass of the chargino, with a fixed LSP mass set at 60 GeV, or the mass of the LSP, with the chargino mass
sitting halfway between the gluino/squark mass and the LSP mass. These one-step models are also stud-
ied in the ATLAS analysis based on jets and large missing transverse momentum [26]. In the “two-step”
models with sleptons, the strongly interacting sparticles decay with equal probability to either the lighter
chargino or the next-to-lightest neutralino. These subsequently decay via left-sleptons (or sneutrinos)
which decay into a lepton (neutrino) and the lightest neutralino. In these models, the free parameters are
the initial sparticle mass and the LSP mass. The masses of the intermediate charginos/neutralinos are
equal and set to be exactly halfway between the gluino/squark and LSP masses, while the slepton and
sneutrino masses (all lepton flavours are considered to be mass degenerate) are set exactly halfway be-
tween the intermediate chargino/neutralino masses and the LSP mass. Finally, in the “two-step” models
without sleptons, the initial sparticle decays via the lighter chargino which itself decays into a W-boson
and the next-to-lightest neutralino. The latter finally decays into a Z-boson and the LSP. The lighter
chargino mass sits exactly halfway between the gluino/squark mass and the LSP mass. The next-to-
lightest neutralino mass is set to be exactly halfway between the lighter chargino mass and the LSP
mass. This signature could be realized in the Minimal Supersymmetric Standard Model in a parameter
region where additional decay modes, not contained in the simplified model, may lead to a significant
reduction of the cross section times branching fraction of the WZ signature.

The second type of simplified models considered in this analysis targets a “natural” SUSY sce-
nario [27, 28] in which at least one top squark and higgsinos are light. In this scenario, the lightest
neutralino and chargino are higgsino-like and almost degenerate in mass. The lightest top squark is pair-
produced. In the simplified scenario considered here, it then decays exclusively into the lighter chargino
and a b-quark; the chargino itself then decays into the lightest neutralino via an oft-shell W-boson. Two
values of the mass difference between the lighter chargino and the LSP are studied: 5 and 20 GeV.
The remaining free parameters in this model are the mass of the top squark and the mass of the LSP.
Only models compatible with the chargino mass limit of 103.5 GeV set by the LEP experiments [29]
are explored. These top squark models are also studied in the ATLAS analysis based on two b-jets and
missing transverse momentum [30]. The analysis presented here is complementary in that the soft-lepton
channels focus on scenarios where the top squark — LSP mass difference is small (below 100 GeV) to
moderate (on the order of 200 GeV).

In these simplified models, all the sparticles which do not directly enter the production and decay
chain are effectively decoupled and are given a mass of 4.5 TeV. The simplified models are generated
with one extra jet in the matrix element using MadGraph5 [31], interfaced to PYTHIA [32], and parton
density functions (PDFs) from CTEQG6L1 [33]; MLM matching [34] is done with a scale parameter that



is set to a quarter of the mass of the lightest sparticle in the hard-scattering matrix element. The ATLAS
underlying event tune AUET? is used [35].

The MSUGRA/CMSSM model considered in this analysis, defined by tan$ = 30, Ay = —2myg and
u > 0, is compatible with a lightest scalar Higgs boson mass of approximately 125 GeV in most of
its parameter space in mgo and mj,;. These samples are generated with Herwig++ [36]. SUSY-HIT
[37] interfaced to SOFTSUSY [38] and SDECAY [39] are used to calculate the sparticle mass spectra
and decay tables, and to ensure consistent electroweak symmetry breaking in the MSUGRA/CMSSM
models.

This analysis also considers the mUED model, which is the minimum extension of the SM with one
additional universal spatial dimension. The properties of the model depend on only three parameters
[25]: the compactification radius R, the cut-off A and the Higgs boson mass my,. In this model, the
mass spectrum is naturally degenerate and the Kaluza-Klein (KK) quark 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. Signal events for this model are generated with a fixed Higgs mass of
125 GeV using Herwig++ [36] with PDFs from CTEQ6L1 [33] and the CTEQ6L1-UE-EE-3 tune [40].
This model is also studied in the ATLAS analysis based on jets and large transverse missing momentum
[26].

For the simplified models and the MSUGRA/CMSSM model, the signal cross sections are calculated
at next-to-leading order (NLO) in the strong coupling constant, adding the resummation of soft gluon
emission at next-to-leading-logarithmic accuracy (NLO+NLL) [41-45]. The nominal cross section and
the uncertainty are taken from an envelope of cross section predictions using different PDF sets and
factorisation and renormalisation scales, as described in Ref. [46]. For the mUED model, the cross
section is taken at leading order from Herwig++.

3.2 Standard Model Event Samples

The simulated event samples for the SM backgrounds are summarized in Table 1. The ALPGEN [49]
samples are generated with the MLM matching scheme. HERWIG [60] is used for simulating the parton
shower and fragmentation processes in combination with JIMMY [61] for underlying event simulation
for the MC@NLO [54] and the ALPGEN samples. PYTHIA [32] is used for the MadGraph5 [31],
POWHEG [50] and AcerMC [52] samples. The PDFs used in this analysis are CTEQ6L1 [33] for
the ALPGEN, MadGraph and AcerMC samples and CT10 [62] for the MC@NLO, SHERPA [47] and
POWHEG samples. The ATLAS underlying event tune AUET?2 is used [35]. SHERPA uses its own
parton shower, fragmentation and underlying event model. The SHERPA W+jets and Z/y*+jets samples
are generated with massive b/c-quarks to improve the description of the b-tagging variables. The soft-
lepton channels, which have signal regions with b-jets, therefore use the SHERPA samples which are
more appropriate, while the hard-lepton channels use ALPGEN instead for which larger samples were
produced at high jet multiplicity. The high-mass SHERPA or ALPGEN Z/y*+jets samples are denoted
Z+jets background throughout this note, while the low-mass ALPGEN Z/y* + jets samples are denoted
Drell-Yan.

The theoretical cross sections for W+jets and Z+jets are calculated with DYNNLO [63] with the
MSTW2008NNLO [64] PDF set. The diboson cross sections are obtained from MCFM [57]. The
tf cross section is calculated with HATHOR 1.2 [51] using MSTW2008NNLO PDFs. The single-top
cross sections are computed at NLO+NLL accuracy [53,55,56] and the ¢ + W/Z cross sections, at NLO
accuracy [58,59].



Cross Cross section
Physics process Generator section (pb) calculation
Soft-lepton analyses
W(— tv) + jets SHERPA 1.4.1 [47] 1.22 x 10* NNLO [48]
Z[y*(— €€) + jets (mge > 40 GeV) SHERPA 1.4.1 [47] 1.24 x 103 NNLO [48]
Z[v* (= €€) + jets (10 < mgp < 40 GeV) | ALPGEN 2.14 [49] 4.27x10° NNLO [48]
Hard-lepton analyses
W(— fv) + jets ALPGEN 2.14 [49] 1.22 x 10* NNLO [48]
W(— €v) + bb + jets ALPGEN 2.14 [49] 153 LOxK
W(— €v) + cC + jets ALPGEN 2.14 [49] 461 LOxK
W(— {v) + ¢ + jets ALPGEN 2.14 [49] 1.29 x 103 LOxK
Z[v* (= €€) + jets (mge > 60 GeV) ALPGEN 2.14 [49] 1.15x 103 NNLO [48]
Z[y*(— €€) + jets (10 < mgp < 60 GeV) | ALPGEN 2.14 [49] 4.37x103 NNLO [48]
Z/y*(— tt) + bb + jets (m¢g > 60 GeV) | ALPGEN 2.14 [49] 15.2 NNLO [48]
All analyses
tt POWHEG r1556 [50] 238 NLO+NLL [51]
Single-top (#-chan) AcerMC 3.8 [52] 9.46 NLO+NLL [53]
Single-top (s-chan) MC@NLO 4.06 [54] 0.61 NLO+NLL [55]
Single-top (Wt-chan) MC@NLO 4.06 [54] 22.4 NLO+NLL [56]
wWw SHERPA 1.4.1 [47] 5.88 NLO [57]
wz SHERPA 1.4.1 [47] 10.34 NLO [57]
77 SHERPA 1.4.1 [47] 10.26 NLO [57]
Wy SHERPA 1.4.1 [47] 96.9 LO
Zy SHERPA 1.4.1 [47] 488 LO
tr+w MadGraph5 [31] 0.232 NLO [58]
tt+27 MadGraphS5 [31] 0.208 NLO [59]

Table 1: Simulated background event samples used in this analysis, and the production cross sections.
The ALPGEN W + light jet samples are generated with 0 < Npaon < 6 in the matrix element, the
ALPGEN Z + light jet samples, with O < Nputon < 5, the ALPGEN heavy-flavour samples, with N;naifon =
3, except W + ¢, for which Ng;?fon = 4. The cross section values shown for the W + light jets, the Z/y*
+ light jets, the Z/y* + bb and the single-top (in the s- and 7— channels) are listed for a single lepton
flavour. The notation LOXK indicates that the process is calculated at leading-order and corrected by a
factor derived from the ratio of NLO to LO cross sections for a closely related process. Details of PDF

sets and underlying event tunes are given in the text.



3.3 Simulation

The detector simulation is performed either with a full ATLAS detector simulation [65] based on Geant4
[66] or a fast simulation based on the parameterization of the performance of the ATLAS electromagnetic
and hadronic calorimeters [67]. All simulated samples are generated with a range of simulated minimum-
bias interactions overlaid on the hard-scattering event to account for the multiple pp interactions in the
same bunch crossing (pile-up). The overlay also treats the impact of pile-up on bunch crossings other than
the one in which the event occurred. Simulated samples are corrected by taking into account the observed
differences between the data and simulation for the lepton trigger and reconstruction efficiencies, and for
the efficiency and misidentification rate of the algorithm used to identify jets arising from b-quarks (b-

tagging).

4 Trigger and Data Collection

The data used in this analysis were collected in 2012 during which the instantaneous luminosity of the
LHC reached 7.7x10*3cm™2s~!. The average number of expected interactions per bunch crossing ranged
from approximately 6 to 40. After the application of beam, detector, and data-quality requirements,
the total integrated luminosity is 20.1 fb~! in the soft-lepton channels and 20.3 fb~! in the hard-lepton
channels; the integrated luminosity differs as these channels use different trigger requirements. The
uncertainty on the integrated luminosity is +2.8%. It is derived, following the same methodology as that
detailed in Ref. [68], from a preliminary calibration of the luminosity scale derived from beam-separation
scans performed in November 2012.

In the hard single-electron channel, a combined electron+E‘T’[liSS trigger is used, with thresholds at
24 GeV for the electron and 35 GeV for Ef"*. The ET" trigger uses a local hadronic calibration for the
clusters and is fully efficient for E"*> 80 GeV. The electron trigger selects events containing one or
more electron candidates, based on the presence of a cluster in the electromagnetic calorimeter, with a
shower shape consistent with that of an electron and is fully efficient for electron pt above 25 GeV.

In the hard single-muon channel, a combined muon+jet+E¥1iSS trigger is used, with thresholds at
24 GeV for the muon, 65 GeV for the jet and 40 GeV for ET"**. The muon trigger selects events containing
one or more muon candidates based on the hit patterns in the MS and ID. The trigger reaches its maximal
efficiency for calibrated offline jets with pr>80 GeV, muons satisfying pt>25 GeV and E$i55> 100 GeV.

With the thresholds on single and dilepton triggers being too high to be suitable for the soft-lepton
event selections, these channels rely on a ErTniss> 80 GeV trigger which is fully efficient in events having
a jet with pr>60 GeV and ET"™*> 150 GeV.

As the hard-lepton searches are based on triggers which depend on the lepton flavour, the electron
and muon channels are treated independently in these searches, while the soft-lepton searches, based on
a ErTniss trigger, treat them jointly.

5 Object Reconstruction

This analysis is based on five categories of event selection:

1. A “hard single-lepton channel” to search for the pair production of gluinos or first and second
generation squarks.

2. A “soft single-lepton channel” geared towards the same production as the hard single-lepton chan-
nel, but optimized for compressed spectra.

3. A “soft dimuon channel” whose target is the mUED model.



4. A “soft single-lepton one b-jet channel” requiring one b-jet to cover the top squark pair production
where the mass difference between the top squark and the LSP is small.

5. A “soft single-lepton two b-jet channel” requiring two b-jets to cover the top squark pair production
for which the mass difference between the top squark and the LSP is moderate.

In this Section, the final-state object reconstruction and selection requirements are described. The event
selection requirements will be described in detail in Section 6.

5.1 Object preselection

The primary vertex [69] is required to be consistent with the beamspot envelope and to have at least
five tracks; when more than one such vertex is found, the vertex with the largest summed |pt|* of the
associated tracks is chosen.

Jets are reconstructed from three-dimensional calorimeter energy clusters using the anti-k; algorithm
[70,71] with a radius parameter R = 0.4. Jets arising from detector noise, cosmic rays or other non-
collision sources are rejected [72]. To take into account the differences in calorimeter response between
electrons/photons and hadrons, each cluster is classified, prior to the jet reconstruction, as coming from
an electromagnetic or hadronic shower on the basis of its shape [20]. The jet energy is then corrected at
cluster level by weighting electromagnetic and hadronic energy deposits with correction factors derived
from Monte Carlo simulation. A further calibration, relating the response of the calorimeter to true jet
energy [72,73], is then applied to the jet energy. “Preselected” jets are required to have pt > 20 GeV.

Electrons are reconstructed from clusters in the electromagnetic calorimeter matched to a track in
the ID [74]. The “preselected” electrons are required to pass a variant of the “medium” selection of [74],
which has been modified in 2012 to reduce the impact of pile-up [75]. These electrons must have, in
the soft(hard)-lepton channels, pt > 7 (10) GeV, || < 2.47 and a distance to the closest preselected jet
of AR < 0.2 or AR > 0.4, where AR = +/(An)? + (A¢)?. Electrons with AR < 0.2 are kept, and the jet
is discarded. Any event containing a preselected electron in the electromagnetic calorimeter transition
region, 1.37 < [n| < 1.52, is rejected.

Muons are identified either as a combined track in the MS and ID systems, or as an ID track matching
with a MS segment [76,77]. Requirements on the quality of the ID track are identical to those in Ref. [78].
“Preselected” muons in the soft(hard)-lepton channels are required to have pr > 6 (10) GeV, || < 2.4
and AR > 0.4 with respect to the closest preselected jet.

The missing transverse momentum calculation uses calorimeter clusters calibrated according to the
reconstructed physics object to which they are associated. The association is performed with well-
identified objects (electrons, photons, jets and muons). The remaining non-associated energy deposits
are also taken into account using an energy-flow algorithm [79].

5.2 Signal Object Selection

For the final selection of events, some objects are required to pass more stringent requirements, which
are described below.

“Signal” jets have a higher threshold of pt>25(30) GeV in the soft(hard)-lepton channels. The signal
jets are further required to be associated with the hard-scattering process by demanding that at least 25%
of the scalar sum of the pr of all tracks associated with the jet comes from tracks associated with the
primary vertex in the event. This requirement is applied in order to remove jets which come from pile-up;
itis not applied on jets with a requested pt greater than 30 GeV nor on the b-tagged jets (see below) since
the probability of a pile-up jet satisfying either of these requirements is negligible.

Signal jets arising from b-quarks are identified using information about track impact parameters and
reconstructed secondary vertices; the b-tagging algorithm MV1 is based on a neural network using the



output weights of IP3D, SV1 and JetFitter+IP3D (defined in [80]) as inputs. While one or two b-jets
are requested in the soft single-lepton b-jet channels, the presence of b-jets is vetoed in the soft dimuon
channel to remove the 7 background. In the single-lepton channels, the b-jets are neither requested nor
vetoed in the event selection, but are used in the background estimation, as explained in Section 7. The
operating point used for the b-tagging is therefore optimized for each channel. In the soft/hard single-
lepton and soft single-lepton two b-jet channels, the operating point chosen gives an inclusive b-tagging
efficiency of 60% in a simulated sample of ## events, while the points chosen in the soft single-lepton
one b-jet and soft dimuon channels give inclusive efficiencies of 70% and 80% , respectively. For these
operating points with b-jet efficiencies of 60%, 70% and 80%, the algorithm provides rejection factors
of approximately 585, 135 and 25 for light quark and gluon jets, respectively, and 8, 5 and 3 for charm
jets [81].

The “signal” electrons must pass a higher threshold of 10 (25) GeV in the soft(hard)-lepton channels
and are required to be isolated. The isolation requirements depend on the analysis channel, being tighter
for channels in which the background coming from misidentified leptons is more important. In the
soft-lepton channels, the scalar sum of the pt of tracks within a cone of radius AR = 0.3 around the
electron (excluding the electron itself) is required to be less than 16% of the electron pt. The distance
along the beam direction, zg sin 6, of the electron to the primary vertex must also be < 0.4 mm. Finally,
the soft dimuon channel also demands that the significance of the distance of closest approach of the
electron to the primary vertex be within three standard deviations in the transverse plane. In the hard-
lepton channels, the scalar sum of the pr of tracks within a cone of radius AR = 0.2 around the electron
(excluding the electron itself) is required to be less than 10% of the electron pr.

Isolation is also required in the “signal” muon definition. In the soft-lepton channels, the scalar sum
of the pr of tracks within a cone of radius AR = 0.3 around the muon candidate (excluding the muon
itself) is required to be less than 12% of the muon pt. The same requirement as in the electron isolation
is applied on the distance to the primary vertex along the beam direction and, in the soft dimuon channel,
on the significance of the distance of closest approach to the primary vertex in the transverse plane. In
the hard-lepton channels, the scalar sum of the pr of tracks within a cone of radius AR = 0.2 around the
muon candidate (excluding the muon itself) is required to be less than 1.8 GeV.

6 Event Selection

The following variables, derived from the kinematic properties of the reconstructed objects, are used in
the event selection.

The minimum distance between the signal lepton (the subleading muon in the soft dimuon channel)
and all preselected jets with |n7] < 2.5,

ARmin = min (AR(j1,€), AR(j2,0), ..., AR(jn, 0)),

is used to reduce the misidentified lepton background in all soft-lepton signal regions with the excep-
tion of the single-lepton 5-jet and the soft single-lepton two b-jet signal regions, as it lowers the signal
acceptance in the 5-jet channel and the misidentified-lepton background is small in the two b-jet channel.

The minimal azimuthal angle between the missing transverse momentum and the two leading signal
jets, _ 4

Adnin = min (AG(PF™, P, AG(PF™, PE2)),

is applied to suppress fake E%‘iss background from multijet events in the soft single-lepton two b-jet signal
region.

The transverse mass (mr) of the lepton (£) and p™'ss

T is defined as

my = \/ngEaniSS(l — cos(A¢(?, prTniSS)))-



It is used to reject events containing a W — {v decay in all signal regions except the soft single-lepton
two b-jet signal region where this background is negligible. In the soft dimuon channel, the transverse
mass is defined using the subleading muon.

The inclusive effective mass (mgif) is the scalar sum of the pt of the lepton(s), the jets and E?i“:

jet

N, N
inc _ 4 . miss
Mo = Z Pt Z prj+ Ep
i=1 j=1

where the index i runs over all the signal leptons and the index j runs over all the signal jets in the
event. The inclusive effective mass is correlated with the overall mass scale of the hard-scattering and
provides good discrimination against SM background, without being too sensitive to the details of the
SUSY decay cascade. It is used in the hard single-lepton channels.

The ratio ErTniSS/mg},f is used in the soft single-lepton and soft single-lepton one b-jet signal regions.
It is similar to the E"* significance in that it reflects the change in the ET" resolution as a function
of the calorimeter activity in the event. In the hard single-lepton channel, a similar ratio is computed,
E‘T“iss/mz’f‘fd, where mZ’f}Cl is the exclusive effective mass, which is defined in a similar way as mg;fc with the
exception that only the three leading signal jets are considered. This variable is used to remove events
with large fake E%liss coming from a missing object in the reconstruction.

The contransverse mass [82], mct, of two b-jets is defined as:
mép (b-jety, b-jety) = [Er (b-jety) + Er (b-jety)|” = [pr (b-jety) — pr (b-jety) I,

where Et = 4/ p% + m2. In this analysis, the boost-corrected contransverse mass [83] is employed, which
corrects mct to account for boosts in the transverse plane due to initial state radiation (ISR) that breaks
the invariance of the quantity. This variable is used in the soft single-lepton two b-jet signal region as it
gives a measure of the masses of pair-produced heavy particles decaying to final states involving missing
transverse momentum.

The dimuon mass, my,,, is required to be outside the Z mass window in the soft dimuon channel in
order to reject background events in which a real Z is decaying into muons.

Finally, Ht, is the scalar sum of the pt of all signal jets excluding the two leading jets. Placing
an upper cut on Ht, in order to suppress further hadronic activity in the event is useful to remove the
1 background in the low-mass soft single-lepton two b-jet signal region.

This analysis is based on nineteen signal regions, each designed to maximize the sensitivity to differ-
ent SUSY topologies, as already introduced in Section 5. The selection criteria used to define the various
signal regions combined in this analysis are summarized in Table 2 for the signal regions targeting top
squark pair production, in Table 3 for the other soft-lepton signal regions and in Table 4 for the hard
single-lepton signal regions.

The soft single-lepton signal regions requiring one or two b-jets are designed to cover top squark pair
production for which the mass difference between the top squark and the LSP is small and moderate,
respectively. A further subdvision is made by varying the requirement on the E%liss and, in the soft
single-lepton two b-jet case, on mct and Hrt 3, in order to cover low-mass or high-mass top squarks. The
soft and hard single-lepton signal regions are designed to cover first and second generation squark or
gluino pair production, with lower (higher) jet multiplicities for squark (gluino) pair production. The
soft-lepton channels focus on compressed scenarios. The soft dimuon signal region is optimized for
mUED searches.

In order to have signal regions which are orthogonal to each other in lepton multiplicity and or-
thogonal to the multilepton analysis [84], a veto is placed on the presence of a second lepton (in the
single-lepton channels) or of a third lepton (in the soft dimuon case). In the hard single-lepton channels,



two sets of requirements are optimized for each jet multiplicity: one inclusive signal region optimized
for the discovery reach which can also be used to place model-independent limits, and one signal region
which is binned in mi‘;{fl or E%‘i“ (see Section 10) in order to exploit the expected signal shape when
placing model-dependent limits. The latter signal regions are made orthogonal in jet multiplicity from
one another to allow their statistical combination and have more fine-grained ErTniSS, mr and mg}f require-
ments than in a single overall signal region. As already mentioned in Section 4, the hard single-lepton
searches treat the electron and the muon channels independently in the fitting procedure described in

Section 9, while they are summed in the soft-lepton channels.

soft single-lepton one b-jet | soft single-lepton two b-jets
low-mass | high-mass [ low-mass [  high-mass
Ny 1 (electron or muon)
p-(GeV) [10,25] (electron) , [6,25] (muon)
P19 T(GeV) < 7 (electron), < 6 (muon)
Nier >3 >2
P (GeV) > 180,40,40 \ > 180,25,25 > 60,60
pTadd. ]CtS(GeV) _ <50
Np_tag > 1, but not the leading jet 2
ET™ (GeV) >250 \ >300 >200 >300
mr (GeV) > 100 -
E‘Tmss/mg}fl > 0.35 -
ARpin(et, £) > 1.0 -
Admin - > 04
mcr (GeV) - >150 >200
HT,2 (GGV) - <50 -

Table 2: Overview of the selection criteria for the signal regions targeting top squark pair production.
The soft single-lepton one (two) b-jet signal region is designed to cover top squark pair production for
which the mass difference between the top squark and the LSP is small (moderate). A further subdvision
is made to cover low and high top squark mass hypotheses. As is indicated, the soft leptons are required
to have pt < 25 GeV.



soft single-lepton soft dimuon

3-jet | 5-jet 2-jet
N 1 (electron or muon) 2 (muons)
pé(GeV) [10,25] (electron) , [6,25] (muon) [6,25]
pr99 T (GeV) < 7 (electron), < 6 (muon)
my, (GeV) - ] — | >15 and |my, — mz| > 10
Niet [3.4] | >5 >2
prieading ie(GeV) > 180 >70
stubleadmg ]etS( GGV) > 25
Nh—tag — ‘ - ‘ 0
ET'™ (GeV) >400 \ >300 >170
mr (GeV) > 100 > 80
E%“Ss/m‘e‘;fl > 0.3 -
ARpnin(et, €) > 1.0 \ - > 1.0

Table 3: Overview of the selection criteria for the soft single-lepton signal regions aimed at covering
first and second generation squark or gluino pair production in a compressed scenario and for the soft
dimuon signal region designed for the mUED searches. As is indicated, the soft leptons are required to
have pt < 25 GeV.

inclusive (binned) hard single-lepton

3-jet | 5-jet \ 6-jet
Ny 1 (electron or muon)
pL(GeV) > 25
p124- 1 (GeV) <10
Niet >3 >5 >6
pr’(GeV) > 80, 80, 30 | > 80, 50, 40, 40, 40 | > 80, 50, 40, 40, 40, 40
pr*IS(GeV) | - (< 40) - (< 40) -
ET™ (GeV) >500 (300) >300 >350 (250)
mrt (GeV) > 150 > 200 (150) > 150
E?‘Ss/ng?‘ >0.3 - -
m™ (GeV) > 1400 (800) > 600

Table 4: Overview of the selection criteria for the hard single-lepton signal regions aimed at covering first
and second generation squark or gluino pair production. As is indicated, the hard leptons are required
to have pt > 25 GeV. Two sets of requirements are defined for each jet multiplicity: an inclusive signal
region and a binned one (see the text). The requirements of the binned signal region are shown in
parentheses when they differ from those of the inclusive signal region. Furthermore, the electron and the
muon channels are treated independently in the hard single-lepton signal regions.
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7 Background Estimation

7.1 tt and W+jets Backgrounds

The main sources of SM background in the signal regions are ¢ and W+jets events, in which there
is at least one genuine lepton originating from a W decay. These backgrounds are estimated using
control regions defined so as to be enriched in SM events from the process of interest while having a
low contribution from the signal of interest. The normalization of the simulation is adjusted per analysis
channel simultaneously in all its control regions using a fit described in Section 9, and the simulation is
used to extrapolate the results to the signal region.

As indicated in Tables 5 and 6, the control regions for the soft single-lepton one and two b-jet signal
regions are built by requiring the lepton to have pt > 25 GeV. The E?iss/mie‘l‘;l requirement is also dropped
in all control regions for the soft single-lepton one b-jet channels. For each of these signal regions, a
tf enriched control region is obtained by loosening the requirement on E?iss with respect to the signal
region. For the W+jets background, the control region is defined by vetoing on the presence of b-jets; in
the soft single-lepton one b-jet channels, a lower mt requirement with respect to the signal region is also
applied.

Table 7 summarizes the requirements for the soft single-lepton and soft dimuon channels. The soft
single-lepton control regions are built using events with lower E‘Tniss and mt values than in their respective
signal regions and by dropping the requirement on E‘Tniss/mier;fl. The W+jets and #f components of these
control regions are separated by a requirement on the number of signal jets which are b-tagged. If at least
one signal jet is b-tagged, then this event enters the ¢7 control region. Otherwise, it is identified as being
part of the W+jets control region. In the soft dimuon analysis, the #f control region is built by requiring
the leading muon to have pt >25 GeV and the subleading one, pt > 6 GeV. The veto on b-tagged jets is
reversed to require at least one b-tagged signal jet and the events are required to have lower mt values
than in the signal region.

Finally, Table 8 lists the control region requirements for the hard single-lepton channels. They are
defined by lowering the requirements on E‘Tniss and mr and by dropping the ETT‘"iSS/mz’f‘fCl requirement in
the 3-jet region. The different regions are kept orthogonal by vetoing on the presence of additional jets in
each control region. The pr requirements on subleading jets are also lowered with respect to the signal
regions to increase the statistics in the control regions. Finally, the W+jets and ¢ components of these
control regions are separated by a requirement on the number of signal jets which are b-tagged, consid-
ering the first three leading jets. In order to enhance the W+jets contribution over the #f contribution in
the 6-jet W+jets control region, the mt and E%‘i“ requirements are lowered in this region with respect to
the 6-jet t control region.

Figure 1 shows the distribution of ErTniSS/mg}?l for the #f and W+jets control regions of the soft single-
lepton one b-jet channel, while Figure 2 shows mct for similar regions of the soft single-lepton two b-jet
channel. Figures 3 and 4 show the ETmiSS and my distributions in the soft single-lepton and soft dimuon
control regions, respectively, while Figures 5 and 6 show the E7"* distribution in the hard single-lepton
control regions, where the electron and muon channels have been merged for simplicity. Note that
all these distributions are shown after the fitting procedure is applied to adjust their normalization, as
described in Section 9. As can be seen from these figures, there is reasonable agreement between the
data and this Standard Model background estimation within the experimental systematic uncertainties.
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soft single-lepton one b-jet
low-mass | high-mass | low-mass [ high-mass
1t \ W + jets
Ny 1 (electron or muon)
p5(GeV) >25
pr9T(GeV) < 7 (electron), < 6 (muon)
Nier >3
P8 (GeV) > 180,40,40 \ > 180,25,25 | > 180,40,40 \ > 180,25,25
Np_tag > 1, but not the leading jet 0
ET* (GeV) >150 >250 \ >300
mt (GeV) > 100 [40,80]
ARin(jet, €) > 1.0

Table 5: Overview of the selection criteria for the ## and W + jets control regions used in the search
channels requiring one b-jet.

soft single-lepton two b-jet
low-mass | high-mass | low-mass | high-mass

1t \ W + jets

Ny 1 (electron or muon)

pL(GeV) >25

pTadd' T (GeV) < 7 (electron), < 6 (muon)

Niet >2

pr’(GeV) > 60

pTadd. ]etS(GeV) <50

Np—rag 2 \ 0

ET™ (GeV) >150 \ >200 \ >300

A¢min > 0.4

mer (GeV) > 150 > 200 >150 >200

Hrt, (GeV) <50 - <50 -

Table 6: Overview of the selection criteria for the ## and W + jets control regions used in the search
channels requiring soft single-lepton two b-jets.
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soft single-lepton soft dimuon
3-jet | 5-jet 2-jet
Wjets / tf tt

Ny 1 (electron or muon) 2 (muons)
p(}(GeV) [10,25] (electron) , [6,25] (muon) >25,6
pr29T(GeV) < 7 (electron), < 6 (muon)
My, (GeV) - ] — | >15 and |my, — mz| > 10
Niet [3.4] | >5 >2
preding f(GeV) > 180 >70
stubleadmg _]etS(GeV) > 25
Nb_mg 0/2 l Z 1
ET' (GeV) [180,250] > 170
mr (GeV) [40,80] < 80
ARmin(et, £) > 1.0 | - > 1.0

Table 7: Overview of the selection criteria for the W+jets and ¢f control regions used in the search

channels requiring at least one soft lepton.

hard single-lepton
3-jet \ 5-jet \ 6-jet
W+jets [ tf

N 1 (electron or muon)
p(T(GeV) > 25
pr%- T (GeV) <10
Niet >3 >5 >6
pr’(GeV) > 80, 80, 30 | > 80, 50, 30, 30, 30 | > 80, 50, 30, 30, 30, 30
pri9d I8 GeV) <30 <30 -
Nb—tag O/ > 1
ET™ (GeV) [150,300] [150,250]/[100,200]
mr (GeV) [80,150] \ [60,150] [40,150] / [40,80]
mg;fd (GeV) > 800 > 600

Table 8: Overview of the selection criteria for the W+jets and ¢ control regions used in the search chan-
nels requiring one hard lepton. In these regions, the electron and muon channels are treated separately.
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Figure 1: From left to right: E‘Tniss/mgﬁ?l distribution in the ¢ and W + jets control regions used in the
low-mass (top) and high-mass (bottom) soft single-lepton one b-jet channels. The “Data/SM” plots show
the ratio between data and the summed Standard Model expectation. The Standard Model expectation
is derived from the fit described in Section 9. The uncertainty band on the Standard Model expectation
shown here combines the statistical uncertainty on the simulated event samples with the systematic un-
certainties on the jet energy scale and resolution, on the lepton identification, momentum/energy scale
and resolution, on the E%“ss calculation, on the b-tagging, and on the data-driven misidentified-lepton
background. For illustration, the expected signal distributions are shown for the top squark pair produc-
tion simplified model with m;=150 GeV, m~:—140 GeV and m; 0—120 GeV (in the low-mass channel)
and m;=200 GeV, mXi—190 GeV and my o—170 GeV (in the hlgh mass channel).
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Figure 2: From left to right: mct distribution in the 7 and W + jets jets control regions used in the low-
mass (top) and high-mass (bottom) soft single-lepton two b-jet channels. The “Data/SM” plots show the
ratio between data and the summed Standard Model expectation. The Standard Model expectation is de-
rived from the fit described in Section 9. The uncertainty band on the Standard Model expectation shown
here combines the statistical uncertainty on the simulated event samples with the systematic uncertainties
on the jet energy scale and resolution, on the lepton identification, momentum/energy scale and resolu-
tion, on the E‘TniSS calculation, on the b-tagging, and on the data-driven misidentified-lepton background.
The last bin includes the overflow. For illustration, the expected signal distributions are shown for the
top squark pair production simplified model with m;=300 GeV, M= 120 GeV and m, 0—100 GeV (in the
low-mass channel) and m;=450 GeV, m)?i—170 GeV and my o—150 GeV (in the high- mass channel).
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Figure 3: E%‘iss distribution in the 3-jet (top) and 5-jet (bottom) #7 (left) and W+jets (right) control re-
gions, before the upper ET"** requirements are applied, used in the soft single-lepton channels. The
“Data/SM” plots show the ratio between data and the summed Standard Model expectation. The Stan-
dard Model expectation is derived from the fit described in Section 9. The uncertainty band on the
Standard Model expectation shown here combines the statistical uncertainty on the simulated event sam-
ples with the systematic uncertainties on the jet energy scale and resolution, on the lepton identification,
momentum/energy scale and resolution, on the EITniss calculation, on the b-tagging, and on the data-driven
misidentified-lepton background. The last bin includes the overflow. For illustration, the expected sig-
nal distribution is shown for first and second generation squark pair production with mz = 425 GeV,
my==385 GeV and Mgy = 345 GeV in the 3-jet channel, and for gluino pair production with my; = 625
GeV M =545 GeV and m, 0 = = 465 GeV in the 5-jet channel.
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Figure 4: mr distribution in the ¢ control region (before the upper mr requirement is applied) used in
the soft dimuon channel. The “Data/SM” plots show the ratio between data and the summed Standard
Model expectation. The Standard Model expectation is derived from the fit described in Section 9. The
uncertainty band on the Standard Model expectation shown here combines the statistical uncertainty on
the simulated event samples with the systematic uncertainties on the jet energy scale and resolution,
on the lepton identification, momentum/energy scale and resolution, on the Efr“iss calculation, on the b-
tagging, and on the data-driven misidentified-lepton background. The last bin includes the overflow. For
illustration, the expected signal distribution of the mUED model point with R = 900 GeV and AR=40 is
also shown.

> T T T T T > T T T T T
8 10° ATLAS Preliminary —e— Data (2012) 8 ATLAS Preliminary —e— Data (2012)
:  — 4 :  — 4
3 Ldt=20.3 b™, {5 = 8TeV 0 Weets g 10° J-Ldl=20.3 fo”, V5 = 8TeV 0 Weiets
. S et . 7. et
@ 10* = hard 1-lepton + 3 jets = Single top @ , [ hard 1-lepton + 3 jets == Smale top
g top control region O sV < 10 W control region sV
IJ>J 103 [ misid. lepton Lﬁ [ misid. lepton
= pib 3 pbib
...... gluin (1145,785,425) GeV 10° reee: gluino (1145,785,425) GeV
2
= D P 107
10 E e e — ) 10
1 1
. L i . . 4 L . L i . L 4 L
2 E U U U U U U T = 2 = U U U U U U U
o 2= w3 o 2
© 1 grasass s siiis s L et ?%%%%224222?77//»); o = i i it 27, 7777 PP
fDB E v M= e ! KOU F i N ITT I T
E, L L L L L L I - E L L L L L L L
?00 150 200 250 300 350 400 450 500 JPOO 150 200 250 300 350 400 450 500
E™SS [GeV] ET*° [GeV]

Figure 5: EITIliss distribution in the 3-jet 7 (left) and W+jets (right) control regions, before the upper
ET"™ requirements are applied, used in the hard single-electron channels. The “Data/SM” plots show
the ratio between data and the summed Standard Model expectation. The Standard Model expectation
is derived from the fit described in Section 9. The uncertainty band on the Standard Model expectation
shown here combines the statistical uncertainty on the simulated event samples with the systematic un-
certainties on the jet energy scale and resolution, on the lepton identification, momentum/energy scale
and resolution, on the ErTniss calculation, on the b-tagging, and on the data-driven misidentified-lepton
background. The last bin includes the overflow.
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Figure 6: E,‘Fjss distribution in the 5-jet (top) and 6-jet (bottom) #7 (left) and W+jets (right) control re-
gions, before the upper ET"* requirements are applied, used in the hard single-electron channels. The
“Data/SM” plots show the ratio between data and the summed Standard Model expectation. The Stan-
dard Model expectation is derived from the fit described in Section 9. The uncertainty band on the
Standard Model expectation shown here combines the statistical uncertainty on the simulated event sam-
ples with the systematic uncertainties on the jet energy scale and resolution, on the lepton identification,
momentum/energy scale and resolution, on the E?iss calculation, on the b-tagging, and on the data-driven
misidentified-lepton background. The last bin includes the overflow.
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7.2 Misidentified-lepton Background

Events with misidentified leptons can also mimic the signal if they have sufficiently large E‘T“i“. A jet
can be misidentified as a lepton, or a real lepton can arise as a decay product of b- or c-hadrons in jets
but can still be sufficiently isolated. Such lepton-like objects are collectively referred to as misidentified
leptons in this note. The multijet and Z(— vv)+jets processes with such misidentified leptons are an
important source of misidentified-lepton background in the single-lepton analyses, while W — {v+jets
and tf production (where one of the leptons comes from a W decay and the other is from a b-hadron
decay) dominate the misidentified-lepton background in the soft dimuon analysis.

The misidentified-lepton background in the signal region, and in the W+jets and ¢ control regions
where it is more significant, is estimated entirely from the data by a matrix method described below. This
procedure is applied separately for electrons and muons.

In this method, the process creating the misidentified lepton is enhanced in a control sample with
all the signal or control region criteria applied but where preselected leptons are used instead of signal
leptons. If Npass and Npy; are the number of events found passing or failing the signal lepton selection
criteria in this control sample, then the number of events with a misidentified lepton in a single-lepton
signal or control region is given by:

Ntail — (l/ereal — D Npass

Nmisid _
pass I/Emisid _ 1/6real
where € is the identification efficiency for real leptons and €™ is the misidentification efficiency for

misidentified leptons. For dileptonic signal or control regions, the estimation of this background is based
on the same principle, this time using a four-by-four matrix to take into account the different misidentifi-
cation combinations: the leading lepton, the subleading lepton or both leptons are misidentified, or both
leptons are real.

The identification efficiency € is obtained from data using Z — £*¢~ events. The lepton misidenti-
fication efficiency €™*¢ is estimated in control regions enriched in multijet events. The multi-jet control
region is composed of events containing at least one preselected lepton, at least one signal jet with pt >
60 GeV, mt <40 GeV and E%liss < 30 GeV. As the control region is defined at low E?iss values, the trig-
gers described in Section 4 cannot be used here. A combination of prescaled single lepton triggers and
unprescaled dilepton triggers is used instead. The events are split into two samples depending on whether
they have at least one b-tagged jet, in order to allow €™ to vary as a function of the misidentified lepton
source.

7.3 Other Backgrounds

All other backgrounds are estimated from the simulation, using the most accurate theoretical cross sec-
tions available. This includes single-top, dibosons, 7 + W and 7 + Z production. They account for at
most 20% of the background in all signal regions.

8 Systematic Uncertainties

Systematic uncertainties have an impact on the expected event yields in the control regions and on the
extrapolation factors used to derive the background yields in the signal region. The following detector-
related systematic uncertainties are taken into account.

The jet energy scale (JES) uncertainty has been measured using a combination of test beam, simula-
tion and in-situ measurements from pp collisions as described in Refs. [72,73] and depends on pt and
n. The jet energy resolution (JER) uncertainty has also been estimated using in-situ measurements [85].
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Additional contributions to the JES and JER uncertainties arising from the high luminosity and pile-up
in 2012 data are taken into account. Uncertainties on the lepton identification, momentum/energy scale
and resolution are estimated from samples of Z — ¢*¢~, J/y — "¢~ and W*= — (*v decays [74,76,77].
These jet and lepton uncertainties are propagated to the EITIliSS calculation which also includes an uncer-
tainty coming from the energy deposits which are not associated to a jet or a lepton [79]. Uncertainties
associated with the b-tagging efficiency are derived from data samples of jets containing muons [81]
while uncertainties associated to the probability of mistakenly b-tagging a jet which does not originate
from a b-quark are determined from inclusive jet samples [86]. An uncertainty (1-5%) is also assigned
to the trigger efficiency based on studies comparing the plateau efficiency in data to that obtained with
Monte Carlo samples. Uncertainties are also assigned to the misidentified lepton background estima-
tion, including a statistical uncertainty on the number of events in the control samples, an uncertainty on
the identification efficiency and an uncertainty on the subtraction of other backgrounds from the control
samples used to estimate the misidentification efficiency.

The following theory-related uncertainties are also taken into account. For the W+jets background,
an uncertainty due to the factorization and renormalization scales is computed by varying these scales
by a factor of two, up and down with respect to the nominal setting. For the ALPGEN W+jets samples,
the jet pr threshold used in the MLM matching is also varied from 25 to 40 GeV and the difference is
taken as one standard deviation. As only a finite number of partons is generated in the nominal SHERPA
samples, an uncertainty is also derived from the comparison of two samples with different numbers of
generated partons. An additional uncertainty of 24% is assigned to the heavy flavour component of the
SHERPA W+jets background for the b-jet channels [87]. PDF uncertainties are also included.

To estimate the theoretical uncertainties associated to the ¢ background, POWHEG [50] samples are
used for which the renormalization and factorization scales are varied by a factor two, up and down with
respect to the nominal samples. The uncertainty due to the parton shower modeling is evaluated by com-
paring the nominal POWHEG+PYTHIA samples to POWHEG+Herwig/Jimmy samples. The PYTHIA
parameters controlling the initial and final state radiation are also varied to produce an uncertainty. PDF
uncertainties are also included.

For the single top, diboson and #7+W/Z backgrounds, relative uncertainties of 50%, 50% and 30%,
respectively, are assigned to reflect the cross section and modeling uncertainties on these processes.

For the simplified signal models, theoretical uncertainties on the acceptance are also assessed. In par-
ticular, the uncertainty on the modeling of initial state radiation plays an important role for small mass
differences in the decay cascade. These uncertainties are estimated using MadGraph5+PYTHIA samples
for which the following parameters are varied up and down in turn by a factor two: the MadGraph scale
used to determine the event-by-event renormalization and factorization scale, the MadGraph parameter
used to determine the scale for QCD radiation, the PYTHIA parameter which controls the Agcp value
used for final state radiation (the upward variation for this parameter uses a factor of 1.5) and the Mad-
Graph parameter used for jet matching. For the mUED sample nominally generated with Herwig++, the
same procedure was applied, generating one of the main production diagrams in MadGraph and evaluat-
ing its uncertainty related to the MadGraph renormalization and factorization scales as well as the scale
for QCD radiation.

9 Background Fit

The background in the signal region is estimated with a fit based on the profile likelihood method [88].
The inputs to the fit are as follows, for each of the search regions:

1. The number of events observed in each of the control regions, and the corresponding number of
events expected from simulation. The inputs are shown in Figures 1-6.
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2. The transfer factors (obtained from the simulation) which relate the number of predicted W/Z+jets
or #f events in their associated control region to that predicted in the signal region.

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

4. The number of events predicted by the simulation in each region for the single-top, diboson and
tt+W/Z backgrounds.

The number of events in each of these regions is described using a Poisson probability density func-
tion. There are two free parameters considered per channel: an overall normalization scale for the
W/Z+jets background and another scale for the ## background!. The other background sources are al-
lowed to vary in the fit within their respective uncertainties. The statistical and systematic uncertainties
(see Section 8) on the expected values are included in the fit as nuisance parameters which are typically
constrained by a Gaussian function with a width corresponding to the size of the uncertainty considered;
correlations between these parameters are taken into account. The product of the various probability
density functions forms the likelihood which the fit maximizes by adjusting the free and nuisance param-
eters. In the hard-lepton signal regions, the electron and muon channels are treated separately but share
common ¢f and W+jets normalization factors for a given jet multiplicity signal region.

The background fit results are cross-checked in validation regions located between, and orthogonal
to the control and signal regions. The data in the validation regions are not used to constrain the fits;
they are only used to compare the results of the fits to statistically independent observations. The criteria
used to define the validation regions are summarized in Tables 9-12. In the b-jet channels (see Tables 9
and 10) validation regions are defined for each of the high-mass and low-mass signal regions. They are
used to cross check the extrapolations in lepton pr, mt and E?iss between the control and signal regions
as well as cross check the W + heavy flavour jets component in the soft single-lepton one b-jet channels.
As shown in Table 11, the soft single-lepton channel uses three validation regions to probe the mt and
EITniSS extrapolations of each control region (3-jet or 5-jet, W+jets or #f regions); there are therefore twelve
validation regions in the soft single-lepton channel. In the soft dimuon case, shown in the same table,
three validation regions are defined to cross-check the lepton pr and the mr extrapolations and the b-
jet veto. Finally, in the hard single-lepton channels (see Table 12), each signal region is associated to
two validation regions in order to probe the E‘TniSS and the mr extrapolations independently, treating the
electron and muon channels separately.

soft single-lepton one b-jet
low-mass | high-mass | low-mass | high-mass | low-mass high-mass
soft-lepton region hard-lepton region \ W + heavy flavour jets region
pé(GeV) [10,25] (electron), [6,25] (muon) > 25
Np-tag > 1, but not the leading jet
ET™ (GeV) | [150,250] | [150,300] >250 | >300 >150
mry (GeV) > 100 [80,100] [40,80]
E%“Ss/m‘e‘;l?l > 0.35

Table 9: Validation region definitions for the soft single-lepton one b-jet channels. Only the variables for
which the selection differs from the respective control region are shown.

The comparison of observed versus predicted event counts in the validation regions as obtained from
the background-only fit are summarized in Figure 7. Good agreement is seen between the predicted

"Note that the fit can introduce a negative correlation between the ## and W-+jets normalization scales. This negative
correlation increases the relative uncertainty on the individual samples, but the sum of the two contributions (in which this
negative correlation cancels) is estimated more precisely.
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soft single-lepton two b-jet
low-mass | high-mass | low-mass | high-mass
soft-lepton region hard-lepton region
pé(GeV) [10,25] (electron), [6,25] (muon) > 25
Nb—tag 2
[ EZS (GeV) [ [150,200] | [150,300] \ >150 \

Table 10: Validation region definitions for the soft single-lepton two b-jet channels. Only the variables
for which the selection differs from the respective control region are shown.

soft single-lepton soft dimuon
mr interm. EX'*° | high EX' | mr | low pr | b-veto
region region region |region |region |region
pé(GeV) [10,25] (electron), [6,25] (muon) >25 | [6,25] | >25
Nb—tag - - - 0
ET* (GeV) | [180,250] | [250,350] \ >350 > 170
mr (GeV) >80 [40,100] >80 | < 80

Table 11: Validation region definitions for the soft single-lepton and the dilepton channels. In the soft
single-lepton case, these three validation regions are defined for each of the 3-jet or 5-jet, W+jets or
tf control regions; there are therefore twelve different validation regions. Only the variables for which
the selection differs from the respective control region are shown.

and observed yields in all regions; the largest discrepancy, which is not significant, is seen in the soft
single-lepton one b-jet low-mass soft-lepton validation region”.

The dominant uncertainties in the background prediction are as follows.

The statistical uncertainty of the simulated samples is a dominant uncertainty for all signal regions
except the soft single-lepton 5-jet and the soft single-lepton two b-jet low-mass signal regions. For the
regions where it is important, it gives a relative uncertainty of 15% on the yield, except in the soft dimuon
signal region where it reaches 30% and in the hard single-electron 5-jet signal region for which it reaches
40%. The statistical uncertainty in the simulated samples also limits the accuracy in the determination

hard single-lepton
3-jet \ 5-jet \ 6-jet

ET" region | mr region | ET' region | mr region | ET' region | mr region
pr(GeV) > 80, 80, 30 > 80, 50, 40, 40, 40 > 80, 50, 40, 40, 40, 40
pr*®% I (GeV) <40 <40 -
Nb—tag -
ET'™ (GeV) [300,500] [150,300] [300,500] [150,300] [250,500] [150,250]
mt (GeV) [60,150] [150,320] [60,150] [150,320] [60,150] [120,320]

Table 12: Validation region definitions for the hard single-lepton channels. The electron and muon
channels are treated independently. Only the variables for which the selection differs from the respective
control region are shown.

ZNote that the measure used in the figure is not identical to the procedure used here to quantify the discovery significance
of an excess (see [88] for a description of this procedure). In particular, for a low number of events, the measure used in the
figure overestimates the discovery significance.
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of several of the other systematic uncertainties mentioned below.

The uncertainties related to the 7 background parton shower modeling is an important uncertainty
for the soft single-lepton, the hard single-lepton 6-jet, the soft dimuon and the soft single-lepton two
b-jet high-mass signal regions. In these regions, this uncertainty is on the order of 10-20%, except for
the soft dimuon channel for which it reaches 50%. The uncertainties related to the #7 factorization scale
is at the 10% level for the hard single-lepton 5-jet signal region, while the uncertainty on the 7 yield is
at the 10-20% level for the hard single-lepton 3-jet and the soft single-lepton two b-jet signal regions.

The JES and JER uncertainty amounts to 10-15% for the soft single-lepton 3-jet and soft single-lepton
one b-jet high-mass signal regions. The b-tagging uncertainty reaches 20% for the soft single-lepton
two b-jet high-mass and soft dimuon signal regions. The uncertainty related to the misidentified lepton
background is at the 10 % level for the soft single-lepton one b-jet high-mass and the hard single-muon
6-jet signal regions. The lepton efficiency (at approximately 20%) is important for the soft single-lepton
two b-jet high-mass signal region. Finally, the uncertainty related to the W +bb component of the W+jets
background is approximately 10% for the soft single-lepton two b-jet low-mass signal region.
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Figure 7: Summary of the fit results: for each validation region (see Tables 9-12), the difference between
the observed and predicted number of events, divided by the total (statistical and systematic) uncertainty
on the prediction, is shown. 24



soft single-lepton one b-jet soft single-lepton two b-jet

low-mass high-mass low-mass high-mass
Observed 8 6 24 3
Fitted background 6.1 +14 40=x1.1 24.1+4.1 36+1.4
Fitted ¢f events 40+ 1.1 23+0.7 94 +45 1.6+ 1.0
Fitted single-top events 0.8+£0.6 03+0.2 1.5+0.8 0.3f8:‘3‘
Fitted W+jets events 0.6 +0.2 05+0.3 8.8+3.1 1.1+0.5
Fitted misidentified lepton events 0.4%0 0.4%03 25+19 0.00*303
Fitted other background events 04+0.2 04+0.2 1.9+0.9 0.6+04
MC expected SM events 7.1+1.7 48+13 247+5.0 39+1.6
MC expected ¢ events 48+1.3 29+09 84+2.0 1.5+0.8
MC expexted single-top events 0.8+0.6 03=+0.2 1.5+0.8 0.3f8:‘3‘
MC expected W+jets events 0.8+0.3 0.7+04 104 +34 1.6 +0.6
Data-driven misidentified lepton events 0.4%0 0.4%03 25+19 0.00*303
MC expected other background events 04+0.2 04+0.2 20+0.9 0.6+04

Table 13: Background fit results for the soft single-lepton one and two b-jet signal regions, for an inte-
grated luminosity of 20.1 fb~!. Nominal MC expectations (normalized to MC cross-sections) are given
for comparison. The uncertainties shown here combine the statistical uncertainty on the simulated event
samples with the systematic uncertainties.

10 Results and Interpretation

The distributions of ErTrliSS in the soft single-lepton one b-jet and the soft single-lepton signal regions, of
mr ip the soft dimuon signal region, of mcr in the soft single-lepton two b-jet signal regions, and of mi:‘gfl
(EF"™) in the binned hard single-lepton 3-jet and 5-jet (6-jet) signal regions are shown in Figures 8-11,
respectively.

The results of the fit in the different signal regions are shown in Tables 13—16: the number of events
seen in the 19 signal regions presented in these tables is consistent with the Standard Model expectations.
The largest discrepancy occurs in the soft dimuon channel where 7 events are observed when 1.6 + 1.0
events are expected. This results in a p-value for the background-only hypothesis of 0.01 (2.30).

Limits on the visible cross section of a beyond the Standard Model contribution, defined by produc-
tion cross section times acceptance times efficiency, are derived from the numbers presented in Tables
13—-16. Limits on the number of non-SM events in the signal region, derived using the CL; prescrip-
tion [89], are divided by the integrated luminosity to obtain the limits on the visible cross section. The
limits at 95% confidence level (CL) are shown in Table 17. For the hard-lepton channels, the limits are
shown both for the binned and inclusive signal regions, treating the electron and muon channels inde-
pendently. One can see that the inclusive signal regions place more stringent limits on the visible cross
section than the binned signal regions. This is expected as these signal regions have tighter requirements
and as the binning in mie‘;fl or EITIliss is not exploited here. As explained in Section 6, the binned sig-
nal regions are interesting when placing limits on specific models, using their shape in mierafl or EITrliSS to
enhance the discriminating power of the search as will be done later in this Section.
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soft single-lepton soft dimuon

3-jet 5-jet 2-jet
Observed events 7 9 7
Fitted background events 56+1.6 14.8 £3.7 1.6+1.0
Fitted ¢f events 1.3+1.0 7.8 £33 12+1.0
Fitted W+jets events 26+0.7 21+09 -
Fitted diboson events 0.6+04 0.7+04 04+03
Fitted misidentified lepton events 0.00fg:gg 3314 0.0fgjg
Fitted other background events 1.1+0.5 0.9+0.5 0.01*9¢°
MC expected SM events 63+19 159+3.38 19+1.2
MC expected 1f events 14 +1.1 7.8 +£3.0 1.5+1.2
MC expected W+jets events 3.1+09 32+09 -
MC expected diboson events 0.6+04 0.7+04 0.4+0.3
data-driven misidentified lepton events 0.00f8:8(5) 33+x14 0.0fgjg
MC expected other background events 1.1+0.6 0.9+0.4 0.01*9¢°

Table 14: Background fit results for the soft single-lepton and soft dimuon signal regions, for an inte-
grated luminosity of 20.1 fb~!. Nominal MC expectations (normalized to MC cross-sections) are given
for comparison. Note that the W+jets component for the soft dimuon channel is included in the misiden-
tified lepton background. The uncertainties shown here combine the statistical uncertainty on the simu-
lated event samples with the systematic uncertainties.

binned hard single-lepton

3-jet 5-jet 6-jet

electron muon electron muon electron muon
Observed events 45 28 12 7 7 7
Fitted background events 464 +8.0 38.1+£58 122+52 7.1x16 9720 74=+1.7
Fitted 7 events 23.8+64 200+50 74+33 56+15 80=x19 56+1.5
Fitted W+jets events 15455 10.7+40 3.1+x22 04+04 0.1“_’8:? 03+03
Fitted diboson events 44+23 33x17 09+£06 04+02 05=+03 0.06+0.03
Fitted misidentified lepton events 0.4%02 0.8%0%  0.0170%  0.0700%  0.07*9% 0.8%09
Fitted other background events 23+08 33+1.1 07+03 06+02 10+03 0.6 £ 0.1
MC expected SM events 548 +103 430+7.1 141+63 7.0+1.6 10.1+1.9 79+ 1.7
MC expected ff events 233+37 197+26 7.1+£30 53+12 8417 6.0+13
MC expected W+jets events 244+73 16151 53+34 06+05 02+02 05+05
MC expected diboson events 45+23 34+17 09+06 04+02 0.6+03 0.07=+0.03
data-driven misidentified lepton events 0.4%02 0.870%  0.0170%  0.0709%  0.07*3% 0.8

MC expected other background events 21+08 3112 08+03 07+02 1.0x03 0.6 +0.2

Table 15: Background fit results for the binned hard single-lepton signal regions, for an integrated lumi-
nosity of 20.3 fb~!. Nominal MC expectations (normalized to MC cross-sections) are given for compar-
ison. The uncertainties shown here combine the statistical uncertainty on the simulated event samples
with the systematic uncertainties.
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inclusive hard single-lepton

3-jet 5-jet 6-jet

electron muon electron muon electron muon
Observed events 4 5 4 2 2 0
Fitted background events 39+10 27+09 3610 25+08 20+07 1.7+06
Fitted ¢f events 14+05 16+05 27+08 20«07 13+£05 13+05
Fitted W+jets events 09+04 06+0.5 0.11 £0.08 0.08 + 0.08 0.00 +0.00 O.O7t8:(1)§
Fitted diboson events 08+05 04+02 07+04 0.10+0.05 0.06 +0.04 0.00 +0.00
Fitted misidentified lepton events 0.15f8:}; 0.00 £0.02 0.00 £ 0.01 0.00 + 0.01 0.00 + 0.00 0.00 + 0.00
Fitted other background events 0.6+0.3 0.09+0.05 0.12+0.07 03+0.1 07+03 03=+0.1
MC expected SM events 42+11 29+10 3.6+09 24+07 21+08 19+0.7
MC expected ¢ events 13£04 15+£04 26+07 19+06 1405 14+05
MC expected W+jets events 13£05 09+£07 02+£01 01+£01 00+£0.0 0.1”_’8:%
MC expected diboson events 08+05 04=+02 0.7+04 0.10+0.05 0.07 +0.04 0.00 = 0.00

data-driven misidentified lepton events O.le&}; 0.00 £ 0.02 0.00 = 0.01 0.00 +0.01 0.00 £ 0.00 0.00 + 0.00
MC expected other background events 0.6 = 0.3 0.09 £0.05 0.13+0.07 03+0.1 06=+03 03=+0.1

Table 16: Background fit results for the inclusive hard single-lepton signal regions, for an integrated
luminosity of 20.3 fb~!. Nominal MC expectations (normalized to MC cross-sections) are given for
comparison. The uncertainties shown here combine the statistical uncertainty on the simulated event
samples with the systematic uncertainties. Some categories have 0.00 + 0.00 events, which merely
reflects the fact that these categories, having no Monte Carlo events left or no input data events to the
matrix method, have not been considered by the fitting procedure.
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Signal channel (ea)?? [fb] §% Sem CLg p(s =0)
soft single-lepton one b-jet channels

low-mass 043(042)  8.8(8.6) 6.9530(6.9%3 4) 0.76 (0.71)  0.26 (0.27)
high-mass 0.39(0.38)  7.9(7.7) 6.3 (5. 9+ 9 079(0.75)  0.21(0.22)
soft single-lepton two b-jet channels

low-mass 0.66(0.62) 13.4(12.7) 132739 (13.153%  0.52(046)  0.50 (0.50)
high-mass 0.26(0.24) 5.3 (4.9) 5. 3+$j (5.5 8) 0.50 (0.40)  0.50 (0.50)
soft single-lepton channels

3-jet 0.40(0.39)  8.1(8.1) 7.3*27(6.8%5 ) 0.67 (0.66)  0.36 (0.31)
5-jet 0.35(0.33)  7.1(6.8) 10. 0+§g ©. 8+ 2 0.15(0.15  0.50 (0.50)
soft dimuon channel ~ 0.57 (0.54)  11.5(11.1) 5977 (6. 5+1 0980092  0.01(0.02)
binned hard single-lepton channels

3-jet (electron) 0.97(0.98) 19.8(19.9) 20253 (20.7*7 9) 0.47 (0.45)  0.50 (0.50)
3-jet (muon) 0.57(0.52) 11.6(10.6)  15.6"3% (15. 8+ 2 0.13(0.12)  0.50 (0.50)
5-jet (electron) 0.63 (0.60)  12.7(12.1)  12. 6+g$ (12. 2+3 3 0.50(0.49)  0.50(0.50)
5-jet (muon) 0.38(0.36)  7.7(7.2) 76425 (13535  0.53(0.49)  0.50 (0.50)
6-jet (electron) 0.33(0.34)  6.6(6.8) 7.8531(7.75%  0.32(0.37)  0.50(0.50)
6-jet (muon) 0.35(0.35)  7.1(7.1) 715474433 0.50(0.46)  0.50 (0.50)
inclusive hard single-lepton channels

3-jet (electron) 0.30(0.28)  6.0(5.7) 5772(5.6'T)  0.56(0.51)  0.48 (0.48)
3-jet (muon) 0.38 (0.37) 7.7 (1.5) 5140 (5. 1+2;) 0.89 (0.82)  0.13(0.13)
5-jet (electron) 0.30(0.29)  6.0(5.9) 54%%2 (5.5 0.60(0.56)  0.43(0.43)
5-jet (muon) 0.22(021)  4.6(4.2) 7+1 3 5 (4. 7+2 5) 0.44 (0.41)  0.50 (0.50)
6-jet (electron) 0.23(022)  4.6(44) 4. 4+1 5 . 4+2 0.56 (0.49)  0.50 (0.50)
6-jet (muon) 0.15(0.12)  3.0(2.5) 4.1%17 % 8+2§ 0.13(0.16)  0.50 (0.50)

Table 17: Left to right: 95% CL upper limits on the visible cross section ((60')
of signal events (S 95 ) The third column (S

exp

;) and on the number
) shows the 95% CL upper 11m1t on the number of

signal events, given the expected number (and +10 excursions on the expectation) of background events.
The last two columns indicate the CLp value, i.e. the confidence level observed for the background-
only hypothesis, and the discovery p-value (p(s = 0)). For an observed number of events lower than
expected, the discovery p-value has been truncated at 0.5. The numbers in parentheses represent the
results obtained using asymptotic analytic expressions instead of toy Monte Carlo pseudo-experiments.
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Figure 8: E?iss distribution, prior to the E%liss requirement, in the one b-jet low-mass (upper left) and
high-mass (upper right) signal regions, the single-lepton 3-jet (bottom left) and the 5-jet (bottom right)
signal regions. The Standard Model expectation is derived from the fit. The uncertainty band on the
Standard Model expectation shown here combines the statistical uncertainty on the simulated event sam-
ples and the theory-related uncertainties on the background with the systematic uncertainties on the jet
energy scale and resolution, on the lepton identification, momentum/energy scale and resolution, on the
EITniss calculation, on the b-tagging, and on the data-driven misidentified-lepton background. The last
bin includes the overflow. For illustration, the expected signal distributions are shown for: top squark
pair production with my=150 GeV, my, i—140 GeV and m;, 0—120 GeV (in the soft single-lepton one b-jet
low-mass channel) and m=200 GeV mXi—190 GeV and mXo—17O GeV (in the soft single-lepton one
b-jet high-mass channel) and gluino pair production with mgz = 625 GeV , my, +—545 GeV and m;, P = = 465
GeV (in the single-lepton channels).
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Figure 9: mr distribution, prior to the mr requirement, in the soft dimuon signal region. The Standard
Model expectation is derived from the fit. The uncertainty band on the Standard Model expectation
shown here combines the statistical uncertainty on the simulated event samples and the theory-related
uncertainties on the background with the systematic uncertainties on the jet energy scale and resolution,
on the lepton identification, momentum/energy scale and resolution, on the E%liss calculation, on the b-
tagging, and on the data-driven misidentified-lepton background. The last bin includes the overflow. For

illustration, the expected signal distribution is shown for the mUED model point with R = 900 GeV and
AR=40.
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Figure 10: mct distribution, prior to the mct requirement, in the two b-jet low-mass (left) and high-mass
(right) signal regions. The Standard Model expectation is derived from the fit. The uncertainty band on
the Standard Model expectation shown here combines the statistical uncertainty on the simulated event
samples and the theory-related uncertainties on the background with the systematic uncertainties on the
jet energy scale and resolution, on the lepton identification, momentum/energy scale and resolution, on
the E%‘iss calculation, on the b-tagging, and on the data-driven misidentified-lepton background. The last
bin includes the overflow. For illustration, the expected signal distributions are shown for top squark pair
production with m;=300 GeV, my, + =120 GeV and my o—lOO GeV (in the low-mass channel) and my=450
GeV, m);]r=170 GeV and mX(l)—ISO GeV (in the hlgh mass channel).
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Figure 11: mgllf‘;l distribution in the electron (left) and muon (right) channels in the hard single-lepton
3-jet (top) and 5-jet (middle) binned signal regions. The bottom plots show the E"™* distribution in the
electron (left) and muon (right) channels in the hard single-lepton 6-jet binned signal region. The Stan-
dard Model expectation is derived from the fit. The uncertainty band on the Standard Model expectation
shown here combines the statistical uncertainty on the simulated event samples and the theory-related
uncertainties on the background with the systematic uncertainties on the jet energy scale and resolution,
on the lepton identification, momentum/energy scale and resolution, on the ErTniss calculation, on the
b-tagging, and on the data-driven misidentified-lepton background. The last bin includes the overflow.
For illustration, the expected signal distributions are shown for one-step gluino pair production with
mg=1145 GeV, my==785 GeV and m0=425 GeV.
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Given the absence of a significant excess above the Standard Model background expectations, limits
can also be placed on the various specific models of physics beyond the Standard Model described in
Section 3. In this case, the fit is modified in the following way:

1. there is an extra free parameter for a possible non-SM signal strength which is constrained to be
non-negative;

2. the number of events observed in the signal region is now also considered as an input to the fit;
3. the expected contamination of the control regions by the signal is included in the fit.

For the hard-lepton channel, the binned signal regions are used; the likelihood is modified to take into
account the model mé‘f‘f (E‘Tniss) shape information in the signal regions as a further discriminant by di-
viding the 3-jet and 5-jet (6-jet) signal regions into four (three) equidistant bins, from 800 GeV to 1600
GeV (from 250 GeV to 550 GeV), with the last bin being inclusive for higher values, and by including
bin-by-bin expectations. In these exclusion fits, the statistically independent electron and muon channels
are combined.

Systematic uncertainties on the signal expectations stemming from detector effects are included in
the fit in the same way as for the backgrounds. Systematic uncertainties on the signal cross section due
to the choice of renormalization and factorization scale and PDF uncertainties are calculated following
the procedure described in [46] and their effect is shown on the limit plots obtained.

The limits in the my — m;, MSUGRA/CMSSM plane obtained from the hard-lepton signal regions
are shown in Figure 12. The observed limit is driven above the expected limit (although within the 1o
band) mainly by the shape fit to the E‘TIliSS distribution in the 6-jet binned signal region (see Figure 11) as
some high-E}"* bins are found to be without data events. At large values of my, this analysis is able to
exclude a gluino mass of up to 1.2 TeV. This is approximately 100 GeV more than the analysis based on
large jet multiplicites and EITniss with no lepton in the final state [90].

The limits obtained from the combination of all soft and hard single-lepton signal regions are shown
in Figures 13 for the gluino and the squark pair production simplified models. These limits are shown
in the Mg(g)—y0 Mass plane for the case in which the chargino mass is fixed at x = 1/2, where x =
(mﬁ - m)??)/ (mgg) — m)?(f)' These limits are obtained by using, for each point of the mass plane, the
soft or the hard single-lepton limit, selecting the best expected limit for this point. The soft single-
lepton analysis is particularly powerful along the diagonal, where the masses of the gluino/squark and
the lightest neutralino are almost degenerate. In this region, the limit on the gluino mass reaches up
to myg = 700 GeV for all values of the lightest neutralino mass for which the gluino/neutralino mass
difference is greater than 25 GeV. This extends the previous limit [16] by approximately 150 GeV in m;
for a Am(g, )2(1)) of approximately 100 GeV. The hard-lepton analysis is able to exclude a gluino mass up
to 1.18 TeV in this model, extending the previous limit by 200 GeV for low )2(1) masses while covering
a considerably larger range of Am(g, )2?). The squark limits are considerably weaker due to the lower
production cross section. This analysis nevertheless extends the limit on the squark mass from this model
to approximately 700 GeV, or 200 GeV above the previous limit. The upper limit on the production cross
section for each point considered is also shown.

The limits are also shown in Figure 14 for the gluino/squark simplified models in which the LSP
mass is set at 60 GeV and the value of x is varied. In these models, the hard single-lepton searches
exclude up to m; = 1.2 TeV and this exclusion covers a wide range of chargino masses; these searches
also exclude squark masses up to 750 GeV, albeit for a slightly narrower range of chargino masses. With
respect to the previously published limits, the exclusion is increase by 250 GeV in the gluino mass and
200 GeV in the squark mass.

In the two-step gluino/squark simplified models with sleptons, the limits obtained using the hard
single-lepton analyses are shown in Figure 15. Gluino and squark masses up to 1.15 TeV and 750
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GeV are excluded, respectively. These searches are also able to exclude a gluino mass up to 1.12 TeV in
the two-step simplified model without sleptons, as can be seen in Figure 16, although the exclusion
curve does not reach the same level of spectrum compression in this model as in the model with sleptons.
Figure 16 also shows the upper limit on the production cross section on each point considered in the
two-step squark simplified model without sleptons.

MSUGRA/CMSSM: tanf = 30, AO= -2mg, u>0
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Figure 12: 95% CL exclusion limit from the hard single-lepton channels in the mo — mj);

MSUGRA/CMSSM plane with tan 8 = 30, Ag = —2mg and u > 0. The green area represents the region
of the parameter space for which the stau is the LSP. The dark grey dashed line shows the expected limits
at 95% CL, with the light (yellow) bands indicating the +1¢ variation on the median expected limit due
to the experimental and background-theory uncertainties. The observed nominal limit is indicated by a
solid dark red line with the dark red dotted lines being obtained by varying the signal cross section by
the scale and PDF uncertainties.

The limits obtained for the top squark production simplified models with almost degenerate j and
)(1 are shown in Figure 17 in the M=o Mass plane, for the following two assumptions: Am(y7, )2‘1)) =
(top) or 20 GeV(bottom). These limits are obtained by using, for each point of the mass plane, the low—
mass or the high-mass soft single-lepton two b-jet signal region, selecting the best expected limit for this
point. The limits extend up to m; = 420 (450) GeV in the Am(,\(f, )2(1)) = 5(20) GeV scenario. The soft
single-lepton one b-jet signal regions do not result in an exclusion limit in these models. The upper limit
on the production cross section placed on each point considered in the Mp—iyo Mass plane can be found
in the Appendix (Figure 22).

The limit obtained for the mUED scenario using the soft dimuon signal region is shown in Figure
18 in the 1/R—AR plane. Given the small excess in this channel, the limit obtained only reaches up to a
compactification radius of 1/R = 740 GeV for a cut-off scale times radius (AR) of approximately 10.
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Figure 13: 95% CL exclusion limit from the single-lepton channels in the gluino simplified model (top)
and the first and second generation squark simplified model (bottom) presented in the Mg(g)=My0 Mass
plane for the case in which the chargino mass is fixed at x = 1/2, where x = (m)?f —mfo) / (mg(q)—m)?l)). The
dark grey dashed line shows the expected limits at 95% CL, with the light (yellow) bands indicating the
+ 10 variation on the median expected limit due to the experimental and background-theory uncertainties.
The observed nominal limit is indicated by a solid dark red line with the dark red dotted lines being
obtained by varying the signal cross section by the scale and PDF uncertainties. The observed limit set
by the previous ATLAS analysis [16] using 7 TeV data is shown as a grey area. The light blue and purple
full (dashed) lines show the observed (expected) exdHision obtained by the soft and hard-lepton analyses,
respectively. The grey numbers show the upper limit on the production cross section, in pb, obtained for

each point of the grids.

Numbers give 95% CL excluded model cross sections [pb]

Numbers give 95% CL excluded model cross sections [pb]
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Figure 14: 95% CL exclusion limit from the hard single-lepton channels in the gluino simplified model
(top) and the first and second generation squark simplified model (bottom) presented in the myz—x mass
plane, where x = (m)(f m. 0) [(mgG) — m, o) for the case in which the chargino mass is varied and the
LSP mass is set at 60 GeV. The dark grey 'dashed line shows the expected limits at 95% CL, with the
light (yellow) bands indicating the +10 variation on the median expected limit due to the experimental
and background-theory uncertainties. The observed nominal limit is indicated by a solid dark red line
with the dark red dotted lines being obtained by varying the signal cross section by the scale and PDF
uncertainties. The observed limit set by the previous ATLAS analysis [16] using 7 TeV data is shown as
a grey area. The grey numbers show the upper lim&Son the production cross section, in pb, obtained for
each point of the grids.
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Figure 15: 95% CL exclusion limit from the hard single-lepton channels in the two-step gluino simplified
model with sleptons (top) and the two-step first and second generation squark simplified model with
sleptons (bottom) presented in the n15g) —My0 Mass plane. The dark grey dashed line shows the expected
limits at 95% CL, with the light (yellow) bands indicating the +10 variation on the median expected limit
due to the experimental and background-theory uncertainties. The observed nominal limit is indicated by
a solid dark red line with the dark red dotted lines being obtained by varying the signal cross section by
the scale and PDF uncertainties. The grey numbers show the upper limit on the production cross section,
in pb, obtained for each point of the grids. The limit is not extrapolated to lower gluino/squark masses

where no grid point was generated. 36
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Figure 16: 95% CL exclusion limit from the hard single-lepton channels in the two-step gluino simplified
model without sleptons presented in the Mg—Mgo Mass plane (top) and in the two-step first and second
generation squark simplified model without sleptons (bottom). The dark grey dashed line shows the
expected limits at 95% CL, with the light (yellow) bands indicating the +10 variation on the median
expected limit due to the experimental and background-theory uncertainties. The observed nominal
limit is indicated by a solid dark red line with the dark red dotted lines being obtained by varying the
signal cross section by the scale and PDF uncertainties. The grey numbers show the upper limit on the
production cross section, in pb, obtained for each point of the grids. The limit is not extrapolated to lower

gluino/neutralino masses where no grid point was @eherated.
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Figure 17: 95% CL exclusion limit from the soft single-lepton two b-jet channels in the top squark
pair production simplified model, presented in the m;—m 0 mass plane for the case in which the mass
difference between the lighter chargino and the LSP is 3 GeV (top) or 20 GeV (bottom). The dark
grey dashed line shows the expected limits at 95% CL, with the light (yellow) bands indicating the +10
variation on the median expected limit due to the experimental and background-theory uncertainties. The
observed nominal limit is indicated by a solid dark red line with the dark red dotted lines being obtained
by varying the signal cross section by the scale and PDF uncertainties. The grey numbers show the upper

limit on the production cross section, in pb, obtained for each point of the grids.
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Figure 18: 95% CL exclusion limit from the soft dimuon channel in the mUED model, presented in the
1/R—AR plane. The dark grey dashed line shows the expected limits at 95% CL, with the light (yellow)
bands indicating the +10 variation on the median expected limit due to the experimental and background-
theory uncertainties. The observed nominal limit is indicated by a solid dark red line with the dark red
dotted lines being obtained by varying the signal cross section by the scale and PDF uncertainties. The
grey numbers show the upper limit on the production cross section, in pb, obtained for each point of the
grids.
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11 Conclusion

A search with the ATLAS detector for SUSY in final states containing at least one isolated lepton (elec-
tron or muon), jets and large missing transverse momentum is presented in this note, using 19 different
signal regions. The kinematic reach of the analysis is extended to soft leptons to increase the sensitivity
to supersymmetric spectra with small mass splitting. This analysis uses 20 fb~! of data collected at a
center-of-mass energy of 8 TeV. Observations are in general in good agreement with the Standard Model
background expectations, although a non-significant excess (at 2.307) is seen in the soft dimuon chan-
nel. Limits are set on the visible cross section of new physics within the kinematic requirements of the
searches. Limits are also set on a variety of models. A gluino mass up to 1.1-1.2 TeV can be excluded in
a MSUGRA/CMSSM scenario at high values of mg and in the one-step and two-step gluino simplified
models considered. First and second generation squark masses up to 700-750 GeV are also excluded
in the one-step and two-step squark simplified models studied. Limits are also set on a top squark pair
production simplified model with nearly degenerate )2(1) and {7, as expected in a natural scenario where
X and /\?? are higgsino-like. In the simplified scenario considered, the top squark decays exclusively
into the lighter chargino and a b-quark. Depending on the chargino and neutralino masses, the analysis
excludes a top squark mass up to 450 GeV. Finally, limits are also set in the mUED model, excluding a
compactification radius up to 1/R = 740 GeV, depending on AR.
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A Appendix

A.1 Additional plots
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Figure 19: E?iss distribution in the electron (left) and muon (right) channels for events passing the
ET" trigger and having exaclty one preselected soft lepton, at least one b-jet with pr> 25 GeV and
mrt< 30 GeV. This region is used to validate the data-driven misidentified lepton background estimation.
The “Data/SM” plots show the ratio between data and the summed Standard Model expectation. The re-
maining Standard Model expectation is derived from simulation only, normalized to the theoretical cross
sections. The uncertainty band on the Standard Model expectation shown here combines the statistical
uncertainty on the simulated event samples with the systematic uncertainties on the jet energy scale and
resolution, on the lepton identification, momentum/energy scale and resolution, on the EIT’[liSS calculation,
on the b-tagging, and on the data-driven misidentified-lepton background.
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Figure 20: Graphical illustration of the soft-lepton signal regions used in this analysis. The soft single-
lepton signal region is shown in the mr versus E?iss plane (top left), the soft dimuon signal region, in the
mr versus the lepton pr plane (top right), the soft single-lepton one b-jet signal region, in the mt versus
the lepton p plane (bottom left) and the soft single-lepton two b-jet signal region, in the np_jer versus
the lepton p plane (bottom right). The control and validation regions used are also shown.
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Figure 21: Graphical illustration of the hard-lepton 3-jet (top left), 5-jet (top right) and 6-jet (bottom)
signal regions used in this analysis, shown in the mrt versus E%liss plane. The control and validation
regions used are also shown.
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Figure 22: Upper limit on the cross section, in pb, obtained from the soft single-lepton one b-jet signal
regions in the top squark pair production simplified model, presented in the M=y Mass plane for
the case in which the mass difference between the lighter chargino and the LSP is 5 GeV (top) or 20
GeV (bottom).
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A.2 Models studied
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Figure 23: The decay topologies of some models considered in this analysis: the two-step gluino simpli-
fied model with sleptons (left) and the one-step squark simplified model (right).

A.3 Cut flow tables for benchmark signal models

Additional details are provided here for the benchmark signal models used in this note: cut flow charts
for each signal regions are given in Tables 18-23.

Cut Signal (m;=150 GeV, m~]i=140 GeV, mﬁ=120 GeV)
Trigger+soft lepton (incl. ARy (j, €) > 1.0) 23391

ET™ > 250 GeV 515

Prieu > 180 GeV 498

mr > 100 GeV 22.6

Niets 2 3 14.1

btag requirement 3.0

ET"™ [meg > 0.35 3.0

Table 18: Cut flow chart for the low-mass soft single-lepton one b-jet channel; 100000 events were
generated for this signal point with a truth-level ET™* filter at 60 GeV. The events are normalized to 20.1
bl
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Cut Signal (m;=200 GeV, m);]t:190 GeV, m)z<1>=170 GeV)
Trigger+soft lepton (incl. ARy (j, €) > 1.0) 7485
ET™ > 300 GeV 266.5
Drjett > 180 GeV 248.2
mr > 100 GeV 34.2
Njets > 3 19.9
btag requirement 11.0
ET' [meg > 0.35 10.0

Table 19: Cut flow chart for the high-mass soft single-lepton one b-jet channel; 100000 events were
generated for this signal point with a truth-level EIT’[liSS filter at 60 GeV. The events are normalized to 20.1

Cut Signal (m;=300 GeV, my:= 120 GeV, m);?=100 GeV)
Trigger+soft lepton 3692
ET > 200 GeV 772
Npjer == 2 67.0
A@min > 0.4 66.3
mcet > 150 GeV 55.8
Hr, <50 GeV 47.6

Table 20: Cut flow chart for the low-mass soft single-lepton two b-jet channel; 100000 events were
generated for this signal point with a truth-level E‘TrliSS filter at 60 GeV. The events are normalized to 20.1

Cut Signal (m;=450 GeV, my==170 GeV, m)?T:lSO GeV)
Trigger+soft lepton 400
ET™ > 300 GeV 71.3
Nipjors == 2 6.4
Admin > 0.4 6.3
mct > 200 GeV 6.1

Table 21: Cut flow chart for the high-mass soft single-lepton two b-jet channel; 30000 events were
generated for this signal point with a truth-level E‘TrliSS filter at 60 GeV. The events are normalized to 20.1
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Cut H Signal (m5=625 GeV, my=465 GeV) ‘ Signal (1m53=425 GeV, my»=345 GeV)
Common preselection

Trigger+soft lepton 688 947

EX > 200 GeV and pr/' > 180 GeV 150 202
3-jet signal region

3<Njy <5 374 95.6

mr> 100 GeV 7.2 15.7

All cuts 0 3.0
5-jet signal region

Njy 25 111 78

mr> 100 GeV 51.2 27.2

All cuts 19.5 12.1

Table 22: Cut flow chart for the single-lepton 3-jet and 5-jet channels. The signal points are taken from
the simplified model with x = 1/2; 20000 (60000) events were generated for the gluino (squark) signal
point. The events are normalized to 20.1 fb~!.

Cut Signal (R™T = 900 GeV, AR=40)
trigger + OS u 161
ET*™ >170 GeV 63.3
]Vjets(pT > 25) >2 62.2
PTjet1 > 70 GeV 61.9
my, >15 GeV, |my, — mz| >10 GeV 58.1
ARmin(jv KZ) > 1.0 36.0
P <25 GeV 52
mr> 80 GeV 2.8
b-veto 2.4

Table 23: Cut flow chart for the soft dimuon channel; 20000 events were generated for this signal points,
using a filter requiring at least 2 leptons at truth level with pt> 5 GeV and || < 2.8. The events are
normalized to 20.1 fb~!.

Cut Signal (my = 1145 GeV, me = 785 GeV, msy = 425 GeV)
1

Trigger + hard-lepton 18.7

Jets cut 8.1

Jet orthogonality 8.1

E7' 5.2

mr 4.1

Eg“jS/mg;;l 4.1

myy 4.1

Table 24: Cut flow chart for the hard single-lepton 6-jet electron channel. The signal point is taken from
the gluino simplified model with x = 1/2; 20000 events were generated for this point. The events are
normalized to 20.3 fb~!.
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Cut

Signal (my = 1145 GeV, me = 785 GeV, ms = 425 GeV)
1 1

Trigger + hard-lepton 13.0
Jets cut 5.7
Jet orthogonality 5.7
E7' 3.8
mr 2.8
Eg“jS/mgg?l 2.8
myy 2.8

Table 25: Cut flow chart for the hard single-lepton 6-jet muon channel. The signal point is taken from

the gluino simplified model with x = 1/2; 20000 events were generated for this point. The events are
normalized to 20.3 fb~!.

Cut Signal (my; = 1145 GeV, My = 785 GeV, msy = 425 GeV)
i 1
Trigger + hard-lepton 18.7
Jets cut 13.0
Jet orthogonality 5.0
ET' 2.7
mr 2.3
E?‘S:/mz’&d 23
nc
mey 2.3

Table 26: Cut flow chart for the hard single-lepton 5-jet electron channel. The signal point is taken from

the gluino simplified model with x = 1/2; 20000 events were generated for this point. The events are
normalized to 20.3 fb~!.

Cut

Signal (my = 1145 GeV, me = 785 GeV, m);(l] =425 GeV)

Trigger + hard-lepton 13.0
Jets cut 9.3
Jet orthogonality 3.5
E7' 1.7
mr 1.4
Eg“jS/mg;;l 1.4
myy 1.4

Table 27: Cut flow chart for the hard single-lepton 5-jet muon channel. The signal point is taken from

the gluino simplified model with x = 1/2; 20000 events were generated for this point. The events are
normalized to 20.3 fb~!.
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Cut Signal (my = 1145 GeV, My = 785 GeV, my = 425 GeV)
1
Trigger + hard-lepton 18.7
Jets cut 18.3
Jet orthogonality 54
E7' 2.7
mr 2.3
E’rrmsls/mz}(fcl 1.9
nc
Mg 1.9

Table 28: Cut flow chart for the hard single-lepton 3-jet electron channel. The signal point is taken from
the gluino simplified model with x = 1/2; 20000 events were generated for this point. The events are
normalized to 20.3 fb~!.

Cut Signal (my = 1145 GeV, me = 785 GeV, msy = 425 GeV)
1
Trigger + hard-lepton 13.0
Jets cut 12.8
Jet orthogonality 3.6
E7' 1.8
mr 1.3
E%lisls/mg’f‘fCl 1.0
myy 1.0

Table 29: Cut flow chart for the hard single-lepton 3-jet muon channel. The signal point is taken from

the gluino simplified model with x = 1/2; 20000 events were generated for this point. The events are
normalized to 20.3 fb~!.
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Figure 24: Signal region providing the best expected sensitivity for each point of the top squark pair
production simplified model, presented in the M=y Mass plane for the soft single-lepton two b-jet
(top) and one b-jet signal regions (bottom) for the case in which the mass difference between the lighter
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