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Abstract

The results of a search for the direct pair production of supersymmetric partners of the
top quark are reported using 3.2 fb−1 of integrated luminosity from LHC pp collisions at
√

s = 13 TeV collected by the ATLAS detector. Top squarks are searched for in events with
two leptons (electrons or muons) in the final state. No excess above the Standard Model
expectation is observed. Exclusion limits at 95% confidence level are derived on the mass of
the top squark assuming that it decays with 100% branching ratio as t̃1 → χ̃±1 b→ χ̃01W b, for
two different assumptions on the chargino χ̃±1 and the lightest neutralino χ̃01 masses. These
results extend the region of supersymmetric parameter space excluded by previous LHC
searches.
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1 Introduction

Supersymmetry (SUSY) [1–6] is an extension of the Standard Model (SM) which introduces, for every
bosonic or fermionic degree of freedom, a supersymmetric partner, i.e. a particle with identical quantum
numbers except for a difference of half a unit of spin (S). The introduction of gauge-invariant and
renormalisable interactions into SUSY models can violate the conservation of baryon number (B) and
lepton number (L), resulting in a proton lifetime shorter than current experimental limits [7]. This is usually
solved by assuming that the multiplicative quantum number R-parity [8] , defined as R = (−1)3(B−L)+2S ,
is conserved.

In the framework of a generic R-parity-conserving Minimal Supersymmetric Standard Model (MSSM)
[9, 10], SUSY particles are produced in pairs, and the lightest supersymmetric particle (LSP) is stable
and a candidate for dark matter [11, 12]. In a large variety of models, the LSP is the lightest neutralino
χ̃01. The scalar partners of right-handed and left-handed quarks (squarks), q̃R and q̃L, can mix to form
two mass eigenstates, q̃1 and q̃2, with q̃1 defined to be the lighter one. In the case of the supersymmetric
partner of the top quark t̃, large mixing effects or small on-diagonal terms can lead to one top squark mass
eigenstate, t̃1, that is significantly lighter than the other squarks. Thus t̃1 could be pair-produced with
relatively large cross sections at the Large Hadron Collider (LHC).

The top squark can decay into a variety of final states, depending, amongst other factors, on the hierarchy
and mixing of the SUSY partners of the Higgs and the electroweak gauge bosons. In this document the
relevant mass eigenstates are the lightest chargino χ̃±1 and the χ̃01. Previous ATLAS [13] and CMS [14–19]
analyses using data at

√
s = 7 TeV and 8 TeV have placed exclusions limits at 95% confidence level (CL)

on various t̃ decay scenarios.

Two classes of SUSY signal models are used when interpreting the results. These are simplified models, in
which the t̃1, mostly t̃L , is pair-produced, with both t̃1 decaying via t̃1 → b+ χ̃±1 , where m(t̃1) −m( χ̃±1 ) >
m(b). The χ̃±1 are both assumed to decay into the lightest neutralino (assumed to be the LSP) and a real
W boson. The analysis described in this document focuses on the leptonic decay mode of the W bosons.
Events are characterised by the presence of two isolated leptons (e, µ)1 with opposite charge, and two
b-quarks. Significant missing transverse momentum, whose magnitude is referred to as Emiss

T , is also
expected from neutrinos and neutralinos in the final states.

The kinematics of the t̃1 → b + χ̃±1 decay depend upon the masses of the t̃1, χ̃±1 and χ̃01 and their
respective mixings. In this document, an analysis targeting m( χ̃±1 ) − m( χ̃01) larger than the W boson
mass is presented. Although interpreted in terms of SUSY models, this analysis could also constrain
any model of new physics that predicts the production of leptons in association with missing transverse
momentum.

2 ATLAS detector

The ATLAS detector [20] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and it covers nearly the entire solid angle around the collision point.2 It

1 Electrons and muons from τ decays are included.
2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
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consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and
hadron calorimeters, and a muon spectrometer incorporating three large superconducting toroid magnets.
The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged particle
tracking in the range |η | < 2.5. It consists of a high-granularity silicon pixel detector, which covers the
vertex region and typically provides three measurements per track, a silicon microstrip tracker, which
usually provides four two-dimensional measurement points per track, and a transition radiation tracker,
which enables radially extended track reconstruction up to |η | = 2.0. The transition radiation tracker also
provides electron identification information based on the fraction of hits (typically 30 in total) above a
higher energy deposit threshold corresponding to transition radiation. During the first LHC long shutdown,
a new tracking layer, known as the Insertable B-Layer (IBL) [21], was added at a radius of 33 mm. The
calorimeter system covers the pseudorapidity range |η | < 4.9. Within the region |η | < 3.2, electromagnetic
calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr) electromagnetic
sampling calorimeters with an accordion geometry, with an additional thin LAr presampler covering
|η | < 1.8, to correct for energy loss in material upstream of the calorimeters. Hadronic calorimetry is
provided by an iron/scintillating-tile sampling calorimeter, segmented into three barrel structures within
|η | < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid angle coverage is completed with
forward copper/LAr and tungsten/LAr calorimeter modules optimised for electromagnetic and hadronic
measurements respectively. The Muon Spectrometer (MS) comprises separate trigger and high-precision
tracking chambers measuring the deflection of muons in a magnetic field generated by superconducting
air-core toroids. The precision chamber system covers the region |η | < 2.7 with three layers of monitored
drift tubes, complemented by cathode strip chambers in the forward region, where the background is
higher. The muon trigger system covers the range |η | < 2.4 with resistive plate chambers in the barrel, and
thin gap chambers in the endcap regions. A two-level trigger system is used to select events [22]. There is
a low-level hardware trigger implemented in custom electronics, which reduces the incoming data rate to
a design value of ∼100 kHz using a subset of detector information, and a high-level software trigger which
selects interesting final state events with software algorithms accessing the full detector information.

3 Event Selection

Data were collected by the ATLAS detector in 2015 during pp collisions at a center-of-mass energy of
√

s = 13 TeV, with a peak instantaneous luminosity of L = 5.2× 1033 cm−2s−1, a bunch spacing of 25 ns,
and an average number of additional pp interactions per bunch crossing (pileup) of 〈µ〉 = 14. Only events
taken in stable beam conditions, and in which the trigger system, the tracking devices and the calorimeters
were operational, are considered in this analysis. After data-quality requirements, the data sample amounts
to an integrated luminosity of 3.2 fb−1 with an uncertainty of ±5%. The luminosity and its uncertainty
are derived following a procedure similar to the one described in Ref. [23], from a preliminary calibration
of the luminosity scale using a pair of x-y beam separation scans performed in August 2015.

Candidate events are required to have a reconstructed vertex with at least two associated tracks with
pT > 400 MeV. The vertex with the highest scalar sum of the squared transverse momentum of the
associated tracks is considered the primary vertex of the event.

Electron candidates are reconstructed froman isolated electromagnetic calorimeter energy depositmatched
to an ID track and are required to have |η | < 2.47, a transversemomentum pT > 10GeV, and to pass a loose

upwards. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2).
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likelihood-based identification requirement [24, 25]. The likelihood input variables include measurements
of calorimeter shower shapes and of track properties from the ID. The track associated with the electron
must have a significance of the transverse impact parameter with respect to the reconstructed primary
vertex, d0, of |d0 |/σ(d0) < 5.

Muon candidates are reconstructed in the region |η | < 2.5 from muon spectrometer tracks matching ID
tracks. Candidate muons must have pT > 10GeV and must pass the medium identification requirements
defined in Ref. [26], based on requests on the number of hits in the different ID and muon spectrometer
subsystems, and on the significance of the charge to momentum ratio q/p [26].

Jets are reconstructed from three-dimensional energy clusters in the calorimeter [27] with the anti-kt jet
clustering algorithm [28] with a radius parameter R = 0.4. Only jet candidates with pT > 20GeV and
|η | < 2.8 are considered as selected jets in the analysis. Jets are calibrated as described in Ref. [29]. In
order to reduce the effects of pileup, for jets with pT < 50GeV and |η | < 2.4 a significant fraction of
the tracks associated with each jet must have an origin compatible with the primary vertex, as defined by
the jet vertex tagger [30]. Furthermore, for all jets the expected average energy contribution from pileup
clusters is subtracted according to the jet area [29].

To avoid double-counting of reconstructed objects, electron candidates sharing an inner detector track
with a muon candidate are removed. Then, jet candidates within ∆R =

√
∆y2 + ∆φ2 < 0.2 from an electron

candidate are removed, and the same is done for jets with fewer than three tracks which lie within∆R < 0.4
around a muon candidate. Finally, any lepton candidate within ∆R < 0.4 from the centre of a surviving
jet candidate is removed, in order to reject leptons from the decay of a b− or c−hadron.

Signal electrons must satisfy a medium likelihood-based identification requirement [24, 25]. Signal
muons must fulfil the requirement a significance of the transverse impact parameter with respect to the
reconstructed primary vertex, d0, of |d0 |/σ(d0) < 3. The track associated to the signal leptons must
have a longitudinal impact parameter with respect to the reconstructed primary vertex, z0, satisfying
|z0 sin θ | < 0.5 mm. Leptons are required to be isolated from other activity using a relatively loose
criterion designed to pass 99% of leptons from Z decays. Simulated events are corrected to account for
minor differences in the signal lepton trigger, reconstruction and identification efficiencies between data
and MC simulation.

The Emiss
T is defined as the magnitude of the two-vector pmiss

T which is the negative vector sum of the
transverse momenta of all identified physics objects (electrons, photons, muons, jets) and an additional
soft term. The soft term is constructed from all tracks that are not associated with any physics object, and
which are associated with the primary vertex. In this way, the Emiss

T is adjusted for the best calibration of
the jets and the other identified physics objects above, while maintaining pileup independence in the soft
term [31, 32].

Events are accepted if they pass an online selection (trigger) requiring either two electrons, two muons or
an electron and a muon. The trigger-level requirements on the leading and subleading lepton pT are looser
than those applied offline to ensure that trigger efficiencies are constant in the relevant phase space.

Events of interest are retained if they contain a leading lepton with pT > 25 GeV and a second lepton with
pT > 15 GeV with opposite electric charges. Events with three or more lepton candidates are vetoed.

Two separate signal regions (SR) have been defined for different flavour (DF) or same flavour (SF) lepton
pairs. A summary of the event selections is shown in table 1. The dilepton invariant mass m`` is required
to be larger than 20 GeV. Furthermore, a veto on the 71–111 GeV interval is applied in the case of SF
pairs in order to reduce the contribution from the leptonic decays of the Z boson.
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Events are selected using the leptonic stransverse mass [33, 34] mT2, defined as

mT2(pT,1, pT,2, pmiss
T ) = min

qT,1+qT,2=pmiss
T

{
max[ mT(pT,1, qT,1),mT(pT,2, qT,2) ]

}
, (1)

where mT indicates the transverse mass3, pT,1 and pT,2 are the transverse momentum vectors of the two
leptons (assumed to be massless), and qT,1 and qT,2 are unknown transverse momentum vectors of two
invisible particles, which satisfy qT,1 + qT,2 = pmiss

T . The minimisation is performed over all the possible
decompositions of pmiss

T . For tt̄ and WW decays, mT2 is bounded from above by the mass of the W boson.
In the t̃1 → b+ χ̃±1 decay, the upper bound is instead strongly correlated with the mass difference between
the chargino and the lightest neutralino. The SR candidates are required to have mT2 > 145 GeV.

The main change with respect to the Run 1 analysis targeting the same process [35] is the use of the event
kinematic variable R1, defined as

R1 =
Emiss
T
meff

=
Emiss
T

Emiss
T + pT(`1) + pT(`2) + pT(j1) + pT(j2)

, (2)

considering up to the two most energetic jets with pT > 50 GeV. The SR candidates are required to have
R1 > 0.3. This selection is useful to reject Z/γ∗+jets events with high mT2.

The p``Tb variable, defined as
p``Tb = pmiss

T + p`1T + p
`2
T (3)

with magnitude p``Tb, is used in the control regions (CR) defined in section 5 to discriminate between tt̄
and diboson production.

Table 1: Definition of the signal regions used in the analysis. The first three rows summarise the event preselection,
while the last three indicate the cuts that define the two signal regions.

Signal Region DF SF
leading lepton pT [GeV] > 25
sub-leading lepton pT [GeV] > 15
additional lepton (veto) pT [GeV] > 10
m`` [GeV] >20 (>20 and < 71) or > 111
mT2 [GeV] > 145
R1 > 0.3

4 Simulated event samples

Monte Carlo (MC) simulated event samples are used to model the SUSY signal and those SM backgrounds
with two or more real leptons in the final state. The MC samples are processed by an ATLAS detector
simulation [36], based on Geant4 [37], or a fast simulation that uses a parameterisation of the calorimeter
response and Geant4 for the other parts of the detector [38], and are reconstructed with the same
algorithms as used for the data.
3 The transverse mass of a massless particle is defined by the equation mT =

√
2|pT,1 | |pT,2 |(1 − cos(∆φ)), where ∆φ is the

angle between the particles with transverse momenta pT,1 and pT,2 in the plane perpendicular to the beam axis.
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Diboson processes with two to four charged leptons are simulated using the Sherpa v2.1.1 [39] gener-
ator [40]. The matrix elements contain the doubly-resonant WW , W Z and Z Z processes and all other
diagrams with four or six electroweak vertices (such as WW j j). The 3` + 1ν process is calculated
at NLO and additional diagrams involving up to three extra partons at LO using the Comix [41] and
OpenLoops [42] matrix element generators and merged with the Sherpa parton shower [43] using the
ME+PS@NLO prescription [44]. Fully leptonic triboson processes (WWW , WW Z , W Z Z and Z Z Z)
with up to six charged leptons are also simulated using Sherpa v2.1.1. The WW Z → 4` + 2ν or 2` + 4ν,
W Z Z → 3` + 3ν or 5` + 1ν, Z Z Z → 6` + 0ν, 4` + 2ν or 2` + 4ν processes are calculated with the same
configuration as the diboson samples, but with up to only two extra partons at LO. The CT10 [45] parton
distribution function (PDF) set is used for all Sherpa samples in conjunction with a dedicated parton
shower tuning developed by the Sherpa authors. The generator cross sections are used when normalising
these backgrounds.

For the production of tt̄ and single top-quarks in the Wt channel, the Powheg-Box v2 generator with the
CT10 PDF set in the matrix element calculations is used [46]. The top quark mass is assumed to be 172.5
GeV. The tt̄ (single top) events are normalised to the NNLO + NNLL [47] (NLO) cross sections.

Events containing Z bosons with associated jets (Z/γ∗+jets) are simulated using the Sherpa v2.1.1
generator with massive b/c-quarks to improve the treatment of the associated production of Z bosons with
heavy flavours [48]. Matrix elements are calculated for up to two partons at NLO and up to four partons
at leading order (LO). The matrix elements are calculated using the Comix and OpenLoops generators of
matrix elements and merged with the Sherpa parton shower using the ME+PS@NLO prescription. The
CT10 PDF set is used in conjunction with a dedicated parton shower tuning developed by the Sherpa
authors. A global k-factor is used to normalise the Z/γ∗+jets events to the NNLO cross sections.

Samples of tt̄+V (withV = W and Z , including non-resonant Z/γ∗ contributions) and tt̄+WW production
are generated at LOwithMG5_aMC@NLO [49] v2.2.2 interfaced to the Pythia 8.186 [50] parton shower
model [51]. tt̄ +W and tt̄ + Z were generated including respectively up to two and one extra partons in the
matrix element. No additional partons were included in the tt̄ +WW generation. The A14 tune [52] was
used together with the NNPDF23LO PDF set [53]. The tt̄ +W , tt̄ + Z , tt̄ +WW events are normalised to
their NLO cross section [49].

Production of a Higgs boson in association with a tt̄ pair is simulated using MG5_aMC@NLO [49]
v2.2.2 interfaced to Herwig 2.7.1 [54]. The UEEE5 underlying event tune is used together with the
CTEQ6L1 [55] (matrix element) and CT10 (parton shower) PDF sets. Simulated samples of SM Higgs
boson production in association with a W or Z boson are produced with Pythia 8.186, using the A14 tune
and the NNPDF23LO PDF set. Events are normalised with cross sections calculated at NLO [56].

The SUSY signal samples are generated from LO matrix elements with up to two extra partons, using the
MG5_aMC@NLO [49] v2.2.3 generator interfaced to Pythia 8.186, with the A14 tune, for the modelling
of the SUSY decay chain, parton showering, hadronisation and the description of the underlying event.
Parton luminosities are provided by the NNPDF23LO PDF set. Jet-parton matching is realised following
the CKKW-L prescription [57], with a matching scale set to one quarter of the pair-produced superpartner
mass. Signal cross sections are calculated to next-to-leading order in the strong coupling constant, adding
the resummation of soft gluon emission at next-to-leading-logarithmic accuracy (NLO+NLL) [58–60].
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. [61]. The
production cross section of top squark pairs with a mass of 500GeV is 518 fb at

√
s = 13 TeV (compared

with 86 fb at
√

s = 8 TeV).
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In all MC samples, except those produced by Sherpa, the EvtGen v1.2.0 program [62] is used to model
the properties of the bottom and charm hadron decays. To simulate the effects of additional pp collisions in
the same and nearby bunch crossings, additional interactions are generated using the soft QCD processes
of Pythia 8.186 with the A2 tune [63] and the MSTW2008LO PDF [64], and overlaid onto the simulated
hard scatter event. The Monte Carlo samples are reweighted so that the distribution of the average number
of proton-proton interactions per bunch crossing matches the observed distribution in the data (pile up
reweighting).

5 Background Estimation

The dominant SM background contribution to the SRs is expected to be diboson (WW or Z Z) production
with two leptons and two neutrinos in the final state (called ``νν). The normalisation of the SF ``νν
background is obtained by normalising the yield to the observed data in a background dominated CR,
then extrapolating this yield to the SRs as described below. A dedicated CR is also defined to normalise
the tt̄ contribution. Other background sources (Wt, Z/γ∗+jets and tt̄ + V ) which provide a sub-dominant
contribution to the SRs are determined from MC simulation only.

The fake and non-prompt lepton background, called “reducible”, consists of semi-leptonic tt̄, s-channel
and t-channel single top, W+jets and light- and heavy-flavour multijet events. The contribution from the
reducible background is small (less than 10% of the total background). It is estimated from data with a
method similar to that described in Refs. [65, 66]. Two types of lepton identification criteria are defined
for this evaluation: “tight”, corresponding to signal leptons described above, and “loose”, corresponding
to candidate electrons and muons. The method makes use of the number of observed events containing
loose-loose, loose-tight, tight-loose and tight-tight lepton pairs in a given SR. The probability for prompt
leptons passing the loose selection criteria to also pass the tight selection is measured using a Z → ``

(` = e, µ) sample. The equivalent probability for fake or non-prompt leptons is measured from multi-
jet-enriched control samples. The number of events containing a contribution from one or two fake and
non-prompt leptons is calculated from these probabilities.

The two dedicated control regions for tt̄ (CRT) and ``νν SF (CRSF) backgrounds are defined as follows:

• CRT, populated by DF events with 60 GeV < mT2 < 110 GeV, p``Tb > 30 GeV, R1 < 0.4. This
region is dominated by tt̄ events with a purity of 87%.

• CRSF, populated by SF events with a lepton invariant mass in the 71 − 111 GeV range,
mT2 > 110 GeV and R1 > 0.3. This region mostly contains diboson events with two same flavour
leptons in the final state.

Figure 1 shows the distribution of the kinematic variables used to define the two control regions. The
normalisations of the tt̄ and ``νν SF backgrounds are adjusted to match the observed number of events in
the corresponding CR, so that the plots illustrate the modelling of the shape of each variable. In general,
a good agreement between the data and the background model is found within the uncertainties.

For each signal region, a simultaneous “background” fit is performed to the number of events found
in the two CRs, using the HistFitter package [67]. When setting 95% CL upper limits on the cross
section of specific SUSY models, the simultaneous fits also include the observed yields in the SR. In
each fit, the normalisations of the ``νν SF and tt̄ background contributions are allowed to float, while
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Figure 1: Distribution of the main kinematic variables used to define the CR of the background fit, passing all the
region selections except the one on the variable itself. The upper two figures show respectively the p``Tb and R1
distributions in events passing the CRT selection, while the lower ones show the m`` and R1 distributions for events
passing the CRSF selection. The contributions from all SM backgrounds are shown as a histogram stack; the bands
represent the total uncertainty. The components labelled “Reducible" correspond to the fake and non-prompt lepton
backgrounds and are estimated from data as described in section 5; the other backgrounds are estimated from MC
simulation.

the other backgrounds are determined directly from their yields using the corresponding theoretical cross
sections.

Systematic uncertainties in theMC simulation affect the ratio of the expected yields in the different regions
and are taken into account to determine the uncertainty on the background prediction. The systematic
uncertainties are described by nuisance parameters, but are not constrained by the fit. Each uncertainty
source is described by a single nuisance parameter, and all correlations between background processes
and selections are taken into account. The list of systematic uncertainties considered in the fit is described
in the next section.

In order to test the reliability of the background prediction, the results of the simultaneous fit are cross-
checked in validation regions which are disjoint to both the control and signal regions. The validation
regions are defined as:
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Table 2: Background fit results for the CRs and VRs in the analysis for an integrated luminosity of 3.2 fb−1. The
nominal expectations from MC simulation are given for comparison for those backgrounds (tt̄, ``νν) which are
normalised to data. Combined statistical and systematic uncertainties are given. Events with fake or non-prompt
leptons are estimated with the data-driven technique described in section 5. Entries marked “–” indicate a negligible
background contribution. Uncertainties on the predicted background event yields are quoted as symmetric except
where the negative error reaches down to zero predicted events, in which case the negative error is truncated.

Region CRT CRSF VRDF VRSF

Observed events 3718 78 222 267

Total (constrained) SM events 3718 ± 61 78.0 ± 8.8 217 ± 33 269 ± 89

Fit output, tt̄ events 3206 ± 90 0.5+1.4
−0.5 68 ± 16 43.8 ± 9.1

Fit output, ``νν events 124 ± 38 44 ± 15 118 ± 17 100 ± 39

Total expected SM events 3960 ± 110 76 ± 14 222 ± 35 267 ± 81

Fit input, expected tt̄ events 3449 ± 84 1.1+2.5
−1.1 73 ± 18 47 ± 10

Fit input, expected ``νν events 124 ± 39 41.1 ± 4.7 118 ± 17 94 ± 10
Expected Wt events 309 ± 38 0.07+0.10

−0.07 17.7 ± 4.4 12.5 ± 2.9
Expected other multi-V events 6.5 ± 1.6 23.9 ± 1.6 2.50 ± 0.55 11.7 ± 2.3
Expected Higgs events 5.92 ± 0.82 0.52 ± 0.48 1.77 ± 0.33 1.04 ± 0.72
Expected Z/γ∗+jets events 0.8+1.5

−0.8 9+11
−9 0.32+0.70

−0.32 92 ± 78
Expected tt̄ +V events 4.7 ± 2.4 0.99 ± 0.52 0.03 ± 0.02 0.02 ± 0.02
Expected events with fake and non-prompt leptons 61 ± 31 – 8.3 ± 4.2 8.6 ± 4.3

• VRDF, populated by DF events with 60 GeV < mT2 < 110 GeV, p``Tb < 20 GeV and R1 > 0.4.
This region mostly contains diboson events with two different flavour leptons in the final state.

• VRSF, populated by SF events with 60 GeV < mT2 < 110 GeV, p``Tb < 20 GeV, R1 > 0.4,
∆φ(Emiss

T , p``Tb) < 1.5. This region mostly contains diboson events with two same flavour leptons in
the final state, with the contamination from Z/γ∗+jets events being reduced by the ∆φ(Emiss

T , p``Tb)
selection.

The validation regions are not used to constrain the fit parameters, but provide a statistically independent
check of the background modelling in kinematically relevant regions.

The results of the background fit, as well as the MC expected background composition before the fit,
are reported in table 2. The normalisations for the tt̄ and ``νν backgrounds are found to be reasonably
consistent with the theoretical predictions, when uncertainties are considered. The uncertainty on the ``νν
normalisation is dominated by the large uncertainty on the Z/γ∗+jets contribution in CRSF. Excellent
agreement, within the statistical uncertainty of the predicted background, is observed in both the VRs.

6 Systematic Uncertainties

The primary sources of systematic uncertainties are related to: the jet energy scale (JES) and resolution
(JER), theMCmodelling, the re-weighting procedure applied to simulation formatching the distribution of
the average number of proton-proton interactions per bunch crossing observed in data, and the theoretical
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cross section uncertainties. The uncertainty related to the finite yields of the simulated event samples
is taken into account as well. The effects of these uncertainties evaluated for all signal samples and
background processes. Since the normalisation of the dominant background processes is extracted in
dedicated control regions, the systematic uncertainties only affect the extrapolation to the signal regions
in these cases.

The JES and JER uncertainties are derived as a function of the pT and η of the jet, as well as of the
pileup conditions and the jet flavour composition of the selected jet sample. They are determined using
a combination of simulated and data samples, through measurements of the jet response asymmetry in
dijet, Z+jet and γ+jet events [68].

The systematic uncertainties related to themodelling of Emiss
T in the simulation are estimated by propagating

the uncertainties on the energy and momentum scale of each of the physics objects, as well as the
uncertainties on the soft term resolution and scale [32].

The remaining detector-related systematic uncertainties, such as those on lepton reconstruction efficiency,
energy scale, energy resolution and on the modelling of the trigger [25, 26], have been found negligible.

The uncertainties coming from the background modelling in MC are estimated for dibosons by varying
the renormalisation, factorisation and resummation scales used to generate the samples. For tt̄, the
uncertainties related to the choice of the QCD renormalisation and factorisation scales are assessed by
varying the corresponding generator parameters up and down by a factor of two around their nominal
values. Specific samples with an increased and decreased amount of initial-state and final-state radiation
are compared to the nominal sample. Moreover, the uncertainty associated to the parton shower modelling
is assessed as the difference between the predictions from Powheg + Pythia and Powheg + Herwig++.

The uncertainties related to the choice of the QCD renormalisation and factorisation scales in Z/γ∗+jets
events are assessed by varying the corresponding generator parameters up and down by a factor of two
around their nominal values. Uncertainties on the resummation scale and the matching scale between mat-
rix elements and parton shower are evaluated by varying up and down by a factor of two the corresponding
parameters in Sherpa.

The cross sections used to normalise the MC samples are varied according to the uncertainty on the cross
section calculation, that is, 5.3% for single top Wt-channel [69], 6% for diboson, 13% for tt̄ +W and 12%
tt̄ + Z production [49]. For tt̄ +W/Z , tt̄ + h and tribosons production processes, which constitute a small
background in all signal regions, a 50% uncertainty on the event yields is assumed.

A 50% systematic uncertainty is assigned to the fake and non-prompt lepton background estimate to
account for potentially different compositions (heavy flavour, light flavour or conversions) between the
signal and control regions, as well as the contamination from prompt leptons in the regions used tomeasure
the probabilities for loose fake and non-prompt leptons to pass the tight signal criteria.

A summary of the leading systematic uncertainties on the total expected background is given in table 3
for the DF and SF SRs.

10



Table 3: Sources of systematic uncertainty on the SM background estimates for the two signal regions. The values
are given as relative uncertainties on the expected signal region background event yields. Entries marked “–”
indicate a negligible contribution. The individual components can be correlated and therefore do not necessarily
add up in quadrature to the total systematic uncertainty. The total number of expected background events is also
shown.

Signal Region DF SF

Total background expectation 2.01 6.5

Total background systematic 31% 27%

Jet energy scale 3% 4%
Jet energy resolution 15% 2%
Emiss
T modelling 1% 1%

Pile up reweighting 2% 6%
MC statistical uncertainties 12% 13%
Diboson theoretical uncertainites 22% 9%
tt̄ theoretical uncertainites 1% 1%
Z/γ∗+jets theoretical uncertainites – 5%
Fake and non-prompt lepton composition 2% –
Luminosity 5% 2%

7 Results

Figure 2 shows the distribution of the mT2 variable for SF and DF events after applying all the selection
criteria of the SR except that on mT2. Table 4 shows the observed and expected yields in the two SRs for
each background source, which estimated as described in Section 5. Data agree with the SM background
expectation within uncertainties.

Table 5 shows upper limits (at the 95% CL) on the visible new physics cross section 〈εσ〉95obs, defined as
the product of the production cross section, acceptance and efficiency. These limits have been computed
using the CLs prescription [70] considering the full background estimation and luminosity uncertainties
and assume that the new physics does not contaminate the CRs.

Model-dependent limits are also set on specific classes of SUSY models. For each signal hypothesis,
the background fit is re-done taking into account the signal contamination in the CRs, which is found
to be below 1% for signal models close to the Run 1 exclusion limits. The limit for each signal region
is obtained by comparing the observed event count with that expected from SM background plus SUSY
signal processes. All uncertainties on the Standard Model expectation are considered, including those
which are correlated between signal and background (for instance jet energy scale uncertainties) and all,
except theoretical cross-section uncertainties (PDF and scale), on the signal expectation. Since the two
SRs are orthogonal, the result from the statistical combination of the two is used to set limits on each
signal hypothesis. “Observed limits” are calculated from the observed SR event yields for the nominal
signal cross section. “Expected limits” are calculated by setting the nominal event yield in each SR to the
corresponding mean expected background.
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Figure 2: Distribution of mT2 for events passing all the signal candidate selection requirements, except that on mT2,
for DF (top) and SF (bottom) events. The contributions from all SM backgrounds are shown; the bands represent the
total uncertainty. The components labelled “Reducible" correspond to the fake and non-prompt lepton backgrounds
and are estimated from data as described in section 5; the other backgrounds are estimated from MC simulation.
The expected distributions for a signal model with m(t̃1) = 500 GeV, m( χ̃±1 ) = 490 GeVand m( χ̃01) = 1 GeV are
also shown as dashed lines.

Limits are shown for a class of simplified models in which only pair-produced t̃1 decaying with 100%
branching ratio into the lightest chargino and a b-quark are considered. Figure 3 shows the limits in
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Table 4: Background fit results for the two SRs for an integrated luminosity of 3.2 fb−1. The nominal expectations
from MC simulation are given for comparison for those backgrounds (tt̄, ``νν) which are normalised to data.
Combined statistical and systematic uncertainties are given. Events with fake or non-prompt leptons are estimated
with the data-driven technique described in section 5. The observed events and the total (constrained) background
are the same by construction. Entries marked “–” indicate a negligible background contribution. Uncertainties on
the predicted background event yields are quoted as symmetric except where the negative error reaches down to
zero predicted events, in which case the negative error is truncated.

Signal Region DF SF

Observed events 2 6

Total (constrained) SM events 2.01 ± 0.62 6.5 ± 1.7

Fit output, tt̄ events 0.04 ± 0.04 0.06 ± 0.06
Fit output, ``νν events 1.52 ± 0.54 3.82 ± 1.5

Total expected SM events 2.01 ± 0.62 6.3 ± 1.2

Fit input, expected tt̄ events 0.04 ± 0.04 0.06 ± 0.06
Fit input, expected ``νν events 1.52 ± 0.54 3.59 ± 0.69
Expected other multi-V events 0.34 ± 0.12 1.31 ± 0.47
Expected Higgs events 0.01+0.19

−0.01 0.26 ± 0.21
Expected Z/γ∗+jets events – 0.91 ± 0.73
Expected tt̄ + V events 0.04 ± 0.03 0.12 ± 0.07
Expected events with fake and non-prompt leptons 0.06 ± 0.03 –

Table 5: Signal model-independent 95% CL upper limits on the visible cross section (〈εσ〉95obs), the visible number
of signal events (S95

obs) and the number of signal events (S95
exp) given the expected number of background events (and

±1σ excursions on the expectation).

Signal Region DF SF

〈εσ〉95obs [fb] 1.3 2.1
S95
obs 4.3 6.7

S95
exp 4.3+2.5

−1.5 7.0+3.4
−2.2

the t̃1– χ̃
0
1 mass plane for a fixed value of m(t̃1) − m( χ̃±1 ) = 10 GeV, while figure 4 shows instead the

interpretation in the t̃1– χ̃
0
1 mass plane for m( χ̃±1 ) = 2m( χ̃01). Top squark masses up to 577 GeV are

excluded at 95% CL for a massless neutralino and a chargino approximately degenerate with the top
squark.
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Figure 3: Exclusion limits at 95% CL from the analysis of 3.2 fb−1 of 13 TeV collision data on the masses of the stop
and χ̃01, for a fixed m(t̃1) − m( χ̃±1 ) = 10 GeV and assuming BR(t̃1 → b χ̃±1 ) = 1. The dashed line and the shaded
band are the expected limit and its ±1σ uncertainty, respectively. The thick solid line is the observed limit for the
central value of the signal cross section. The expected and observed limits do not include the effect of the theoretical
uncertainties on the signal cross section. The dotted lines show the effect on the observed limit when varying the
signal cross section by ±1σ of the theoretical uncertainty. The shaded azure and blue areas show respectively the
observed exclusion from the ATLAS

√
s = 8 TeV analyses performed in the one-lepton (1L) [71] and two-lepton

(2L) channels [35].
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central value of the signal cross section. The expected and observed limits do not include the effect of the theoretical
uncertainties on the signal cross section. The dotted lines show the effect on the observed limit when varying the
signal cross section by ±1σ of the theoretical uncertainty. The shaded azure and blue areas show respectively the
observed exclusion from the ATLAS

√
s = 8 TeV analyses performed in the one-lepton (1L) [71] and two-lepton

(2L) channels [35].
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8 Conclusion

This document reports a search for top squark pair production in final states containing two leptons and
large missing transverse momentum, based on a 3.2 fb−1 dataset of

√
s = 13 TeV proton-proton collisions

recorded by the ATLAS experiment at the LHC in 2015. Good agreement has been found between the
observed events in the data and the expected SM yields.

Model-independent limits are presented, which allow reinterpretation of the results to cases of other
models which also predict decays into dileptonic final states in association with invisible particles. The
limits exclude, at 95% confidence level, beyond SM processes with visible cross sections above 1.3 (2.1) fb
for the SRDF (SRSF) selections.

Results are interpreted in terms of simplified models with only top squarks and lightest charginos, together
with a neutralino LSP, with the masses of all the other SUSY particles set beyond the reach of the LHC.
For a massless lightest neutralino, top squark masses below 577 GeV are excluded at the 95% confidence
level. These results extend the region of supersymmetric parameter space excluded by previous LHC
searches.
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