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A search is presented for the direct pair production of the stop, the supersymmetric partner
of the top quark, that decays through an R-parity-violating coupling to a final state with two
leptons and two jets, at least one of which is identified as a b-jet. The dataset corresponds
to an integrated luminosity of 36.1 fb−1 of proton–proton collisions at a center-of-mass en-
ergy of

√
s = 13 TeV, collected in 2015 and 2016 by the ATLAS detector at the LHC. No

significant excess is observed over the Standard Model background, and exclusion limits are
set on stop pair production at a 95% confidence level. Lower limits on the stop mass are set
between 600 GeV and 1.5 TeV for branching ratios above 10% for decays to an electron or
muon and a b-quark.
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1 Introduction

The extension of the Standard Model (SM) of particle physics with supersymmetry (SUSY) [1–6] leads
to processes that violate both baryon number (B) and lepton number (L), such as rapid proton decay. A
common theoretical approach to reconcile the strong constraints from the non-observation of these pro-
cesses is to introduce a multiplicative quantum number called R-parity [7], defined as R = (−1)3(B−L)+2s

where s is the spin of the particle. If R-parity is conserved, then SUSY particles are produced in pairs,
and the lightest supersymmetric particle (LSP) is stable. The LSP cannot carry electric charge or color
charge without coming into conflict with astrophysical data [8, 9].

A number of theoretical models beyond the Standard Model (BSM) predict R-parity violation (RPV) [10–
13]. The benchmark model for this search considers an additional local symmetry U(1)B−L to the
S U(3)C × S U(2)L × U(1)Y Standard Model with right-handed neutrino supermultiplets. The minimal
supersymmetric extension then only needs a vacuum expectation value for a right-handed scalar neutrino
in order to spontaneously break the B − L symmetry [14–18]. This minimal B − L model violates lepton
number but not baryon number. The couplings for RPV are highly suppressed as they are related to the
neutrino masses, and the model is consistent with the experimental bounds on proton decay and lepton
number violation. At the LHC, the most noticeable effect is that the LSP is no longer stable and can
now decay via RPV processes, and it also may now carry color and electric charge. This leads to unique
signatures that are forbidden in conventional models with R-parity conservation. A novel possibility is
a top squark or stop (t̃) as the LSP with a rapid RPV decay. The supersymmetric partners of the left-
and right-handed top quarks, t̃L and t̃R, mix to form two mass eigenstates consisting of the lighter t̃1 and
heavier t̃2. Given the large top quark mass, the lighter t̃1 is expected to be significantly lighter than the
other squarks due to renormalization group effects [19, 20]. The lighter t̃1, denoted t̃ for simplicity, is the
target of this analysis.

This paper presents a search performed by ATLAS for direct stop pair production, with the RPV decay
of each t̃ to a b-quark and a charged lepton (t̃ → b`), as shown in Figure 1. In contrast to R-parity-
conserving searches for t̃, there is no significant missing transverse momentum in the decay. The t̃ decay
branching ratios to each lepton flavor are related to the neutrino mass hierarchy [21, 22], and a large phase
space in the branching ratio plane is currently available. With an inverted mass hierarchy the branching
ratio to the be final state may be as large as 100%, and with a normal mass hierarchy the branching ratio to
the bµ final state may be as high as 90%. The experimental signature is therefore two oppositely charged
leptons of any flavor and two b-jets. In this analysis, only events with electron or muon signatures are
selected, and final states are split by flavor into ee, eµ, and µµ selections. At least one of the two jets
is required to be identified as initiated by a b-quark, improving the selection efficiency of signal events
over a requirement of two b-jets. Events are chosen in which the two reconstructed b` pairs have roughly
equal mass.

Previous searches with similar final states have targeted the pair production of first-, second-, and third-
generation leptoquarks at ATLAS [23, 24] and at CMS [25, 26]. However, they consider final states within
the same generation (ee j j, µµ j j, ττbb, where j indicates a light-flavor jet) and do not focus on final states
with both b-jets and electrons or muons (eebb, µµbb), nor consider final states with both electrons and
muons (eµbb). The results of the Run 1 leptoquark searches were reinterpreted for the t̃ mass and its
decay branching ratios in the B − L model [21, 22], setting lower mass limits between 424 and 900 GeV
at a 95% confidence level.
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Figure 1: Feynman diagram for stop pair production, with t̃ and anti-t̃ (t̃∗) decay to a charged lepton of any flavor
and a b-quark through an R-parity-violating coupling λ′.

The ATLAS detector and the dataset collected during Run 2 of the LHC are described in Section 2,
with the corresponding Monte Carlo simulation samples presented in Section 3. The identification and
reconstruction of jets and leptons is presented in Section 4, and the discriminating variables used to
construct the signal regions are described in Section 5. The method of background estimation is described
in Section 6, and the systematic uncertainties are detailed in Section 7. The results are presented in
Section 8, and the conclusion given in Section 9.

2 ATLAS detector and data set

The ATLAS detector [27] consists of an inner detector tracking system, electromagnetic and hadronic
sampling calorimeters, and a muon spectrometer. Charged-particle tracks are reconstructed in the inner
detector (ID), which spans the pseudorapidity1 range |η| < 2.5, and consists of three subdetectors: a
silicon pixel tracker, a silicon microstrip tracker, and a straw-tube transition radiation tracker. The ID
is surrounded by a thin superconducting solenoid providing an axial magnetic field of 2 T, allowing the
measurement of charged-particle momenta. In preparation for Run 2, a new innermost layer of the silicon
pixel tracker, the insertable B-layer (IBL) [28], was introduced at a radial distance of 3.3 cm from the
beamline to improve track reconstruction and the identification of jets initiated by b-quarks.

The ATLAS calorimeter system consists of high-granularity electromagnetic and hadronic sampling
calorimeters covering the region |η| < 4.9. The electromagnetic calorimeter uses liquid argon (LAr) as the
active material with lead absorbers in the region |η| < 3.2. The central hadronic calorimeter incorporates

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points upward.
Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the z-axis. The pseudora-
pidity is defined in terms of the polar angle θ as η = − ln tan(θ/2). Rapidity is defined as y = 0.5 ln

[
(E + pz) / (E − pz)

]
where

E denotes the energy and pz is the component of the momentum along the beam direction.
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plastic scintillator tiles and steel absorbers in the region |η| < 1.7. The hadronic endcap calorimeter (1.5
< |η| < 3.2) and the forward calorimeters (3.1 < |η| < 4.9) use LAr with copper or tungsten absorbers.

The muon spectrometer (MS) surrounds the calorimeters and measures muon tracks within |η| < 2.7
using three layers of precision tracking chambers and dedicated trigger chambers. A system of three
superconducting air-core toroidal magnets provides a magnetic field for measuring muon momenta.

The ATLAS trigger system begins with a hardware-based level-1 (L1) trigger followed by a software-
based high-level trigger (HLT) [29]. The L1 trigger is designed to accept events at an average rate of
100 kHz, and the HLT is designed to accept events to write out to disk at an average rate of 1 kHz. Elec-
trons are triggered in the pseudorapidity range |η| < 2.5, where the electromagnetic calorimeter is finely
segmented and track reconstruction is available. Compact electromagnetic energy deposits triggered at
L1 are used as the seeds for HLT algorithms that are designed to identify electrons based on calorimeter
and fast track reconstruction. The muon trigger at L1 is based on a coincidence of trigger chamber layers.
The parameters of muon candidate tracks are then derived in the HLT by fast reconstruction algorithms
in both the ID and MS.

The data sample used for this search was collected from proton–proton collisions at a center-of-mass
energy of

√
s = 13 TeV in 2015 and 2016. An integrated luminosity of 36.1 fb−1 was collected while all

tracking detectors, calorimeters, muon chambers, and magnets were fully operational. The uncertainty in
the combined 2015 and 2016 integrated luminosity is 3.2%. It is derived from a preliminary calibration of
the luminosity scale using x–y beam-separation scans performed in August 2015 and May 2016, following
a methodology similar to that detailed in Ref. [30]. The LHC collided protons with bunch-crossing
intervals of 25 ns, and the average number of interactions per bunch crossing was estimated to be 〈µ〉 =

23.7.

For this analysis, events are selected using single-electron and single-muon triggers requiring leptons
above a transverse momentum (pT) threshold and satisfying various lepton identification and isolation
criteria. The trigger-level criteria for the pT, identification, and isolation of the leptons are less stringent
than those applied in the event selection to ensure that trigger efficiencies are constant in the analysis
phase space.

3 Monte Carlo simulation

Monte Carlo (MC) simulation is used to predict the backgrounds from SM processes, estimate the de-
tector response and efficiency to reconstruct the signal process, and estimate systematic uncertainties.
The largest sources of SM background with different-flavor leptons are top quark pair production (tt̄)
and single-top-quark production (single-top), while the largest source with same-flavor leptons is Z+jets
production, The yields of these three backgrounds are estimated through data-driven methods described
in Section 6. The smaller backgrounds are W+jets, diboson, and tt̄ +W/Z production and are estimated
directly from MC simulation. The contribution from events with jets misreconstructed as leptons or with
non-prompt leptons is evaluated with the MC simulation and is negligible. Details of the MC simulations
are given below and are summarized in Table 1.

The tt̄ and single-top processes were simulated [37] at next-to-leading-order (NLO) accuracy in perturba-
tive QCD using the Powheg-Box v2 event generator [38] for tt̄, Wt, and s-channel single-top production,
and using the Powheg-Box v1 generator for the electroweak t-channel single-top production. For these
processes the spin correlations in top quark production and decay were preserved, and the top quark mass
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Table 1: MC simulation details by physics process.

Process Event PS and UE tune PDF Cross section
generator hadronization

tt̄ Powheg-Box v2 Pythia 6.428 P2012 CT10 NNLO+NNLL [31]
single-top
(Wt and s-channel) Powheg-Box v2 Pythia 6.428 P2012 CT10 NNLO+NNLL [32, 33]
(t-channel) Powheg-Box v1 Pythia 6.428 P2012 CT10 NNLO+NNLL [34]
Z/W+jets Sherpa 2.2.1 Sherpa 2.2.1 Default NNPDF3.0 NNLO [35]
Diboson Sherpa 2.2.1 Sherpa 2.2.1 Default NNPDF3.0 NLO
Diboson (EW/loop) Sherpa 2.1.1 Sherpa 2.1.1 Default CT10 NLO
tt̄ +W/Z MG5_aMC@NLO 2.2.3 Pythia 8.212 A14 NNPDF2.3 NLO
t̃t̃∗ MG5_aMC@NLO 2.2.3 Pythia 8.186 A14 NNPDF2.3 NLO+NLL [36]

was set to 172.5 GeV. The matrix element was interfaced with the CT10 parton distribution function
(PDF) set [39], and the parton shower (PS), fragmentation, and underlying event were simulated with
Pythia 6.428 [40] using the CTEQ6L1 PDF set [41] and the P2012 underlying-event tuned parameters
(UE tune) [42], with additional radiation simulated to the leading-logarithm approximation through pT-
ordered parton showers [43].

The Z+jets and W+jets samples were generated at NLO [44] with the Sherpa 2.2.1 event generator [45].
Matrix elements were calculated for up to two partons at NLO and four partons at LO using Comix [46]
and OpenLoops [47], and merged with the Sherpa PS [48] using the ME+PS@NLO prescription [49].
The NNPDF3.0 PDF set [50] was used in conjunction with a dedicated PS tuning developed by the Sherpa
authors. Diboson samples with two, three, or four leptons were similarly generated with Sherpa 2.2.1.
The diboson matrix elements contain all diagrams with four electroweak vertices, and were calculated for
up to one (ZZ) or zero (WW,WZ) partons at NLO and up to three partons at LO. Electroweak- and loop-
induced diboson events were simulated with Sherpa 2.1.1, using the same prescriptions as above but with
the CT10 PDF set used in conjunction with the dedicated Sherpa PS tuning. The production of tt̄ with a W
or Z boson (tt̄+V) was simulated at NLO using MadGraph5_aMC@NLO (MG5_aMC@NLO) 2.2.3 [51]
and interfaced to Pythia 8.212 [52] with the CKKW-L prescription [53]. These samples are generated
with the A14 UE tune [54] and NNPDF2.3 PDF set [55].

The RPV stop signal events were generated at leading order using the MG5_aMC@NLO 2.2.3 event
generator with the NNPDF2.3 PDF set and interfaced to Pythia 8.186 [52] using the A14 UE tune. The
matrix element was matched to the PS using the CKKW-L prescription, with the matching scale set to
one quarter of the generated stop mass. All other supersymmetric particles are assumed to be decoupled.
The signal cross sections are calculated to NLO accuracy in the strong coupling constant, adding the
resummation of soft gluon emission at next-to-leading-logarithm accuracy (NLO+NLL) [56–59]. The
nominal cross section and the uncertainty for each mass value are taken from a combination of cross-
section predictions using different PDF sets and factorization and renormalization scales, as described in
Ref. [36]. Stop samples were generated at masses between 600 and 1000 GeV in steps of 100 GeV and
between 1000 and 1600 GeV in steps of 50 GeV. The cross section ranges from 175 ± 23 fb for a t̃ mass
of 600 GeV to 0.141 ± 0.038 fb for a mass of 1600 GeV. The generated stops decay promptly through
t̃ → b` with a 1/3 branching ratio (B) for each lepton flavor. When optimizing the signal event selection,
the generated events are reweighted to have B(t̃ → be) = B(t̃ → bµ) = 0.5 and B(t̃ → bτ) = 0, and
various weightings are used to derive limits for different branching ratio assumptions.

All background samples are normalized using the available NLO or next-to-next-to-leading order (NNLO)
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cross sections, as indicated in Table 1. The modeling of c-hadron and b-hadron decays in samples gener-
ated with Powheg-Box or MG5_aMC@NLO was performed with EvtGen 1.2.0 [60]. Generated events
were propagated through a full simulation of the ATLAS detector [61] based on Geant4 [62], which
describes the interactions of the particles with the detector. A parameterized simulation of the ATLAS
calorimeter called Atlfast-II [61] was used for faster detector simulation of signal samples, and was found
to agree well with the full simulation. Multiple overlapping pp interactions (pileup) were included by
overlaying simulated minimum-bias events onto the simulated hard-scatter event. Minimum-bias events
were generated using Pythia 8.186 with the A2 UE tune [63] and MSTW2008LO PDF set [64]. The sim-
ulated events are weighted such that the distribution of the average number of pp interactions per bunch
crossing agrees with data.

4 Event reconstruction

Events and individual leptons and jets are required to satisfy several quality criteria to be considered by
the analysis. Events recorded during stable beam and detector conditions are required to satisfy data-
quality criteria [65]. Each event is required to have a primary reconstructed vertex with two or more
associated tracks with pT > 400 MeV, where the primary vertex is chosen as the vertex with the high-
est Σp2

T of associated tracks. Two stages of quality and kinematic requirements are applied to leptons
and jets. The looser baseline requirements are first applied, and baseline leptons and jets are used to re-
solve any misidentification or overlap between electrons, muons, and jets. The subsequent tighter signal
requirements are then applied to identify high-quality leptons and jets in the kinematic phase space of
interest.

Electron candidates are reconstructed from energy deposits in the electromagnetic calorimeter matched
to a charged-particle track in the ID. Baseline electron candidates must have pT > 10 GeV, |η| < 2.47,
and satisfy a loose electron likelihood identification [66]. Signal electrons must pass the baseline electron
selection, have pT > 40 GeV, and satisfy a tight electron likelihood identification. In addition, they must
be isolated from nearby activity, satisfying a loose pT-dependent track-based criterion [67]. Finally, their
trajectory must be consistent with the primary vertex, such that their impact parameter in the transverse
plane (dPV

0 ) satisfies |dPV
0 |/σdPV

0
< 5, where σdPV

0
is the uncertainty in dPV

0 . Each signal electron must
have a longitudinal impact parameter with respect to the primary vertex (zPV

0 ) that satisfies |zPV
0 sinθ| <

0.5 mm.

Muon candidates are reconstructed by combining tracks in the ID with tracks in the MS. Baseline muon
candidates must have pT > 10 GeV, |η| < 2.7, and satisfy the medium muon identification criteria [68].
Signal muons must pass the baseline muon selection, have pT > 40 GeV, |η| < 2.5, |zPV

0 sinθ| < 0.5 mm,
and |dPV

0 |/σdPV
0
< 3. As with electrons, muons must satisfy the pT-dependent loose track-based isolation

criteria. Events containing a poorly measured signal muon, as determined by having incompatible mo-
mentum measurements in the ID and the MS, are rejected. Absolute requirements of |zPV

0 | < 1 mm and
|dPV

0 | < 0.2 mm on the impact parameters of signal muons are applied to reject cosmic muons.

Jets are reconstructed using the anti-kt algorithm [69, 70] with a radius parameter R = 0.4 from clusters
of energy deposits in the calorimeters [71]. Jets are corrected for pileup contamination on an event-by-
event basis using the jet area subtraction method [72, 73]. Jets are further calibrated to account for the
predicted detector response in MC simulation, and a residual calibration of jets in data is derived through
in situ measurements [74]. Baseline jet candidates are required to have pT > 20 GeV and |η| < 2.8. Jets
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with pT < 60 GeV and |η| < 2.4 are required to satisfy pileup-rejection criteria based on charged-particle
tracks and implemented through the jet vertex tagger algorithm [72]. Signal jets must pass the baseline
jet selection and have pT > 60 GeV. Events are rejected if they contain a jet that fails the loose quality
criteria [75], reducing contamination from calorimeter noise bursts and non-collision backgrounds. Jets
within |η| < 2.5 that are initiated by b-quarks are identified using the multivariate MV2c10 b-tagging
algorithm [76, 77], which exploits the impact parameters of charged-particle tracks, the parameters of
reconstructed secondary vertices, and the topology of b- and c-hadron decays inside a jet. The working
point is chosen to provide a b-tagging efficiency of 77% per b-jet in simulated tt̄ events with a rejection
factor of approximately 130 for jets initiated by gluons or light-flavor quarks and 6 for jets initiated by
c-quarks [77]. Correction factors are applied to events to compensate for differences between data and
MC simulation in the b-tagging efficiency for b-jets, c-jets, and light-flavor jets.

To avoid reconstructing a single detector signature as multiple leptons or jets, an overlap removal pro-
cedure is performed on baseline leptons and jets. The requirements are applied sequentially, and failing
particles are removed from consideration in the subsequent steps. If an electron and muon share a track
in the ID, the electron is removed. Any jet that is not b-tagged and is within a distance2 ∆R(`, jet) ≤ 0.2
of a lepton is removed. If the jet is b-tagged, the lepton is removed instead in order to suppress leptons
from semileptonic decays of c- and b-hadrons. Finally, any lepton that is ∆R(`, jet) ≤ 0.4 from a jet is
removed.

The trigger, reconstruction, identification, and isolation efficiencies of electrons [67] and muons [68] in
MC simulation are corrected using events in data with leptonic Z and J/ψ decays. Similarly, corrections
to the b-tagging efficiency and mis-tag rate in MC simulation are derived from various control regions in
data [77].

5 Event selection

To identify the pair production of stops, events are required to have at least two leptons and two jets. If
more than two leptons or two jets are found, the two highest-pT leptons and jets are selected. At least
one of the two leading jets must be b-tagged. The selected leptons are required to have opposite charge,
and one of them must be consistent with the associated single-lepton trigger. This trigger requirement is
highly efficient for signal events, with an efficiency of 93% for the µµ channel, 95% for the eµ channel,
and 98% for the ee channel.

The lepton–jet pair from each t̃ decay generally reconstructs the invariant mass mb` of the original t̃. In an
event with two leptons and two jets, two pairings are possible; one that reconstructs the correct t̃ masses,
and one which inverts the pairing and incorrectly reconstructs the masses. As the two masses should be
roughly equal, the pairing that minimizes the mass asymmetry between m0

b` and m1
b` is chosen, defined

as

masym
b` =

m0
b` − m1

b`

m0
b` + m1

b`

.

2 The distance between two four-momenta is defined as ∆R =
√

(∆y)2 + (∆φ)2, where ∆y is their distance in rapidity and ∆φ is
their azimuthal distance. The distance with respect to a jet is calculated from its central axis.
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Here m0
b` is chosen to be the larger of the two masses. Events are further selected to have small mass

asymmetry masym
b` < 0.2. This reduces the contamination from background processes, whose random

pairings lead to a more uniform masym
b` distribution.

Two nested signal regions (SRs) are constructed to optimize the identification of signal over background
events. The signal regions are optimized using MC signal and background predictions, assuming t̃ decays
of B(t̃ → be) = B(t̃ → bµ) = 50%. A primary kinematic selection of the signal regions is on m0

b`,
with SR800 requiring m0

b` > 800 GeV and SR1100 requiring m0
b` > 1100 GeV. By defining two signal

regions the sensitivity to high-mass signals above 1100 GeV is improved, while maintaining sensitivity
to lower-mass signals. Several other kinematic selections, common to both SRs, are defined to reduce
the contribution from the largest backgrounds. As the t̃ decay products are generally very energetic, a
selection on their pT sum,

HT =

2∑
i=1

p`i
T +

2∑
j=1

p
jet j

T

is applied, such that HT > 1000 GeV. To reduce contamination from Z+jets events, a requirement is
placed on the invariant mass of two same-flavor leptons, with m`` > 300 GeV. A large fraction of the
background from processes involving a top quark is suppressed through the requirement on m0

b` and masym
b` ,

with correctly reconstructed top quark masses falling well below the signal region requirements. However,
top quark decays in which the lepton and b-jet decay products are mispaired can enter the SRs if the
incorrectly reconstructed masses happen to be large. In such cases it is the rejected pairing that properly
reconstructs the top quark decay, with one of the two b` pair masses below the kinematic limit for a top
quark decay. To suppress such backgrounds, events are rejected if the subleading b` mass of the rejected
pairing, m1

b`(rej), is compatible with that of a reconstructed top quark, with m1
b`(rej) < 150 GeV.

The distribution of predicted signal and background events is shown for the SR800 region in Figure 2 for
m0

b`, HT, masym
b` , m``, and m1

b`(rej), demonstrating the potential for background rejection. For the model
with a t̃ mass of 1000 GeV (1500 GeV), the SR800 selections are 21% (24%) efficient for events with two
t̃ → be decays, 16% (16%) for events with two t̃ → bµ decays, and 0.1% (0.3%) for events with two
t̃ → bτ decays.

6 Background estimation

For each of the relevant backgrounds in the signal regions, one of two methods is used to estimate the con-
tribution. The minor backgrounds from diboson, tt̄ + V , and W+jets processes are estimated directly from
MC simulation and the normalization is corrected to the highest-order theoretical cross section available.
For the dominant tt̄, single-top, and Z+jets backgrounds, the expected yield in the SRs is estimated by
scaling each MC prediction by a normalization factor (NF) derived from three dedicated control regions
(CRs), one for each background process. Each control region is defined to be kinematically close to the
SRs while inverting or relaxing specific selections to enhance the contribution from the targeted back-
ground process while reducing the contamination from other backgrounds and the benchmark signals.

To derive a background-only estimate, the normalizations of the tt̄, single-top, and Z+jets backgrounds
are determined through a likelihood fit [78] performed simultaneously to the observed number of events
in each CR. The expected yield in each region is given by the inclusive sum over all background processes

9



1−10

1

10

210

310

410

510

E
v
e

n
ts

 /
 2

0
0

 G
e

V

0 200 400 600 800 1000 1200 1400 1600 1800 2000

 [GeV]0
blm

0

1

2

3

D
a
ta

/S
M

tt

singletop

Z+jets

diboson

+Vtt

W+jets

stat.

data

 (900 GeV)t
~

 (1250 GeV)t
~

 (1600 GeV)t
~

ATLAS
1

=13 TeV, 36.1 fbs

SR800

(a) m0
b`

1−10

1

10

210

310

410

510

E
v
e

n
ts

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
asym
blm

0

1

2

3

D
a
ta

/S
M

tt

singletop

Z+jets

diboson

+Vtt

W+jets

stat.

data

 (900 GeV)t
~

 (1250 GeV)t
~

 (1600 GeV)t
~

ATLAS
1

=13 TeV, 36.1 fbs

SR800

(b) masym
b`

1−10

1

10

210

310

E
ve

nt
s 

/ 2
00

 G
eV

0 500 1000 1500 2000 2500 3000 3500
 [GeV]TH

0
1
2
3

D
at

a/
S

M

tt
single-top
Z+jets
diboson

+Vtt
W+jets
stat.

data

 (900 GeV)t
~

 (1250 GeV)t
~

 (1600 GeV)t
~

ATLAS
-1=13 TeV, 36.1 fbs

SR800

(c) HT

1−10

1

10

210

310

410

E
v
e

n
ts

 /
 1

0
0

 G
e

V

0 100 200 300 400 500 600 700 800 900 1000

 [GeV]llm

0

1

2

3

D
a
ta

/S
M

tt

singletop

Z+jets

diboson

+Vtt

W+jets

stat.

data

 (900 GeV)t
~

 (1250 GeV)t
~

 (1600 GeV)t
~

ATLAS
1

=13 TeV, 36.1 fbs

SR800

(d) m``

1−10

1

10

210

310

E
v
e

n
ts

 /
 5

0
 G

e
V

0 100 200 300 400 500 600 700 800 900 1000

 (rej) [GeV]1
bl

m

0

1

2

3

D
a
ta

/S
M

tt

singletop

Z+jets

diboson

+Vtt

W+jets

stat.

data

 (900 GeV)t
~

 (1250 GeV)t
~

 (1600 GeV)t
~

ATLAS
1

=13 TeV, 36.1 fbs

SR800

(e) m1
b`(rej)

Figure 2: Distributions of (a) m0
b`, (b) masym

b` , (c) HT, (d) m``, and (e) m1
b`(rej) in the SR800 signal region for the

data and post-fit MC prediction. The SR800 event selections are applied for each distribution except the selection
on the variable shown, which is indicated by an arrow. Normalization factors are derived from the background-only
estimation discussed in Section 6 and are applied to the dominant tt̄, single-top, and Z+jets processes. Benchmark
signal models generated with t̃ masses of 900, 1250, and 1600 GeV are included for comparison. The bottom
panel shows the ratio between the data and the post-fit MC prediction. The hatched uncertainty band includes the
statistical uncertainties in the background prediction. The last bin includes the overflow events.
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Table 2: Summary of the selections of the signal, control, and validation regions. All regions require at least two
oppositely charged leptons and at least two jets. Each region requires at least one of the two leading jets to be
b-tagged with the exception of CRst, which requires both leading jets to be b-tagged, and VRZ, which requires zero
b-tagged jets in the event. A mass asymmetry selection of masym

b` < 0.2 is applied to all regions. The contransverse
mass selection mCT (Eq. (1)) is only applied to events in CRtt with exactly two b-tagged jets, as indicated by the ∗,
ensuring the region is orthogonal to CRst.

Region Nb m0
b` [GeV] HT [GeV] m1

b`(rej)[GeV] m`` [GeV] mCT [GeV]
SR800 ≥ 1 > 800 > 1000 > 150 > 300 –
SR1100 ≥ 1 > 1100 > 1000 > 150 > 300 –

CRst = 2 [200,500] < 800 < 150 > 120 > 200
CRtt ≥ 1 [200,500] [600,800] < 150 > 300 < 200∗

CRZ ≥ 1 > 700 > 1000 – [76.2,106.2] –
VRm0

b` ≥ 1 > 500 [600,800] < 150 > 300 –
VRm1

b`(rej) ≥ 1 [200,500] [600,800] > 150 > 300 –
VRHT ≥ 1 [200,500] > 800 < 150 > 300 –
VRZ = 0 [500,800] > 1000 > 150 > 300 –

in the ee, eµ, and µµ channels. The NF for each of the tt̄, single-top, and Z+jets backgrounds are free
parameters of the fit. The systematic uncertainties are treated as nuisance parameters in the fit and are not
significantly constrained.

Several validation regions (VRs) are defined to test the extrapolation from the CRs to SRs over the relevant
kinematic variables. The VRs are disjoint from both the CRs and SRs, and are constructed to fall between
one or more CRs and the SRs in one of the extrapolated variables. The VRs are not included in the fit, but
provide a statistically independent cross-check of the background prediction in regions with a negligible
signal contamination. Three VRs are constructed to test the extrapolation in the m0

b`, m1
b`(rej), and HT

observables. A fourth VR is constructed to validate the extrapolation of the Z+jets CR in m``. Details of
the selection criteria in each CR and VR are presented below, and a summary of the selections is provided
in Table 2.

6.1 Single-top control region

The single-top background enters the SR through the Wt process, when the b-jet and lepton produced
in the semileptonic top quark decay are incorrectly paired with the lepton from the W decay and an
additional jet, respectively. The CRst control region is designed to target the Wt production in a less-
energetic kinematic region or where the rejected b` pairing correctly combines the decay products of
the top quark. To separate CRst from the SRs, the HT and m0

b` requirements are reversed such that
HT < 800 GeV and 200 < m0

b` < 500 GeV. To target events in which the top quark is reconstructed in
the rejected b` pairing, the selection on m1

b`(rej) is reversed, requiring m1
b`(rej) < 150 GeV. As there is no

dilepton resonance in this background process the m`` selection is lowered to increase the CRst yield and
improve the statistical precision of the constraint.

After these selections the control region is dominated by tt̄ production, which has a significantly higher
cross section than the Wt process. The contransverse mass (mCT) [79] is introduced to discriminate be-
tween Wt and tt̄ events and increase the Wt purity in the CRst. The mCT observable attempts to reconstruct
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the invariant mass of pair-produced particles which decay into visible and invisible decay products. For
two identical decays of top quarks into two visible b-quarks b1 and b2, and two W bosons, each of whose
decay products may include an invisible particle, mCT is defined as

m2
CT(b1, b2) = [ET(b1) + ET(b2)]2 − [pT(b1) − pT(b2)]2, (1)

where ET =

√
p2

T + m2 is calculated from the kinematics of the reconstructed b-jet. For an event with
two top quarks, the mCT observable therefore has a kinematic endpoint at

mmax
CT =

m2
t − m2

W

mt
,

where mt and mW are the masses of the top quark and W boson, respectively. Requiring this variable to
exceed a minimum value is effective in suppressing the tt̄ contribution, for which mCT has a kinematic
endpoint of about 135 GeV, and a strict requirement of mCT > 200 GeV is applied in CRst. The mCT
variable is only effective in rejecting tt̄ events in which the b-quark decay products of both top quarks are
properly identified, and both leading jets (and only the leading jets) are required to be b-tagged in CRst,
such that Nb = 2. The mCT distribution of the backgrounds in CRst is shown in Figure 3(a) when no mCT
requirement is applied, and a significant single-top contribution above 55% is seen for mCT > 200 GeV.

6.2 t t̄ control region

The CRtt control region is constructed to target tt̄ events with kinematics similar to the SRs. As with CRst,
the HT and m0

b` requirements are inverted such that 600 < HT < 800 GeV and 200 < m0
b` < 500 GeV. The

selection on m1
b`(rej) is also inverted, requiring m1

b`(rej) < 150 GeV, such that one of the two top quarks
is reconstructed in the rejected b` pairings. The distribution of m1

b`(rej) in CRtt is shown in Figure 3(b),
showing the mispairing of tt̄ events is well-modeled in MC simulation. Due to the larger cross section of
the tt̄ process, contamination from Wt events is minimal. However, to maintain orthogonality with CRst,
a requirement of mCT < 200 GeV is applied to events in which both leading jets (and only the leading
jets) are b-tagged, with Nb = 2.

6.3 Z+jets control region

The CRZ control region targets Z+jets events by applying a selection on the invariant mass of the dilepton
pair m``, requiring it to be within 15 GeV of the Z mass. Both leptons are required to be of the same
flavor. The m`` selection is effective in removing signal contamination, and the SR HT selection is left
unchanged, while the m0

b` selection is slightly relaxed to m0
b` > 700 GeV to enchance the event yield.

6.4 Validation regions

Four disjoint validation regions are used to test the extrapolation of the background fit from the CRs to
the SRs. A full list of the region selections is given in Table 2. The VRm0

b`, VRm1
b`(rej), and VRHT test

the extrapolation from CRst and CRtt to the SRs in the m0
b`, m1

b`(rej), and HT observables by requiring
m0

b` > 500 GeV, m1
b`(rej) > 150 GeV, and HT > 800 GeV, respectively. In this way VRm0

b`, VRm1
b`(rej),

12
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Figure 3: Distributions of (a) mCT in CRst and (b) m1
b`(rej) in CRtt for the data and post-fit MC prediction. The

relevant CR event selections are applied for each distribution except the selection on the variable shown, which
is indicated by an arrow. Normalization factors are derived from the background-only fit configuration and are
applied to the dominant tt̄, single-top, and Z+jets processes. The bottom panel shows the ratio between the data and
the post-fit MC prediction. The hatched uncertainty band includes the statistical uncertainties in the background
prediction. The last bin includes the overflow events.

and VRHT all lie between the SRs and both CRtt and CRst, with signal contamination below 1% for all
signal mass values. No requirement is placed on mCT in any VR, allowing both the tt̄ and Wt contributions
to be validated.

A fourth validation region, VRZ, is used to test the extrapolation from CRZ to the SRs in the m`` observ-
able, requiring m`` > 300 GeV. As the m`` variable provides the only separation between CRZ and the
SRs, the requirement on m0

b` is relaxed to 500 < m0
b` < 800 GeV, and any event with a b-tagged jet is

rejected, such that Nb = 0. The Z+jets MC prediction is found to model the data well in both mb` and Nb,
with a signal contamination in VRZ below 5% for mass values above 1000 GeV.

The observed data yield and the post-fit background prediction for each CR and VR are shown in Figure 4.
Good agreement is seen in all validation regions, with differences between the data and SM prediction
below 1σ. The modeling of the extrapolated variable for each VR is shown in Figure 5, demonstrating
good agreement in the shape of the variables of interest.

7 Systematic uncertainties

Systematic uncertainties in the signal and background predictions arise from theoretical uncertainties in
the expected yield and MC modeling, and from experimental sources. The dominant uncertainties are
summarized in Table 3.

Experimental uncertainties reflect the precision of the energy and momentum calibration of jets and lep-
tons, as well as the assumptions about the identification and reconstruction efficiencies in MC simulation.
The dominant experimental uncertainties are related to jets, including those in the jet energy scale and res-
olution [80, 81] and the calibration of the b-tagging efficiency for b-jets, c-jets, and light-flavor jets [77].
The largest experimental uncertainties in the fitted background prediction in SR800 (SR1100) are from

13



1

10

210

310

E
v
e

n
t 

Y
ie

ld data

tt

Wt

Z+jets

diboson

+Vtt

W+jets

stat.+syst.

ATLAS
1=13 TeV, 36.1 fbs

CRtt CRst ZCR 0
bl

mVR (rej)1
bl

mVR THVR ZVR SR800 SR1100

Region

2−

1−

0
1
2 

to
t

σ
)/

e
x
p

n
o

b
s

(n

Figure 4: Comparison of the observed data and expected numbers of events in the CRs, VRs, and SRs. The
background prediction is derived with the background-only fit configuration, and the hatched band includes the
total uncertainty in the background prediction. The bottom panel shows the significance of the difference between
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the b-tagging efficiency of light-flavor jets and the jet energy resolution. The experimental uncertainties
associated with leptons each have a small impact on the final measurement, and include uncertainties in
the energy scale and resolution of electrons [67] and muons [68], and the calibration of the lepton trigger,
identification, reconstruction, and isolation efficiencies. The 3.2% uncertainty in the measured integrated
luminosity also has a marginal effect on the final result.

Theoretical and MC modeling uncertainties of the tt̄ and Wt backgrounds account for the choice of event
generator, underlying-event tune, and their parameters. The uncertainties are derived separately for each
background process and are treated as uncorrelated nuisance parameters. As the tt̄ (Wt) background nor-
malization is constrained in the likelihood fits, the uncertainties are derived on the transfer of the NF
from the CRtt (CRst) to both SR800 and SR1100 by comparing CR-to-SR yield ratios in alternative mod-
els. The uncertainty in the background estimate due to the choice of MC event generator is estimated
for tt̄ and Wt by comparing the CR-to-SR yield ratios derived using MG5_aMC@NLO 2.2.3 with the
one derived using Powheg-Box v2, both showered with Herwig++ v2.7.1 [82] using the UEEE5 UE
tune [83]. The generator uncertainties are found to be conservative due to the limited statistical preci-
sion of the MG5_aMC@NLO samples. The hadronization and fragmentation modeling uncertainty is
similarly estimated in both tt̄ and Wt by comparing the nominal Powheg + Pythia sample with the same
Powheg + Herwig sample. The uncertainty due to the choice of parameters in the Powheg + Pythia gen-
erator and P2012 underlying-event tune are derived by varying the parameters related to the amount of
initial- and final-state radiation, the factorization and renormalization scales, and (for tt̄ only) the pT of
the first additional emission beyond the Born level [37]. An uncertainty in the single-top yield due to
the destructive interference between the tt̄ and Wt processes is estimated by using inclusively generated
WWbb events in a comparison with the combined yield of tt̄ and Wt samples, all generated at LO with
MG5_aMC@NLO 2.5.5.
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Figure 5: Distributions of (a) m0
b` in VRm0

b`, (b) m1
b`(rej) in VRm1

b`(rej) for the data and post-fit MC prediction, (c)
HT in VRHT, and (d) m`` in VRZ. Normalization factors are derived from the background-only fit configuration
and are applied to the dominant tt̄, single-top, and Z+jets processes. The bottom panel shows the ratio between
the data and the post-fit MC prediction. The hatched uncertainty band includes the statistical uncertainties in the
background prediction. The last bin includes the overflow events.

The theoretical uncertainties of the Z+jets, diboson, and tt̄ + V samples are estimated by varying event
generator parameters related to the factorization, renormalization, resummation, and CKKW matching
scales. The envelope of these variations is taken as the theoretical uncertainty in the predicted yield
in each SR. As the diboson and tt̄ + V samples are not normalized in the CRs, the uncertainty in the
theoretical cross section is also included. The uncertainty in the NLO cross section is taken to be 6% for
the diboson process [84] and 13% for the tt̄ + V process [51]. A 50% uncertainty is applied to the small
W+jets yield in both SRs.

The stop signal model uncertainties are dominated by the cross-section uncertainty, derived from the
envelope of cross-section predictions from several distinct PDF sets and varying the factorization and
renormalization scales, as described in Ref. [36]. The uncertainty in the cross section varies from 13%
for the 600 GeV mass value to 27% for the 1600 GeV mass value. The electron efficiency uncertainties
are between 3 and 4% for the various stop masses when assuming B(t̃ → be) = B(t̃ → bµ) = 50%, and
are between 5 and 8% when assuming B(t̃ → be) = 100%. Similarly, the muon efficiency uncertainties
are between 2 and 4% when assuming B(t̃ → be) = B(t̃ → bµ) = 50%, and rise to 6% when assuming
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Table 3: Summary of the dominant experimental and theoretical uncertainties in SR800 and SR1100 before the
likelihood fits, quoted relative to the total pre-fit MC background predictions. The individual uncertainties can be
correlated, and do not necessarily add in quadrature to the total post-fit background uncertainty.

Source \ Region SR800 SR1100

Experimental uncertainty

b-tagging 3% 5%
Jet energy resolution 2% 10%
Jet energy scale 1% 3%
Electrons 1% 4%
Muons 1% 3%

Theoretical modeling uncertainty

MC statistical uncertainty 8% 17%
tt̄ 8% 45%
Single-top 21% 22%
Z+jets 2% 4%
Diboson 4% 3%
tt̄ +W/Z 1% 1%
W+jets 1% 1%

B(t̃ → bµ) = 100%. The electron, muon, and jet energy scale and resolution uncertainties are generally
below 1% for the stop signal models, reaching 1% for masses near the mb` threshold of 800 GeV for
SR800 and 1100 GeV for SR1100. The b-tagging efficiency uncertainties are between 1 and 3%, reaching
the largest value for the 600 GeV signal model.

8 Results

The observed yields and fitted background predictions in SR800 and SR1100 are shown in Table 4. One
event is observed in SR1100 and two are observed in SR800, in agreement with the SM prediction. The
SR1100 event is included in SR800 by definition, and both events are found in the µµ channel. The
SR1100 event has a high HT due to a high-pT muon with a large pT uncertainty. The observed and
predicted m0

b`, HT, masym
b` , m``, and m1

b`(rej) distributions in SR800 are shown in Figure 2.

For each SR, model-independent upper limits are derived on the visible cross section of potential BSM
processes at a 95% confidence level (CL). A likelihood fit is performed to the number of observed events
in all three CRs and the target SR, and a generic BSM process is assumed to contribute to the SR only. No
theoretical or systematic uncertainties are considered for the signal model except the luminosity uncer-
tainty. The observed (S 95

obs) and expected (S 95
exp) limits on the number of BSM events are derived at 95%

CL in each flavor channel and inclusively, and are shown in the lower rows of Table 4. Also shown are the
observed limits on the visible cross section σvis, defined as S 95

obs normalized to the integrated luminosity,
and representing the product of the production cross section, acceptance, and selection efficiency of a
generic BSM signal. Limits on σvis are set between 0.08 and 0.13 fb, with the weaker limit set in the µµ
channel due to the two observed events.
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Table 4: The observed and total post-fit expected background yields in SR800 and SR1100. Both the MC back-
ground expectation before the fit and the background-only post-fit yields are shown, with each broken down into
single-top, Z+jets, tt̄, diboson, tt̄ + V and W+jets background processes. Model-independent upper limits are set at
a 95% CL on the visible number of expected (S 95

exp) and observed (S 95
obs) events and on the visible cross section (σvis)

of a generic BSM process. Results are shown in each flavor channel and inclusively. The background estimates and
their uncertainties are derived from a background-only fit configuration.

SR800 SR1100
inclusive ee eµ µµ inclusive ee eµ µµ

Observed yield 2 0 0 2 1 0 0 1
Total post-fit bkg yield 5.2 ± 1.4 1.8 ± 0.5 2.1 ± 0.8 1.35 ± 0.32 1.2+0.6

−0.5 0.51+0.22
−0.20 0.44+0.39

−0.33 0.22 ± 0.13
Post-fit single-top yield 2.0 ± 1.3 0.6 ± 0.4 1.1 ± 0.7 0.32 ± 0.20 0.32 ± 0.29 0.11 ± 0.10 0.21 ± 0.19 –
Post-fit Z+jets yield 1.40 ± 0.33 0.80 ± 0.24 0.01 ± 0.01 0.59 ± 0.14 0.47 ± 0.15 0.28 ± 0.10 – 0.19 ± 0.11
Post-fit tt̄ yield 1.0 ± 0.5 0.27 ± 0.14 0.54 ± 0.25 0.21 ± 0.10 0.21+0.55

−0.21 0.06+0.16
−0.06 0.13+0.34

−0.13 0.01+0.03
−0.01

Post-fit diboson yield 0.64 ± 0.23 0.14 ± 0.05 0.31 ± 0.12 0.19 ± 0.08 0.13 ± 0.05 0.06 ± 0.03 0.07 ± 0.03 0.01 ± 0.01
Post-fit tt̄ + V yield 0.12 ± 0.03 0.01 ± 0.01 0.07 ± 0.02 0.04 ± 0.02 0.03 ± 0.01 – 0.01 ± 0.01 0.01 ± 0.01
Post-fit W+jets yield 0.03 ± 0.03 – 0.04 ± 0.04 – 0.01+0.02

−0.01 – 0.01+0.02
−0.01 –

Total MC bkg yield 4.9 ± 1.2 1.7 ± 0.4 2.0 ± 0.7 1.23 ± 0.28 1.1+0.6
−0.5 0.46+0.21

−0.19 0.43+0.40
−0.33 0.18 ± 0.10

MC single-top yield 1.9 ± 1.0 0.57 ± 0.34 1.0 ± 0.6 0.29 ± 0.17 0.29 ± 0.25 0.10 ± 0.08 0.19 ± 0.17 –
MC Z+jets yield 1.15 ± 0.21 0.65 ± 0.17 0.01 ± 0.01 0.48 ± 0.09 0.38 ± 0.10 0.23 ± 0.07 – 0.15 ± 0.09
MC tt̄ yield 1.1 ± 0.5 0.29 ± 0.14 0.57 ± 0.26 0.22 ± 0.10 0.22+0.57

−0.22 0.07+0.18
−0.07 0.14+0.36

−0.14 0.01+0.03
−0.01

MC diboson yield 0.64 ± 0.23 0.14 ± 0.05 0.31 ± 0.12 0.19 ± 0.08 0.13 ± 0.05 0.06 ± 0.03 0.07 ± 0.03 0.01 ± 0.01
MC tt̄ + V yield 0.12 ± 0.03 0.01 ± 0.01 0.07 ± 0.02 0.04 ± 0.02 0.03 ± 0.01 – 0.01 ± 0.01 0.01 ± 0.01
MC W+jets yield 0.03 ± 0.03 – 0.04 ± 0.04 – 0.01+0.02

−0.01 – 0.01+0.02
−0.01 –

S 95
exp 6.4+3.0

−1.9 4.1+1.8
−1.1 4.0+2.2

−0.9 3.9+1.6
−0.7 3.9+2.4

−0.5 3.0+1.3
−0.0 3.0+1.3

−0.0 3.1+0.6
−0.1

S 95
obs 4.0 3.0 3.0 4.8 3.9 3.0 3.1 4.1

σvis[fb] 0.11 0.08 0.08 0.13 0.11 0.08 0.08 0.11

Exclusion limits are derived at 95% CL for the t̃ signal samples. Limits are obtained through a profile log-
likelihood ratio test using the CLs prescription [85], following the simultaneous fit to the CRs and a target
SR [78]. The signal contributions in both the SR and CRs are accounted for in the fit, although they are
negligible in the latter. Exclusion fits are performed separately for various branching ratio assumptions,
sampling values of B(t̃ → be), B(t̃ → bµ), and B(t̃ → bτ) whose sum is unity in steps of 5%, and
reweighting events in the signal samples according to the generated decays. For both SR800 and SR1100,
limits are derived in the ee, eµ, µµ, and inclusive channels. Observed limits are reported for the SR
and channel combination with the lowest expected CLs value, and therefore best expected sensitivity,
at a given mass value and branching ratio. The inclusive channel typically has the stronger expected
sensitivity when B(t̃ → be) and B(t̃ → bµ) are both above 15%, while the ee (µµ) channel is more
sensitive when B(t̃ → bµ) (B(t̃ → be)) is below 15%. The inclusive channel is always more sensitive
than the eµ channel because a substantial fraction of signal events have two leptons of the same flavor,
regardless of individual branching ratios.

The expected and observed exclusion contours for the branching ratios are shown in Figure 6 for each
simulated t̃ mass. The limits are strongest at low values of B(t̃ → bτ), where the expected number
of events with electrons or muons in the final state is largest. Expected limits are slightly stronger for
increasing B(t̃ → be), reflecting a higher trigger efficiency for electrons than for muons. Stops with
B(t̃ → bτ) up to 80% or more are excluded for masses between 600 and 1000 GeV, while those with
larger B(t̃ → be) or B(t̃ → bµ) may be excluded up to 1500 GeV. Observed limits are stronger than
expected for t̃ masses of 1100 GeV or below, reflecting the lower-than-expected event yield in SR800 in
the ee channel and inclusively. Exclusion contours reflecting the highest t̃ mass excluded at a 95% CL for
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a given point in the branching ratio plane are shown in Figure 7.
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Figure 6: Expected (dashed blue) and observed (solid red) limit curves as a function of t̃ branching ratios for various
mass values between 600 and 1500 GeV. The sum of B(t̃ → be), B(t̃ → bµ), and B(t̃ → bτ) is assumed to be
unity everywhere, and points of equality are marked by a dotted gray line. The yellow band reflects the ±1σ
uncertainty of the expected limit due to theoretical, experimental, and MC statistical uncertainties. The shaded blue
area represents the branching ratios that are expected to be excluded beyond 1σ. The dotted red lines correspond to
the ±1σ cross section uncertainty of the observed limit derived by varying the signal cross section by the theoretical
uncertainties.
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Figure 7: The observed lower limits on the t̃ mass at 95% CL as a function of t̃ branching ratios. The sum of
B(t̃ → be), B(t̃ → bµ), and B(t̃ → bτ) is assumed to be unity everywhere, and points of equality are marked by
a dotted gray line. The limits are obtained using the nominal t̃ cross-section predictions. As the branching ratio
B(t̃ → bτ) increases, the expected number of events with electrons or muons in the final state decreases, reducing
the mass reach of the exclusion.

9 Conclusions

This paper presents the first ATLAS results on the search for the pair production of stops, each decaying
via an R-parity-violating coupling to a b-quark and a lepton. The final state requires two jets, at least
one of which is b-tagged, and two light, oppositely-charged leptons (electron or muon). The search uses
36.1 fb−1 of

√
s = 13 TeV proton–proton collision data collected with the ATLAS detector at the LHC

in 2015 and 2016. No significant excess of events over the Standard Model prediction is observed, and
limits are set on the t̃ mass at a 95% confidence level. These results significantly extend the lower-
mass exclusion limits on the B − L stop model from reinterpretations of Run 1 leptoquark searches.
Model-independent upper limits are set on the cross section of potential BSM processes in the ee, eµ,
and µµ channels and inclusively. A scan of various t̃ branching ratios is performed to set branching-
ratio-dependent limits on decays to be, bµ, and bτ for various t̃ mass models. Limits are set on t̃ masses
between 600 GeV for large bτ decay branching ratios and 1500 GeV for a be branching ratio of 100%.

Acknowledgments

We thank CERN for the very successful operation of the LHC, as well as the support staff from our
institutions without whom ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia; BMWFW
and FWF, Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and
CFI, Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIENCIAS, Colombia;
MSMT CR, MPO CR and VSC CR, Czech Republic; DNRF and DNSRC, Denmark; IN2P3-CNRS,
CEA-DRF/IRFU, France; SRNSF, Georgia; BMBF, HGF, and MPG, Germany; GSRT, Greece; RGC,
Hong Kong SAR, China; ISF, I-CORE and Benoziyo Center, Israel; INFN, Italy; MEXT and JSPS,

19



Japan; CNRST, Morocco; NWO, Netherlands; RCN, Norway; MNiSW and NCN, Poland; FCT, Portugal;
MNE/IFA, Romania; MES of Russia and NRC KI, Russian Federation; JINR; MESTD, Serbia; MSSR,
Slovakia; ARRS and MIZŠ, Slovenia; DST/NRF, South Africa; MINECO, Spain; SRC and Wallen-
berg Foundation, Sweden; SERI, SNSF and Cantons of Bern and Geneva, Switzerland; MOST, Taiwan;
TAEK, Turkey; STFC, United Kingdom; DOE and NSF, United States of America. In addition, indi-
vidual groups and members have received support from BCKDF, the Canada Council, CANARIE, CRC,
Compute Canada, FQRNT, and the Ontario Innovation Trust, Canada; EPLANET, ERC, ERDF, FP7,
Horizon 2020 and Marie Skłodowska-Curie Actions, European Union; Investissements d’Avenir Labex
and Idex, ANR, Région Auvergne and Fondation Partager le Savoir, France; DFG and AvH Foundation,
Germany; Herakleitos, Thales and Aristeia programmes co-financed by EU-ESF and the Greek NSRF;
BSF, GIF and Minerva, Israel; BRF, Norway; CERCA Programme Generalitat de Catalunya, Generalitat
Valenciana, Spain; the Royal Society and Leverhulme Trust, United Kingdom.

The crucial computing support from all WLCG partners is acknowledged gratefully, in particular from
CERN, the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden), CC-
IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1 (Netherlands), PIC (Spain), ASGC
(Taiwan), RAL (UK) and BNL (USA), the Tier-2 facilities worldwide and large non-WLCG resource
providers. Major contributors of computing resources are listed in Ref. [86].

References

[1] Yu. A. Golfand and E. P. Likhtman,
Extension of the Algebra of Poincare Group Generators and Violation of p Invariance,
JETP Lett. 13 (1971) 323, [Pisma Zh. Eksp. Teor. Fiz.13 (1971) 452].

[2] D. V. Volkov and V. P. Akulov, Is the Neutrino a Goldstone Particle? Phys. Lett. B 46 (1973) 109.

[3] J. Wess and B. Zumino, Supergauge Transformations in Four-Dimensions,
Nucl. Phys. B 70 (1974) 39.

[4] J. Wess and B. Zumino, Supergauge Invariant Extension of Quantum Electrodynamics,
Nucl. Phys. B 78 (1974) 1.

[5] S. Ferrara and B. Zumino, Supergauge Invariant Yang-Mills Theories,
Nucl. Phys. B 79 (1974) 413.

[6] A. Salam and J. A. Strathdee, Supersymmetry and Nonabelian Gauges,
Phys. Lett. B 51 (1974) 353.

[7] G. R. Farrar and P. Fayet, Phenomenology of the Production, Decay, and Detection of New
Hadronic States Associated with Supersymmetry, Phys. Lett. B 76 (1978) 575.

[8] J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos, K. A. Olive, and M. Srednicki,
Supersymmetric Relics from the Big Bang, Nucl. Phys. B 238 (1984) 453.

[9] M. Pospelov, Particle physics catalysis of thermal Big Bang Nucleosynthesis,
Phys. Rev. Lett. 98 (2007) 231301, arXiv: hep-ph/0605215.

[10] H. K. Dreiner, An introduction to explicit R-parity violation,
Adv. Ser. Direct. High Energy Phys. 21 (2010) 565, arXiv: hep-ph/9707435.

[11] R. Barbier et al., R-parity violating supersymmetry, Phys. Rept. 420 (2005) 1,
arXiv: hep-ph/0406039.

20

http://dx.doi.org/10.1016/0370-2693(73)90490-5
http://dx.doi.org/10.1016/0550-3213(74)90355-1
http://dx.doi.org/10.1016/0550-3213(74)90112-6
http://dx.doi.org/10.1016/0550-3213(74)90559-8
http://dx.doi.org/10.1016/0370-2693(74)90226-3
http://dx.doi.org/10.1016/0370-2693(78)90858-4
http://dx.doi.org/10.1016/0550-3213(84)90461-9
http://dx.doi.org/10.1103/PhysRevLett.98.231301
http://arxiv.org/abs/hep-ph/0605215
http://dx.doi.org/10.1142/9789814307505_0017
http://arxiv.org/abs/hep-ph/9707435
http://dx.doi.org/10.1016/j.physrep.2005.08.006
http://arxiv.org/abs/hep-ph/0406039


[12] P. Fileviez Perez and S. Spinner, Supersymmetry at the LHC and the Theory of R-parity,
Phys. Lett. B 728 (2014) 489, arXiv: 1308.0524 [hep-ph].

[13] D. Restrepo, W. Porod, and J. W. F. Valle, Broken R-parity, stop decays, and neutrino physics,
Phys. Rev. D 64 (2001) 055011, arXiv: hep-ph/0104040.

[14] P. Fileviez Perez and S. Spinner, Spontaneous R-Parity breaking and left-right symmetry,
Phys. Lett. B 673 (2009) 251, arXiv: 0811.3424 [hep-ph].

[15] V. Barger, P. Fileviez Perez, and S. Spinner,
Minimal Gauged U(1)B−L Model with Spontaneous R-Parity Violation,
Phys. Rev. Lett. 102 (2009) 181802, arXiv: 0812.3661 [hep-ph].

[16] L. L. Everett, P. Fileviez Perez, and S. Spinner,
The right side of TeV scale spontaneous R-Parity violation, Phys. Rev. D 80 (2009) 055007,
arXiv: 0906.4095 [hep-ph].

[17] V. Braun, Y.-H. He, B. A. Ovrut, and T. Pantev, A heterotic standard model,
Phys. Lett. B 618 (2005) 252, arXiv: hep-th/0501070.

[18] R. Deen, B. A. Ovrut, and A. Purves,
The minimal SUSY B − L model: simultaneous Wilson lines and string thresholds,
JHEP 07 (2016) 043, arXiv: 1604.08588 [hep-ph].

[19] R. Barbieri and G. Giudice, Upper Bounds on Supersymmetric Particle Masses,
Nucl. Phys. B 306 (1988) 63.

[20] B. de Carlos and J. A. Casas, One loop analysis of the electroweak breaking in supersymmetric
models and the fine tuning problem, Phys. Lett. B 309 (1993) 320, arXiv: hep-ph/9303291.

[21] Z. Marshall, B. A. Ovrut, A. Purves, and S. Spinner,
LSP squark decays at the LHC and the neutrino mass hierarchy, Phys. Rev. D 90 (2014) 015034,
arXiv: 1402.5434 [hep-th].

[22] Z. Marshall, B. A. Ovrut, A. Purves, and S. Spinner,
Spontaneous R-Parity breaking, stop LSP decays and the neutrino mass hierarchy,
Phys. Lett. B 732 (2014) 325, arXiv: 1401.7989 [hep-ph].

[23] ATLAS Collaboration,
Search for scalar leptoquarks in pp collisions at

√
s = 13 TeV with the ATLAS experiment,

New J. Phys. 18 (2016) 093016, arXiv: 1605.06035 [hep-ex].

[24] ATLAS Collaboration,
Searches for scalar leptoquarks in pp collisions at

√
s = 8 TeV with the ATLAS detector,

Eur. Phys. J. C 76 (2016) 5, arXiv: 1508.04735 [hep-ex].

[25] CMS Collaboration,
Search for third-generation scalar leptoquarks and heavy right-handed neutrinos in final states
with two tau leptons and two jets in proton–proton collisions at

√
s = 13 TeV,

JHEP 07 (2017) 121, arXiv: 1703.03995 [hep-ex].

[26] CMS Collaboration, Search for pair production of first and second generation leptoquarks in
proton–proton collisions at

√
s = 8 TeV, Phys. Rev. D 93 (2016) 032004,

arXiv: 1509.03744 [hep-ex].

[27] ATLAS Collaboration, The ATLAS Experiment at the CERN Large Hadron Collider,
JINST 3 (2008) S08003.

21

http://dx.doi.org/10.1016/j.physletb.2013.12.022
http://arxiv.org/abs/1308.0524
http://dx.doi.org/10.1103/PhysRevD.64.055011
http://arxiv.org/abs/hep-ph/0104040
http://dx.doi.org/10.1016/j.physletb.2009.02.047
http://arxiv.org/abs/0811.3424
http://dx.doi.org/10.1103/PhysRevLett.102.181802
http://arxiv.org/abs/0812.3661
http://dx.doi.org/10.1103/PhysRevD.80.055007
http://arxiv.org/abs/0906.4095
http://dx.doi.org/10.1016/j.physletb.2005.05.007
http://arxiv.org/abs/hep-th/0501070
http://dx.doi.org/10.1007/JHEP07(2016)043
http://arxiv.org/abs/1604.08588
http://dx.doi.org/10.1016/0550-3213(88)90171-X
http://dx.doi.org/10.1016/0370-2693(93)90940-J
http://arxiv.org/abs/hep-ph/9303291
http://dx.doi.org/10.1103/PhysRevD.90.015034
http://arxiv.org/abs/1402.5434
http://dx.doi.org/10.1016/j.physletb.2014.03.052
http://arxiv.org/abs/1401.7989
http://dx.doi.org/10.1088/1367-2630/18/9/093016
http://arxiv.org/abs/1605.06035
http://dx.doi.org/10.1140/epjc/s10052-015-3823-9
http://arxiv.org/abs/1508.04735
http://dx.doi.org/10.1007/JHEP07(2017)121
http://arxiv.org/abs/1703.03995
http://dx.doi.org/10.1103/PhysRevD.93.032004
http://arxiv.org/abs/1509.03744
http://dx.doi.org/10.1088/1748-0221/3/08/S08003


[28] ATLAS Collaboration, ATLAS Insertable B-Layer Technical Design Report, ATLAS-TDR-19,
2010, url: https://cds.cern.ch/record/1291633,
ATLAS Insertable B-Layer Technical Design Report Addendum, ATLAS-TDR-19-ADD-1, 2012,
URL: https://cds.cern.ch/record/1451888.

[29] ATLAS Collaboration, Performance of the ATLAS Trigger System in 2015,
Eur. Phys. J. C 77 (2017) 317, arXiv: 1611.09661 [hep-ex].

[30] ATLAS Collaboration,
Luminosity determination in pp collisions at

√
s = 8 TeV using the ATLAS detector at the LHC,

Eur. Phys. J. C 76 (2016) 653, arXiv: 1608.03953 [hep-ex].

[31] M. Czakon and A. Mitov,
Top++: A program for the calculation of the top-pair cross-section at hadron colliders,
Comput. Phys. Commun. 185 (2014) 2930, arXiv: 1112.5675 [hep-ph].

[32] N. Kidonakis,
Two-loop soft anomalous dimensions for single top quark associated production with a W- or H-,
Phys. Rev. D 82 (2010) 054018, arXiv: 1005.4451 [hep-ph].

[33] N. Kidonakis, NNLL resummation for s-channel single top quark production,
Phys. Rev. D 81 (2010) 054028, arXiv: 1001.5034 [hep-ph].

[34] N. Kidonakis, Next-to-next-to-leading-order collinear and soft gluon corrections for t-channel
single top quark production, Phys. Rev. D 83 (2011) 091503, arXiv: 1103.2792 [hep-ph].

[35] S. Catani, L. Cieri, G. Ferrera, D. de Florian, and M. Grazzini,
Vector boson production at hadron colliders: a fully exclusive QCD calculation at NNLO,
Phys. Rev. Lett. 103 (2009) 082001, arXiv: 0903.2120 [hep-ph].

[36] C. Borschensky et al.,
Squark and gluino production cross sections in pp collisions at

√
s = 13, 14, 33 and 100 TeV,

Eur. Phys. J. C 74 (2014) 3174, arXiv: 1407.5066 [hep-ph].

[37] ATLAS Collaboration,
Simulation of top-quark production for the ATLAS experiment at

√
s = 13 TeV,

ATL-PHYS-PUB-2016-004, 2016, url: https://cds.cern.ch/record/2120417.

[38] S. Alioli, P. Nason, C. Oleari, and E. Re, A general framework for implementing NLO
calculations in shower Monte Carlo programs: the POWHEG BOX, JHEP 06 (2010) 043,
arXiv: 1002.2581 [hep-ph].

[39] H.-L. Lai et al., New parton distributions for collider physics, Phys. Rev. D 82 (2010) 074024,
arXiv: 1007.2241 [hep-ph].

[40] T. Sjöstrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4 physics and manual, JHEP 05 (2006) 026,
arXiv: hep-ph/0603175.

[41] J. Pumplin et al.,
New generation of parton distributions with uncertainties from global QCD analysis,
JHEP 07 (2002) 012, arXiv: hep-ph/0201195.

[42] P. Z. Skands, Tuning Monte Carlo generators: The Perugia tunes,
Phys. Rev. D 82 (2010) 074018, arXiv: 1005.3457 [hep-ph].

[43] R. Corke and T. Sjöstrand, Improved parton showers at large transverse momenta,
Eur. Phys. J. C 69 (2010) 1, arXiv: 1003.2384 [hep-ph].

22

https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1451888
http://dx.doi.org/10.1140/epjc/s10052-017-4852-3
http://arxiv.org/abs/1611.09661
http://dx.doi.org/10.1140/epjc/s10052-016-4466-1
http://arxiv.org/abs/1608.03953
http://dx.doi.org/10.1016/j.cpc.2014.06.021
http://arxiv.org/abs/1112.5675
http://dx.doi.org/10.1103/PhysRevD.82.054018
http://arxiv.org/abs/1005.4451
http://dx.doi.org/10.1103/PhysRevD.81.054028
http://arxiv.org/abs/1001.5034
http://dx.doi.org/10.1103/PhysRevD.83.091503
http://arxiv.org/abs/1103.2792
http://dx.doi.org/10.1103/PhysRevLett.103.082001
http://arxiv.org/abs/0903.2120
http://dx.doi.org/10.1140/epjc/s10052-014-3174-y
http://arxiv.org/abs/1407.5066
https://cds.cern.ch/record/2120417
http://dx.doi.org/10.1007/JHEP06(2010)043
http://arxiv.org/abs/1002.2581
http://dx.doi.org/10.1103/PhysRevD.82.074024
http://arxiv.org/abs/1007.2241
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://arxiv.org/abs/hep-ph/0201195
http://dx.doi.org/10.1103/PhysRevD.82.074018
http://arxiv.org/abs/1005.3457
http://dx.doi.org/10.1140/epjc/s10052-010-1409-0
http://arxiv.org/abs/1003.2384


[44] ATLAS Collaboration, Monte Carlo Generators for the Production of a W or Z/γ∗ Boson in
Association with Jets at ATLAS in Run 2, ATL-PHYS-PUB-2016-003, 2016,
url: https://cds.cern.ch/record/2120133.

[45] T. Gleisberg, S. Hoeche, F. Krauss, M. Schonherr, S. Schumann, et al.,
Event generation with SHERPA 1.1, JHEP 02 (2009) 007, arXiv: 0811.4622 [hep-ph].

[46] T. Gleisberg and S. Hoeche, Comix, a new matrix element generator, JHEP 12 (2008) 039,
arXiv: 0808.3674 [hep-ph].

[47] F. Cascioli, P. Maierhofer, and S. Pozzorini, Scattering amplitudes with Open Loops,
Phys. Rev. Lett. 108 (2012) 111601, arXiv: 1111.5206 [hep-ph].

[48] S. Schumann and F. Krauss,
A Parton shower algorithm based on Catani-Seymour dipole factorisation, JHEP 03 (2008) 038,
arXiv: 0709.1027 [hep-ph].

[49] S. Hoeche, F. Krauss, M. Schonherr, and F. Siegert,
QCD matrix elements + parton showers: The NLO case, JHEP 04 (2013) 027,
arXiv: 1207.5030 [hep-ph].

[50] R. D. Ball et al., Parton distributions for the LHC Run II, JHEP 04 (2015) 040,
arXiv: 1410.8849 [hep-ph].

[51] J. Alwall et al., The automated computation of tree-level and next-to-leading order differential
cross sections, and their matching to parton shower simulations, JHEP 07 (2014) 079,
arXiv: 1405.0301 [hep-ph].

[52] T. Sjöstrand, S. Mrenna, and P. Z. Skands, A brief introduction to PYTHIA 8.1,
Comput. Phys. Commun. 178 (2008) 852, arXiv: 0710.3820 [hep-ph].

[53] L. Lönblad and S. Prestel, Matching Tree-Level Matrix Elements with Interleaved Showers,
JHEP 03 (2012) 019, arXiv: 1109.4829 [hep-ph].

[54] ATLAS Collaboration, ATLAS Pythia 8 tunes to 7 TeV data, ATL-PHYS-PUB-2014-021, 2014,
url: https://cds.cern.ch/record/1966419.

[55] R. D. Ball et al., Parton distributions with LHC data, Nucl. Phys. B 867 (2013) 244,
arXiv: 1207.1303 [hep-ph].

[56] M. Krämer et al., Supersymmetry production cross sections in pp collisions at
√

s = 7 TeV,
(2012), arXiv: 1206.2892 [hep-ph].

[57] W. Beenakker, M. Krämer, T. Plehn, M. Spira, and P. Zerwas,
Stop production at hadron colliders, Nucl. Phys. B 515 (1998) 3, arXiv: hep-ph/9710451.

[58] W. Beenakker et al., Supersymmetric top and bottom squark production at hadron colliders,
JHEP 08 (2010) 098, arXiv: 1006.4771 [hep-ph].

[59] W. Beenakker et al., Squark and Gluino Hadroproduction, Int. J. Mod. Phys. A 26 (2011) 2637,
arXiv: 1105.1110 [hep-ph].

[60] D. J. Lange, The EvtGen particle decay simulation package,
Nucl. Instrum. Meth. A 462 (2001) 152.

[61] ATLAS Collaboration, The ATLAS Simulation Infrastructure, Eur. Phys. J. C 70 (2010) 823,
arXiv: 1005.4568 [hep-ex].

[62] S. Agostinelli et al., GEANT4: A simulation toolkit, Nucl. Instrum. Meth. A 506 (2003) 250.

23

https://cds.cern.ch/record/2120133
http://dx.doi.org/10.1088/1126-6708/2009/02/007
http://arxiv.org/abs/0811.4622
http://dx.doi.org/10.1088/1126-6708/2008/12/039
http://arxiv.org/abs/0808.3674
http://dx.doi.org/10.1103/PhysRevLett.108.111601
http://arxiv.org/abs/1111.5206
http://dx.doi.org/10.1088/1126-6708/2008/03/038
http://arxiv.org/abs/0709.1027
http://dx.doi.org/10.1007/JHEP04(2013)027
http://arxiv.org/abs/1207.5030
http://dx.doi.org/10.1007/JHEP04(2015)040
http://arxiv.org/abs/1410.8849
http://dx.doi.org/10.1007/JHEP07(2014)079
http://arxiv.org/abs/1405.0301
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820
http://dx.doi.org/10.1007/JHEP03(2012)019
http://arxiv.org/abs/1109.4829
https://cds.cern.ch/record/1966419
http://dx.doi.org/10.1016/j.nuclphysb.2012.10.003
http://arxiv.org/abs/1207.1303
http://arxiv.org/abs/1206.2892
http://dx.doi.org/10.1016/S0550-3213(98)00014-5
http://arxiv.org/abs/hep-ph/9710451
http://dx.doi.org/10.1007/JHEP08(2010)098
http://arxiv.org/abs/1006.4771
http://dx.doi.org/10.1142/S0217751X11053560
http://arxiv.org/abs/1105.1110
http://dx.doi.org/10.1016/S0168-9002(01)00089-4
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://arxiv.org/abs/1005.4568
http://dx.doi.org/10.1016/S0168-9002(03)01368-8


[63] ATLAS Collaboration, Summary of ATLAS Pythia 8 tunes, ATL-PHYS-PUB-2012-003, 2012,
url: https://cds.cern.ch/record/1474107.

[64] A. D. Martin, W. J. Stirling, R. S. Thorne, and G. Watt, Parton distributions for the LHC,
Eur. Phys. J. C 63 (2009) 189, arXiv: 0901.0002 [hep-ph].

[65] P. Laycock et al., “ATLAS Data Preparation in Run 2,” ATL-DAPR-PROC-2017-001,
CERN, 2017, url: https://cds.cern.ch/record/2253427.

[66] ATLAS Collaboration, Electron and photon energy calibration with the ATLAS detector using
data collected in 2015 at

√
s = 13 TeV, ATL-PHYS-PUB-2016-015, 2016,

url: https://cds.cern.ch/record/2203514.

[67] ATLAS Collaboration, Electron efficiency measurements with the ATLAS detector using the 2015
LHC proton–proton collision data, ATLAS-CONF-2016-024, 2016,
url: https://cds.cern.ch/record/2157687.

[68] ATLAS Collaboration, Muon reconstruction performance of the ATLAS detector in proton–proton
collision data at

√
s = 13 TeV, Eur. Phys. J. C 76 (2016) 292, arXiv: 1603.05598 [hep-ex].

[69] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kt jet clustering algorithm, JHEP 04 (2008) 063,
arXiv: 0802.1189 [hep-ph].

[70] M. Cacciari, G. P. Salam, and G. Soyez, FastJet user manual, Eur. Phys. J. C 72 (2012) 1896,
arXiv: 1111.6097 [hep-ph].

[71] ATLAS Collaboration,
Topological cell clustering in the ATLAS calorimeters and its performance in LHC Run 1,
Eur. Phys. J. C 77 (2017) 490, arXiv: 1603.02934 [hep-ex].

[72] ATLAS Collaboration, Performance of pile-up mitigation techniques for jets in pp collisions at
√

s = 8 TeV using the ATLAS detector, Eur. Phys. J. C 76 (2016) 581,
arXiv: 1510.03823 [hep-ex].

[73] M. Cacciari and G. P. Salam, Pileup subtraction using jet areas, Phys. Lett. B 659 (2008) 119,
arXiv: 0707.1378 [hep-ph].

[74] ATLAS Collaboration, Jet energy scale measurements and their systematic uncertainties in
proton-proton collisions at

√
s = 13 TeV with the ATLAS detector, (2017),

arXiv: 1703.09665 [hep-ex].

[75] ATLAS Collaboration,
Selection of jets produced in 13 TeV proton–proton collisions with the ATLAS detector,
ATLAS-CONF-2015-029, 2015, url: https://cds.cern.ch/record/2037702.

[76] ATLAS Collaboration, Performance of b-jet identification in the ATLAS experiment,
JINST 11 (2016) P04008, arXiv: 1512.01094 [hep-ex].

[77] ATLAS Collaboration, Optimisation of the ATLAS b-tagging performance for the 2016 LHC Run,
ATL-PHYS-PUB-2016-012, 2016, url: https://cds.cern.ch/record/2160731.

[78] M. Baak et al., HistFitter software framework for statistical data analysis,
Eur. Phys. J. C 75 (2015) 153, arXiv: 1410.1280 [hep-ex].

[79] D. R. Tovey,
On measuring the masses of pair-produced semi-invisibly decaying particles at hadron colliders,
JHEP 04 (2008) 034, arXiv: 0802.2879 [hep-ph].

24

https://cds.cern.ch/record/1474107
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://arxiv.org/abs/0901.0002
https://cds.cern.ch/record/2253427
https://cds.cern.ch/record/2203514
https://cds.cern.ch/record/2157687
http://dx.doi.org/10.1140/epjc/s10052-016-4120-y
http://arxiv.org/abs/1603.05598
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/0802.1189
http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://arxiv.org/abs/1111.6097
http://dx.doi.org/10.1140/epjc/s10052-017-5004-5
http://arxiv.org/abs/1603.02934
http://dx.doi.org/10.1140/epjc/s10052-016-4395-z
http://arxiv.org/abs/1510.03823
http://dx.doi.org/10.1016/j.physletb.2007.09.077
http://arxiv.org/abs/0707.1378
http://arxiv.org/abs/1703.09665
https://cds.cern.ch/record/2037702
http://dx.doi.org/10.1088/1748-0221/11/04/P04008
http://arxiv.org/abs/1512.01094
https://cds.cern.ch/record/2160731
http://dx.doi.org/10.1140/epjc/s10052-015-3327-7
http://arxiv.org/abs/1410.1280
http://dx.doi.org/10.1088/1126-6708/2008/04/034
http://arxiv.org/abs/0802.2879


[80] ATLAS Collaboration, Jet energy resolution in proton–proton collisions at
√

s = 7 TeV recorded
in 2010 with the ATLAS detector, Eur. Phys. J. C 73 (2013) 2306, arXiv: 1210.6210 [hep-ex].

[81] ATLAS Collaboration, Jet Calibration and Systematic Uncertainties for Jets Reconstructed in the
ATLAS Detector at

√
s = 13 TeV, ATL-PHYS-PUB-2015-015, 2015,

url: https://cds.cern.ch/record/2037613.

[82] G. Marchesini et al., HERWIG: A Monte Carlo event generator for simulating hadron emission
reactions with interfering gluons. Version 5.1 - April 1991,
Comput. Phys. Commun. 67 (1992) 465.

[83] S. Gieseke, C. Rohr, and A. Siodmok, Colour reconnections in Herwig++,
Eur. Phys. J. C 72 (2012) 2225, arXiv: 1206.0041 [hep-ph].

[84] ATLAS Collaboration, Multi-boson simulation for 13 TeV ATLAS analyses,
ATL-PHYS-PUB-2016-002, 2016, url: https://cds.cern.ch/record/2119986.

[85] A. L. Read, Presentation of search results: The CL(s) technique, J. Phys. G 28 (2002) 2693.

[86] ATLAS Collaboration, ATLAS Computing Acknowledgements 2016–2017,
ATL-GEN-PUB-2016-002, 20XX, url: https://cds.cern.ch/record/2202407.

25

http://dx.doi.org/10.1140/epjc/s10052-013-2306-0
http://arxiv.org/abs/1210.6210
https://cds.cern.ch/record/2037613
http://dx.doi.org/10.1016/0010-4655(92)90055-4
http://dx.doi.org/10.1140/epjc/s10052-012-2225-5
http://arxiv.org/abs/1206.0041
https://cds.cern.ch/record/2119986
http://dx.doi.org/10.1088/0954-3899/28/10/313
https://cds.cern.ch/record/2202407


The ATLAS Collaboration

M. Aaboud137d, G. Aad88, B. Abbott115, O. Abdinov12,∗, B. Abeloos119, S.H. Abidi161,
O.S. AbouZeid139, N.L. Abraham151, H. Abramowicz155, H. Abreu154, R. Abreu118, Y. Abulaiti148a,148b,
B.S. Acharya167a,167b,a, S. Adachi157, L. Adamczyk41a, J. Adelman110, M. Adersberger102, T. Adye133,
A.A. Affolder139, Y. Afik154, T. Agatonovic-Jovin14, C. Agheorghiesei28c, J.A. Aguilar-Saavedra128a,128f,
S.P. Ahlen24, F. Ahmadov68,b, G. Aielli135a,135b, S. Akatsuka71, H. Akerstedt148a,148b, T.P.A. Åkesson84,
E. Akilli52, A.V. Akimov98, G.L. Alberghi22a,22b, J. Albert172, P. Albicocco50, M.J. Alconada Verzini74,
S.C. Alderweireldt108, M. Aleksa32, I.N. Aleksandrov68, C. Alexa28b, G. Alexander155,
T. Alexopoulos10, M. Alhroob115, B. Ali130, M. Aliev76a,76b, G. Alimonti94a, J. Alison33, S.P. Alkire38,
B.M.M. Allbrooke151, B.W. Allen118, P.P. Allport19, A. Aloisio106a,106b, A. Alonso39, F. Alonso74,
C. Alpigiani140, A.A. Alshehri56, M.I. Alstaty88, B. Alvarez Gonzalez32, D. Álvarez Piqueras170,
M.G. Alviggi106a,106b, B.T. Amadio16, Y. Amaral Coutinho26a, C. Amelung25, D. Amidei92,
S.P. Amor Dos Santos128a,128c, S. Amoroso32, G. Amundsen25, C. Anastopoulos141, L.S. Ancu52,
N. Andari19, T. Andeen11, C.F. Anders60b, J.K. Anders77, K.J. Anderson33, A. Andreazza94a,94b,
V. Andrei60a, S. Angelidakis37, I. Angelozzi109, A. Angerami38, A.V. Anisenkov111,c, N. Anjos13,
A. Annovi126a,126b, C. Antel60a, M. Antonelli50, A. Antonov100,∗, D.J. Antrim166, F. Anulli134a,
M. Aoki69, L. Aperio Bella32, G. Arabidze93, Y. Arai69, J.P. Araque128a, V. Araujo Ferraz26a,
A.T.H. Arce48, R.E. Ardell80, F.A. Arduh74, J-F. Arguin97, S. Argyropoulos66, M. Arik20a,
A.J. Armbruster32, L.J. Armitage79, O. Arnaez161, H. Arnold51, M. Arratia30, O. Arslan23,
A. Artamonov99,∗, G. Artoni122, S. Artz86, S. Asai157, N. Asbah45, A. Ashkenazi155, L. Asquith151,
K. Assamagan27, R. Astalos146a, M. Atkinson169, N.B. Atlay143, K. Augsten130, G. Avolio32, B. Axen16,
M.K. Ayoub35a, G. Azuelos97,d, A.E. Baas60a, M.J. Baca19, H. Bachacou138, K. Bachas76a,76b,
M. Backes122, P. Bagnaia134a,134b, M. Bahmani42, H. Bahrasemani144, J.T. Baines133, M. Bajic39,
O.K. Baker179, P.J. Bakker109, E.M. Baldin111,c, P. Balek175, F. Balli138, W.K. Balunas124, E. Banas42,
A. Bandyopadhyay23, Sw. Banerjee176,e, A.A.E. Bannoura178, L. Barak155, E.L. Barberio91,
D. Barberis53a,53b, M. Barbero88, T. Barillari103, M-S Barisits32, J.T. Barkeloo118, T. Barklow145,
N. Barlow30, S.L. Barnes36c, B.M. Barnett133, R.M. Barnett16, Z. Barnovska-Blenessy36a,
A. Baroncelli136a, G. Barone25, A.J. Barr122, L. Barranco Navarro170, F. Barreiro85,
J. Barreiro Guimarães da Costa35a, R. Bartoldus145, A.E. Barton75, P. Bartos146a, A. Basalaev125,
A. Bassalat119, f , R.L. Bates56, S.J. Batista161, J.R. Batley30, M. Battaglia139, M. Bauce134a,134b,
F. Bauer138, H.S. Bawa145,g, J.B. Beacham113, M.D. Beattie75, T. Beau83, P.H. Beauchemin165,
P. Bechtle23, H.P. Beck18,h, H.C. Beck57, K. Becker122, M. Becker86, C. Becot112, A.J. Beddall20e,
A. Beddall20b, V.A. Bednyakov68, M. Bedognetti109, C.P. Bee150, T.A. Beermann32, M. Begalli26a,
M. Begel27, J.K. Behr45, A.S. Bell81, G. Bella155, L. Bellagamba22a, A. Bellerive31, M. Bellomo154,
K. Belotskiy100, O. Beltramello32, N.L. Belyaev100, O. Benary155,∗, D. Benchekroun137a, M. Bender102,
N. Benekos10, Y. Benhammou155, E. Benhar Noccioli179, J. Benitez66, D.P. Benjamin48, M. Benoit52,
J.R. Bensinger25, S. Bentvelsen109, L. Beresford122, M. Beretta50, D. Berge109,
E. Bergeaas Kuutmann168, N. Berger5, J. Beringer16, S. Berlendis58, N.R. Bernard89, G. Bernardi83,
C. Bernius145, F.U. Bernlochner23, T. Berry80, P. Berta86, C. Bertella35a, G. Bertoli148a,148b,
I.A. Bertram75, C. Bertsche45, D. Bertsche115, G.J. Besjes39, O. Bessidskaia Bylund148a,148b,
M. Bessner45, N. Besson138, A. Bethani87, S. Bethke103, A. Betti23, A.J. Bevan79, J. Beyer103,
R.M. Bianchi127, O. Biebel102, D. Biedermann17, R. Bielski87, K. Bierwagen86, N.V. Biesuz126a,126b,
M. Biglietti136a, T.R.V. Billoud97, H. Bilokon50, M. Bindi57, A. Bingul20b, C. Bini134a,134b,
S. Biondi22a,22b, T. Bisanz57, C. Bittrich47, D.M. Bjergaard48, J.E. Black145, K.M. Black24, R.E. Blair6,
T. Blazek146a, I. Bloch45, C. Blocker25, A. Blue56, W. Blum86,∗, U. Blumenschein79, S. Blunier34a,

26



G.J. Bobbink109, V.S. Bobrovnikov111,c, S.S. Bocchetta84, A. Bocci48, C. Bock102, M. Boehler51,
D. Boerner178, D. Bogavac102, A.G. Bogdanchikov111, C. Bohm148a, V. Boisvert80, P. Bokan168,i,
T. Bold41a, A.S. Boldyrev101, A.E. Bolz60b, M. Bomben83, M. Bona79, M. Boonekamp138,
A. Borisov132, G. Borissov75, J. Bortfeldt32, D. Bortoletto122, V. Bortolotto62a, D. Boscherini22a,
M. Bosman13, J.D. Bossio Sola29, J. Boudreau127, J. Bouffard2, E.V. Bouhova-Thacker75,
D. Boumediene37, C. Bourdarios119, S.K. Boutle56, A. Boveia113, J. Boyd32, I.R. Boyko68,
A.J. Bozson80, J. Bracinik19, A. Brandt8, G. Brandt57, O. Brandt60a, F. Braren45, U. Bratzler158,
B. Brau89, J.E. Brau118, W.D. Breaden Madden56, K. Brendlinger45, A.J. Brennan91, L. Brenner109,
R. Brenner168, S. Bressler175, D.L. Briglin19, T.M. Bristow49, D. Britton56, D. Britzger45,
F.M. Brochu30, I. Brock23, R. Brock93, G. Brooijmans38, T. Brooks80, W.K. Brooks34b, J. Brosamer16,
E. Brost110, J.H Broughton19, P.A. Bruckman de Renstrom42, D. Bruncko146b, A. Bruni22a, G. Bruni22a,
L.S. Bruni109, S. Bruno135a,135b, BH Brunt30, M. Bruschi22a, N. Bruscino127, P. Bryant33,
L. Bryngemark45, T. Buanes15, Q. Buat144, P. Buchholz143, A.G. Buckley56, I.A. Budagov68,
F. Buehrer51, M.K. Bugge121, O. Bulekov100, D. Bullock8, T.J. Burch110, S. Burdin77, C.D. Burgard51,
A.M. Burger5, B. Burghgrave110, K. Burka42, S. Burke133, I. Burmeister46, J.T.P. Burr122, E. Busato37,
D. Büscher51, V. Büscher86, P. Bussey56, J.M. Butler24, C.M. Buttar56, J.M. Butterworth81, P. Butti32,
W. Buttinger27, A. Buzatu153, A.R. Buzykaev111,c, S. Cabrera Urbán170, D. Caforio130, H. Cai169,
V.M. Cairo40a,40b, O. Cakir4a, N. Calace52, P. Calafiura16, A. Calandri88, G. Calderini83, P. Calfayan64,
G. Callea40a,40b, L.P. Caloba26a, S. Calvente Lopez85, D. Calvet37, S. Calvet37, T.P. Calvet88,
R. Camacho Toro33, S. Camarda32, P. Camarri135a,135b, D. Cameron121, R. Caminal Armadans169,
C. Camincher58, S. Campana32, M. Campanelli81, A. Camplani94a,94b, A. Campoverde143,
V. Canale106a,106b, M. Cano Bret36c, J. Cantero116, T. Cao155, M.D.M. Capeans Garrido32, I. Caprini28b,
M. Caprini28b, M. Capua40a,40b, R.M. Carbone38, R. Cardarelli135a, F. Cardillo51, I. Carli131, T. Carli32,
G. Carlino106a, B.T. Carlson127, L. Carminati94a,94b, R.M.D. Carney148a,148b, S. Caron108, E. Carquin34b,
S. Carrá94a,94b, G.D. Carrillo-Montoya32, D. Casadei19, M.P. Casado13, j, M. Casolino13, D.W. Casper166,
R. Castelijn109, V. Castillo Gimenez170, N.F. Castro128a,k, A. Catinaccio32, J.R. Catmore121, A. Cattai32,
J. Caudron23, V. Cavaliere169, E. Cavallaro13, D. Cavalli94a, M. Cavalli-Sforza13, V. Cavasinni126a,126b,
E. Celebi20d, F. Ceradini136a,136b, L. Cerda Alberich170, A.S. Cerqueira26b, A. Cerri151,
L. Cerrito135a,135b, F. Cerutti16, A. Cervelli22a,22b, S.A. Cetin20d, A. Chafaq137a, D. Chakraborty110,
S.K. Chan59, W.S. Chan109, Y.L. Chan62a, P. Chang169, J.D. Chapman30, D.G. Charlton19, C.C. Chau31,
C.A. Chavez Barajas151, S. Che113, S. Cheatham167a,167c, A. Chegwidden93, S. Chekanov6,
S.V. Chekulaev163a, G.A. Chelkov68,l, M.A. Chelstowska32, C. Chen36a, C. Chen67, H. Chen27,
J. Chen36a, S. Chen35b, S. Chen157, X. Chen35c,m, Y. Chen70, H.C. Cheng92, H.J. Cheng35a,
A. Cheplakov68, E. Cheremushkina132, R. Cherkaoui El Moursli137e, E. Cheu7, K. Cheung63,
L. Chevalier138, V. Chiarella50, G. Chiarelli126a,126b, G. Chiodini76a, A.S. Chisholm32, A. Chitan28b,
Y.H. Chiu172, M.V. Chizhov68, K. Choi64, A.R. Chomont37, S. Chouridou156, Y.S. Chow62a,
V. Christodoulou81, M.C. Chu62a, J. Chudoba129, A.J. Chuinard90, J.J. Chwastowski42, L. Chytka117,
A.K. Ciftci4a, D. Cinca46, V. Cindro78, I.A. Cioara23, A. Ciocio16, F. Cirotto106a,106b, Z.H. Citron175,
M. Citterio94a, M. Ciubancan28b, A. Clark52, B.L. Clark59, M.R. Clark38, P.J. Clark49, R.N. Clarke16,
C. Clement148a,148b, Y. Coadou88, M. Cobal167a,167c, A. Coccaro52, J. Cochran67, L. Colasurdo108,
B. Cole38, A.P. Colijn109, J. Collot58, T. Colombo166, P. Conde Muiño128a,128b, E. Coniavitis51,
S.H. Connell147b, I.A. Connelly87, S. Constantinescu28b, G. Conti32, F. Conventi106a,n, M. Cooke16,
A.M. Cooper-Sarkar122, F. Cormier171, K.J.R. Cormier161, M. Corradi134a,134b, F. Corriveau90,o,
A. Cortes-Gonzalez32, G. Costa94a, M.J. Costa170, D. Costanzo141, G. Cottin30, G. Cowan80, B.E. Cox87,
K. Cranmer112, S.J. Crawley56, R.A. Creager124, G. Cree31, S. Crépé-Renaudin58, F. Crescioli83,
W.A. Cribbs148a,148b, M. Cristinziani23, V. Croft112, G. Crosetti40a,40b, A. Cueto85,
T. Cuhadar Donszelmann141, A.R. Cukierman145, J. Cummings179, M. Curatolo50, J. Cúth86,

27



S. Czekierda42, P. Czodrowski32, G. D’amen22a,22b, S. D’Auria56, L. D’eramo83, M. D’Onofrio77,
M.J. Da Cunha Sargedas De Sousa128a,128b, C. Da Via87, W. Dabrowski41a, T. Dado146a, T. Dai92,
O. Dale15, F. Dallaire97, C. Dallapiccola89, M. Dam39, J.R. Dandoy124, M.F. Daneri29, N.P. Dang176,
A.C. Daniells19, N.S. Dann87, M. Danninger171, M. Dano Hoffmann138, V. Dao150, G. Darbo53a,
S. Darmora8, J. Dassoulas3, A. Dattagupta118, T. Daubney45, W. Davey23, C. David45, T. Davidek131,
D.R. Davis48, P. Davison81, E. Dawe91, I. Dawson141, K. De8, R. de Asmundis106a, A. De Benedetti115,
S. De Castro22a,22b, S. De Cecco83, N. De Groot108, P. de Jong109, H. De la Torre93, F. De Lorenzi67,
A. De Maria57, D. De Pedis134a, A. De Salvo134a, U. De Sanctis135a,135b, A. De Santo151,
K. De Vasconcelos Corga88, J.B. De Vivie De Regie119, R. Debbe27, C. Debenedetti139,
D.V. Dedovich68, N. Dehghanian3, I. Deigaard109, M. Del Gaudio40a,40b, J. Del Peso85, D. Delgove119,
F. Deliot138, C.M. Delitzsch7, A. Dell’Acqua32, L. Dell’Asta24, M. Dell’Orso126a,126b,
M. Della Pietra106a,106b, D. della Volpe52, M. Delmastro5, C. Delporte119, P.A. Delsart58,
D.A. DeMarco161, S. Demers179, M. Demichev68, A. Demilly83, S.P. Denisov132, D. Denysiuk138,
D. Derendarz42, J.E. Derkaoui137d, F. Derue83, P. Dervan77, K. Desch23, C. Deterre45, K. Dette161,
M.R. Devesa29, P.O. Deviveiros32, A. Dewhurst133, S. Dhaliwal25, F.A. Di Bello52,
A. Di Ciaccio135a,135b, L. Di Ciaccio5, W.K. Di Clemente124, C. Di Donato106a,106b, A. Di Girolamo32,
B. Di Girolamo32, B. Di Micco136a,136b, R. Di Nardo32, K.F. Di Petrillo59, A. Di Simone51,
R. Di Sipio161, D. Di Valentino31, C. Diaconu88, M. Diamond161, F.A. Dias39, M.A. Diaz34a,
E.B. Diehl92, J. Dietrich17, S. Díez Cornell45, A. Dimitrievska14, J. Dingfelder23, P. Dita28b, S. Dita28b,
F. Dittus32, F. Djama88, T. Djobava54b, J.I. Djuvsland60a, M.A.B. do Vale26c, D. Dobos32, M. Dobre28b,
D. Dodsworth25, C. Doglioni84, J. Dolejsi131, Z. Dolezal131, M. Donadelli26d, S. Donati126a,126b,
P. Dondero123a,123b, J. Donini37, J. Dopke133, A. Doria106a, M.T. Dova74, A.T. Doyle56, E. Drechsler57,
M. Dris10, Y. Du36b, J. Duarte-Campderros155, A. Dubreuil52, E. Duchovni175, G. Duckeck102,
A. Ducourthial83, O.A. Ducu97,p, D. Duda109, A. Dudarev32, A.Chr. Dudder86, E.M. Duffield16,
L. Duflot119, M. Dührssen32, C. Dulsen178, M. Dumancic175, A.E. Dumitriu28b, A.K. Duncan56,
M. Dunford60a, A. Duperrin88, H. Duran Yildiz4a, M. Düren55, A. Durglishvili54b, D. Duschinger47,
B. Dutta45, D. Duvnjak1, M. Dyndal45, B.S. Dziedzic42, C. Eckardt45, K.M. Ecker103, R.C. Edgar92,
T. Eifert32, G. Eigen15, K. Einsweiler16, T. Ekelof168, M. El Kacimi137c, R. El Kosseifi88,
V. Ellajosyula88, M. Ellert168, S. Elles5, F. Ellinghaus178, A.A. Elliot172, N. Ellis32, J. Elmsheuser27,
M. Elsing32, D. Emeliyanov133, Y. Enari157, O.C. Endner86, J.S. Ennis173, M.B. Epland48, J. Erdmann46,
A. Ereditato18, M. Ernst27, S. Errede169, M. Escalier119, C. Escobar170, B. Esposito50,
O. Estrada Pastor170, A.I. Etienvre138, E. Etzion155, H. Evans64, A. Ezhilov125, M. Ezzi137e,
F. Fabbri22a,22b, L. Fabbri22a,22b, V. Fabiani108, G. Facini81, R.M. Fakhrutdinov132, S. Falciano134a,
R.J. Falla81, J. Faltova32, Y. Fang35a, M. Fanti94a,94b, A. Farbin8, A. Farilla136a, C. Farina127,
E.M. Farina123a,123b, T. Farooque93, S. Farrell16, S.M. Farrington173, P. Farthouat32, F. Fassi137e,
P. Fassnacht32, D. Fassouliotis9, M. Faucci Giannelli49, A. Favareto53a,53b, W.J. Fawcett122, L. Fayard119,
O.L. Fedin125,q, W. Fedorko171, S. Feigl121, L. Feligioni88, C. Feng36b, E.J. Feng32, M.J. Fenton56,
A.B. Fenyuk132, L. Feremenga8, P. Fernandez Martinez170, S. Fernandez Perez13, J. Ferrando45,
A. Ferrari168, P. Ferrari109, R. Ferrari123a, D.E. Ferreira de Lima60b, A. Ferrer170, D. Ferrere52,
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L. Živković14, G. Zobernig176, A. Zoccoli22a,22b, R. Zou33, M. zur Nedden17, L. Zwalinski32.

1 Department of Physics, University of Adelaide, Adelaide, Australia
2 Physics Department, SUNY Albany, Albany NY, United States of America
3 Department of Physics, University of Alberta, Edmonton AB, Canada
4 (a) Department of Physics, Ankara University, Ankara; (b) Istanbul Aydin University, Istanbul; (c)

Division of Physics, TOBB University of Economics and Technology, Ankara, Turkey
5 LAPP, CNRS/IN2P3 and Université Savoie Mont Blanc, Annecy-le-Vieux, France
6 High Energy Physics Division, Argonne National Laboratory, Argonne IL, United States of America
7 Department of Physics, University of Arizona, Tucson AZ, United States of America
8 Department of Physics, The University of Texas at Arlington, Arlington TX, United States of America
9 Physics Department, National and Kapodistrian University of Athens, Athens, Greece
10 Physics Department, National Technical University of Athens, Zografou, Greece
11 Department of Physics, The University of Texas at Austin, Austin TX, United States of America
12 Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan
13 Institut de Física d’Altes Energies (IFAE), The Barcelona Institute of Science and Technology,
Barcelona, Spain
14 Institute of Physics, University of Belgrade, Belgrade, Serbia
15 Department for Physics and Technology, University of Bergen, Bergen, Norway
16 Physics Division, Lawrence Berkeley National Laboratory and University of California, Berkeley CA,
United States of America
17 Department of Physics, Humboldt University, Berlin, Germany
18 Albert Einstein Center for Fundamental Physics and Laboratory for High Energy Physics, University
of Bern, Bern, Switzerland
19 School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom
20 (a) Department of Physics, Bogazici University, Istanbul; (b) Department of Physics Engineering,
Gaziantep University, Gaziantep; (d) Istanbul Bilgi University, Faculty of Engineering and Natural
Sciences, Istanbul; (e) Bahcesehir University, Faculty of Engineering and Natural Sciences, Istanbul,
Turkey
21 Centro de Investigaciones, Universidad Antonio Narino, Bogota, Colombia
22 (a) INFN Sezione di Bologna; (b) Dipartimento di Fisica e Astronomia, Università di Bologna,
Bologna, Italy
23 Physikalisches Institut, University of Bonn, Bonn, Germany
24 Department of Physics, Boston University, Boston MA, United States of America
25 Department of Physics, Brandeis University, Waltham MA, United States of America
26 (a) Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro; (b) Electrical Circuits
Department, Federal University of Juiz de Fora (UFJF), Juiz de Fora; (c) Federal University of Sao Joao
del Rei (UFSJ), Sao Joao del Rei; (d) Instituto de Fisica, Universidade de Sao Paulo, Sao Paulo, Brazil
27 Physics Department, Brookhaven National Laboratory, Upton NY, United States of America
28 (a) Transilvania University of Brasov, Brasov; (b) Horia Hulubei National Institute of Physics and
Nuclear Engineering, Bucharest; (c) Department of Physics, Alexandru Ioan Cuza University of Iasi,
Iasi; (d) National Institute for Research and Development of Isotopic and Molecular Technologies,
Physics Department, Cluj Napoca; (e) University Politehnica Bucharest, Bucharest; ( f ) West University
in Timisoara, Timisoara, Romania
29 Departamento de Física, Universidad de Buenos Aires, Buenos Aires, Argentina
30 Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom
31 Department of Physics, Carleton University, Ottawa ON, Canada

36



32 CERN, Geneva, Switzerland
33 Enrico Fermi Institute, University of Chicago, Chicago IL, United States of America
34 (a) Departamento de Física, Pontificia Universidad Católica de Chile, Santiago; (b) Departamento de
Física, Universidad Técnica Federico Santa María, Valparaíso, Chile
35 (a) Institute of High Energy Physics, Chinese Academy of Sciences, Beijing; (b) Department of
Physics, Nanjing University, Jiangsu; (c) Physics Department, Tsinghua University, Beijing 100084,
China
36 (a) Department of Modern Physics and State Key Laboratory of Particle Detection and Electronics,
University of Science and Technology of China, Anhui; (b) School of Physics, Shandong University,
Shandong; (c) Department of Physics and Astronomy, Key Laboratory for Particle Physics, Astrophysics
and Cosmology, Ministry of Education; Shanghai Key Laboratory for Particle Physics and Cosmology,
Shanghai Jiao Tong University, Shanghai(also at PKU-CHEP), China
37 Université Clermont Auvergne, CNRS/IN2P3, LPC, Clermont-Ferrand, France
38 Nevis Laboratory, Columbia University, Irvington NY, United States of America
39 Niels Bohr Institute, University of Copenhagen, Kobenhavn, Denmark
40 (a) INFN Gruppo Collegato di Cosenza, Laboratori Nazionali di Frascati; (b) Dipartimento di Fisica,
Università della Calabria, Rende, Italy
41 (a) AGH University of Science and Technology, Faculty of Physics and Applied Computer Science,
Krakow; (b) Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakow, Poland
42 Institute of Nuclear Physics Polish Academy of Sciences, Krakow, Poland
43 Physics Department, Southern Methodist University, Dallas TX, United States of America
44 Physics Department, University of Texas at Dallas, Richardson TX, United States of America
45 DESY, Hamburg and Zeuthen, Germany
46 Lehrstuhl für Experimentelle Physik IV, Technische Universität Dortmund, Dortmund, Germany
47 Institut für Kern- und Teilchenphysik, Technische Universität Dresden, Dresden, Germany
48 Department of Physics, Duke University, Durham NC, United States of America
49 SUPA - School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
50 INFN e Laboratori Nazionali di Frascati, Frascati, Italy
51 Fakultät für Mathematik und Physik, Albert-Ludwigs-Universität, Freiburg, Germany
52 Departement de Physique Nucleaire et Corpusculaire, Université de Genève, Geneva, Switzerland
53 (a) INFN Sezione di Genova; (b) Dipartimento di Fisica, Università di Genova, Genova, Italy
54 (a) E. Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi State University, Tbilisi; (b) High
Energy Physics Institute, Tbilisi State University, Tbilisi, Georgia
55 II Physikalisches Institut, Justus-Liebig-Universität Giessen, Giessen, Germany
56 SUPA - School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom
57 II Physikalisches Institut, Georg-August-Universität, Göttingen, Germany
58 Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS/IN2P3,
Grenoble, France
59 Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge MA, United States of
America
60 (a) Kirchhoff-Institut für Physik, Ruprecht-Karls-Universität Heidelberg, Heidelberg; (b)

Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany
61 Faculty of Applied Information Science, Hiroshima Institute of Technology, Hiroshima, Japan
62 (a) Department of Physics, The Chinese University of Hong Kong, Shatin, N.T., Hong Kong; (b)

Department of Physics, The University of Hong Kong, Hong Kong; (c) Department of Physics and
Institute for Advanced Study, The Hong Kong University of Science and Technology, Clear Water Bay,
Kowloon, Hong Kong, China

37



63 Department of Physics, National Tsing Hua University, Taiwan, Taiwan
64 Department of Physics, Indiana University, Bloomington IN, United States of America
65 Institut für Astro- und Teilchenphysik, Leopold-Franzens-Universität, Innsbruck, Austria
66 University of Iowa, Iowa City IA, United States of America
67 Department of Physics and Astronomy, Iowa State University, Ames IA, United States of America
68 Joint Institute for Nuclear Research, JINR Dubna, Dubna, Russia
69 KEK, High Energy Accelerator Research Organization, Tsukuba, Japan
70 Graduate School of Science, Kobe University, Kobe, Japan
71 Faculty of Science, Kyoto University, Kyoto, Japan
72 Kyoto University of Education, Kyoto, Japan
73 Research Center for Advanced Particle Physics and Department of Physics, Kyushu University,
Fukuoka, Japan
74 Instituto de Física La Plata, Universidad Nacional de La Plata and CONICET, La Plata, Argentina
75 Physics Department, Lancaster University, Lancaster, United Kingdom
76 (a) INFN Sezione di Lecce; (b) Dipartimento di Matematica e Fisica, Università del Salento, Lecce,
Italy
77 Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom
78 Department of Experimental Particle Physics, Jožef Stefan Institute and Department of Physics,
University of Ljubljana, Ljubljana, Slovenia
79 School of Physics and Astronomy, Queen Mary University of London, London, United Kingdom
80 Department of Physics, Royal Holloway University of London, Surrey, United Kingdom
81 Department of Physics and Astronomy, University College London, London, United Kingdom
82 Louisiana Tech University, Ruston LA, United States of America
83 Laboratoire de Physique Nucléaire et de Hautes Energies, UPMC and Université Paris-Diderot and
CNRS/IN2P3, Paris, France
84 Fysiska institutionen, Lunds universitet, Lund, Sweden
85 Departamento de Fisica Teorica C-15, Universidad Autonoma de Madrid, Madrid, Spain
86 Institut für Physik, Universität Mainz, Mainz, Germany
87 School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom
88 CPPM, Aix-Marseille Université and CNRS/IN2P3, Marseille, France
89 Department of Physics, University of Massachusetts, Amherst MA, United States of America
90 Department of Physics, McGill University, Montreal QC, Canada
91 School of Physics, University of Melbourne, Victoria, Australia
92 Department of Physics, The University of Michigan, Ann Arbor MI, United States of America
93 Department of Physics and Astronomy, Michigan State University, East Lansing MI, United States of
America
94 (a) INFN Sezione di Milano; (b) Dipartimento di Fisica, Università di Milano, Milano, Italy
95 B.I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk, Republic of
Belarus
96 Research Institute for Nuclear Problems of Byelorussian State University, Minsk, Republic of Belarus
97 Group of Particle Physics, University of Montreal, Montreal QC, Canada
98 P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia
99 Institute for Theoretical and Experimental Physics (ITEP), Moscow, Russia
100 National Research Nuclear University MEPhI, Moscow, Russia
101 D.V. Skobeltsyn Institute of Nuclear Physics, M.V. Lomonosov Moscow State University, Moscow,
Russia
102 Fakultät für Physik, Ludwig-Maximilians-Universität München, München, Germany

38



103 Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), München, Germany
104 Nagasaki Institute of Applied Science, Nagasaki, Japan
105 Graduate School of Science and Kobayashi-Maskawa Institute, Nagoya University, Nagoya, Japan
106 (a) INFN Sezione di Napoli; (b) Dipartimento di Fisica, Università di Napoli, Napoli, Italy
107 Department of Physics and Astronomy, University of New Mexico, Albuquerque NM, United States
of America
108 Institute for Mathematics, Astrophysics and Particle Physics, Radboud University Nijmegen/Nikhef,
Nijmegen, Netherlands
109 Nikhef National Institute for Subatomic Physics and University of Amsterdam, Amsterdam,
Netherlands
110 Department of Physics, Northern Illinois University, DeKalb IL, United States of America
111 Budker Institute of Nuclear Physics, SB RAS, Novosibirsk, Russia
112 Department of Physics, New York University, New York NY, United States of America
113 Ohio State University, Columbus OH, United States of America
114 Faculty of Science, Okayama University, Okayama, Japan
115 Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman OK,
United States of America
116 Department of Physics, Oklahoma State University, Stillwater OK, United States of America
117 Palacký University, RCPTM, Olomouc, Czech Republic
118 Center for High Energy Physics, University of Oregon, Eugene OR, United States of America
119 LAL, Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, Orsay, France
120 Graduate School of Science, Osaka University, Osaka, Japan
121 Department of Physics, University of Oslo, Oslo, Norway
122 Department of Physics, Oxford University, Oxford, United Kingdom
123 (a) INFN Sezione di Pavia; (b) Dipartimento di Fisica, Università di Pavia, Pavia, Italy
124 Department of Physics, University of Pennsylvania, Philadelphia PA, United States of America
125 National Research Centre "Kurchatov Institute" B.P.Konstantinov Petersburg Nuclear Physics
Institute, St. Petersburg, Russia
126 (a) INFN Sezione di Pisa; (b) Dipartimento di Fisica E. Fermi, Università di Pisa, Pisa, Italy
127 Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh PA, United States of
America
128 (a) Laboratório de Instrumentação e Física Experimental de Partículas - LIP, Lisboa; (b) Faculdade de
Ciências, Universidade de Lisboa, Lisboa; (c) Department of Physics, University of Coimbra, Coimbra;
(d) Centro de Física Nuclear da Universidade de Lisboa, Lisboa; (e) Departamento de Fisica,
Universidade do Minho, Braga; ( f ) Departamento de Fisica Teorica y del Cosmos, Universidad de
Granada, Granada; (g) Dep Fisica and CEFITEC of Faculdade de Ciencias e Tecnologia, Universidade
Nova de Lisboa, Caparica, Portugal
129 Institute of Physics, Academy of Sciences of the Czech Republic, Praha, Czech Republic
130 Czech Technical University in Prague, Praha, Czech Republic
131 Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic
132 State Research Center Institute for High Energy Physics (Protvino), NRC KI, Russia
133 Particle Physics Department, Rutherford Appleton Laboratory, Didcot, United Kingdom
134 (a) INFN Sezione di Roma; (b) Dipartimento di Fisica, Sapienza Università di Roma, Roma, Italy
135 (a) INFN Sezione di Roma Tor Vergata; (b) Dipartimento di Fisica, Università di Roma Tor Vergata,
Roma, Italy
136 (a) INFN Sezione di Roma Tre; (b) Dipartimento di Matematica e Fisica, Università Roma Tre, Roma,
Italy

39



137 (a) Faculté des Sciences Ain Chock, Réseau Universitaire de Physique des Hautes Energies -
Université Hassan II, Casablanca; (b) Centre National de l’Energie des Sciences Techniques Nucleaires,
Rabat; (c) Faculté des Sciences Semlalia, Université Cadi Ayyad, LPHEA-Marrakech; (d) Faculté des
Sciences, Université Mohamed Premier and LPTPM, Oujda; (e) Faculté des sciences, Université
Mohammed V, Rabat, Morocco
138 DSM/IRFU (Institut de Recherches sur les Lois Fondamentales de l’Univers), CEA Saclay
(Commissariat à l’Energie Atomique et aux Energies Alternatives), Gif-sur-Yvette, France
139 Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz CA, United
States of America
140 Department of Physics, University of Washington, Seattle WA, United States of America
141 Department of Physics and Astronomy, University of Sheffield, Sheffield, United Kingdom
142 Department of Physics, Shinshu University, Nagano, Japan
143 Department Physik, Universität Siegen, Siegen, Germany
144 Department of Physics, Simon Fraser University, Burnaby BC, Canada
145 SLAC National Accelerator Laboratory, Stanford CA, United States of America
146 (a) Faculty of Mathematics, Physics & Informatics, Comenius University, Bratislava; (b) Department
of Subnuclear Physics, Institute of Experimental Physics of the Slovak Academy of Sciences, Kosice,
Slovak Republic
147 (a) Department of Physics, University of Cape Town, Cape Town; (b) Department of Physics,
University of Johannesburg, Johannesburg; (c) School of Physics, University of the Witwatersrand,
Johannesburg, South Africa
148 (a) Department of Physics, Stockholm University; (b) The Oskar Klein Centre, Stockholm, Sweden
149 Physics Department, Royal Institute of Technology, Stockholm, Sweden
150 Departments of Physics & Astronomy and Chemistry, Stony Brook University, Stony Brook NY,
United States of America
151 Department of Physics and Astronomy, University of Sussex, Brighton, United Kingdom
152 School of Physics, University of Sydney, Sydney, Australia
153 Institute of Physics, Academia Sinica, Taipei, Taiwan
154 Department of Physics, Technion: Israel Institute of Technology, Haifa, Israel
155 Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv,
Israel
156 Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece
157 International Center for Elementary Particle Physics and Department of Physics, The University of
Tokyo, Tokyo, Japan
158 Graduate School of Science and Technology, Tokyo Metropolitan University, Tokyo, Japan
159 Department of Physics, Tokyo Institute of Technology, Tokyo, Japan
160 Tomsk State University, Tomsk, Russia
161 Department of Physics, University of Toronto, Toronto ON, Canada
162 (a) INFN-TIFPA; (b) University of Trento, Trento, Italy
163 (a) TRIUMF, Vancouver BC; (b) Department of Physics and Astronomy, York University, Toronto
ON, Canada
164 Faculty of Pure and Applied Sciences, and Center for Integrated Research in Fundamental Science
and Engineering, University of Tsukuba, Tsukuba, Japan
165 Department of Physics and Astronomy, Tufts University, Medford MA, United States of America
166 Department of Physics and Astronomy, University of California Irvine, Irvine CA, United States of
America
167 (a) INFN Gruppo Collegato di Udine, Sezione di Trieste, Udine; (b) ICTP, Trieste; (c) Dipartimento di

40



Chimica, Fisica e Ambiente, Università di Udine, Udine, Italy
168 Department of Physics and Astronomy, University of Uppsala, Uppsala, Sweden
169 Department of Physics, University of Illinois, Urbana IL, United States of America
170 Instituto de Fisica Corpuscular (IFIC), Centro Mixto Universidad de Valencia - CSIC, Spain
171 Department of Physics, University of British Columbia, Vancouver BC, Canada
172 Department of Physics and Astronomy, University of Victoria, Victoria BC, Canada
173 Department of Physics, University of Warwick, Coventry, United Kingdom
174 Waseda University, Tokyo, Japan
175 Department of Particle Physics, The Weizmann Institute of Science, Rehovot, Israel
176 Department of Physics, University of Wisconsin, Madison WI, United States of America
177 Fakultät für Physik und Astronomie, Julius-Maximilians-Universität, Würzburg, Germany
178 Fakultät für Mathematik und Naturwissenschaften, Fachgruppe Physik, Bergische Universität
Wuppertal, Wuppertal, Germany
179 Department of Physics, Yale University, New Haven CT, United States of America
180 Yerevan Physics Institute, Yerevan, Armenia
181 Centre de Calcul de l’Institut National de Physique Nucléaire et de Physique des Particules (IN2P3),
Villeurbanne, France
182 Academia Sinica Grid Computing, Institute of Physics, Academia Sinica, Taipei, Taiwan
a Also at Department of Physics, King’s College London, London, United Kingdom
b Also at Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan
c Also at Novosibirsk State University, Novosibirsk, Russia
d Also at TRIUMF, Vancouver BC, Canada
e Also at Department of Physics & Astronomy, University of Louisville, Louisville, KY, United States of
America
f Also at Physics Department, An-Najah National University, Nablus, Palestine
g Also at Department of Physics, California State University, Fresno CA, United States of America
h Also at Department of Physics, University of Fribourg, Fribourg, Switzerland
i Also at II Physikalisches Institut, Georg-August-Universität, Göttingen, Germany
j Also at Departament de Fisica de la Universitat Autonoma de Barcelona, Barcelona, Spain
k Also at Departamento de Fisica e Astronomia, Faculdade de Ciencias, Universidade do Porto, Portugal
l Also at Tomsk State University, Tomsk, and Moscow Institute of Physics and Technology State
University, Dolgoprudny, Russia
m Also at The Collaborative Innovation Center of Quantum Matter (CICQM), Beijing, China
n Also at Universita di Napoli Parthenope, Napoli, Italy
o Also at Institute of Particle Physics (IPP), Canada
p Also at Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania
q Also at Department of Physics, St. Petersburg State Polytechnical University, St. Petersburg, Russia
r Also at Borough of Manhattan Community College, City University of New York, New York City,
United States of America
s Also at Department of Financial and Management Engineering, University of the Aegean, Chios,
Greece
t Also at Centre for High Performance Computing, CSIR Campus, Rosebank, Cape Town, South Africa
u Also at Louisiana Tech University, Ruston LA, United States of America
v Also at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona, Spain
w Also at Department of Physics, The University of Michigan, Ann Arbor MI, United States of America
x Also at Graduate School of Science, Osaka University, Osaka, Japan
y Also at Fakultät für Mathematik und Physik, Albert-Ludwigs-Universität, Freiburg, Germany

41



z Also at Institute for Mathematics, Astrophysics and Particle Physics, Radboud University
Nijmegen/Nikhef, Nijmegen, Netherlands
aa Also at Department of Physics, The University of Texas at Austin, Austin TX, United States of
America
ab Also at Institute of Theoretical Physics, Ilia State University, Tbilisi, Georgia
ac Also at CERN, Geneva, Switzerland
ad Also at Georgian Technical University (GTU),Tbilisi, Georgia
ae Also at Ochadai Academic Production, Ochanomizu University, Tokyo, Japan
a f Also at Manhattan College, New York NY, United States of America
ag Also at The City College of New York, New York NY, United States of America
ah Also at Departamento de Fisica Teorica y del Cosmos, Universidad de Granada, Granada, Portugal
ai Also at Department of Physics, California State University, Sacramento CA, United States of America
a j Also at Moscow Institute of Physics and Technology State University, Dolgoprudny, Russia
ak Also at Departement de Physique Nucleaire et Corpusculaire, Université de Genève, Geneva,
Switzerland
al Also at Institut de Física d’Altes Energies (IFAE), The Barcelona Institute of Science and Technology,
Barcelona, Spain
am Also at School of Physics, Sun Yat-sen University, Guangzhou, China
an Also at Institute for Nuclear Research and Nuclear Energy (INRNE) of the Bulgarian Academy of
Sciences, Sofia, Bulgaria
ao Also at Faculty of Physics, M.V.Lomonosov Moscow State University, Moscow, Russia
ap Also at National Research Nuclear University MEPhI, Moscow, Russia
aq Also at Department of Physics, Stanford University, Stanford CA, United States of America
ar Also at Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics, Budapest,
Hungary
as Also at Giresun University, Faculty of Engineering, Turkey
at Also at CPPM, Aix-Marseille Université and CNRS/IN2P3, Marseille, France
au Also at Department of Physics, Nanjing University, Jiangsu, China
av Also at Institute of Physics, Academia Sinica, Taipei, Taiwan
aw Also at University of Malaya, Department of Physics, Kuala Lumpur, Malaysia
ax Also at LAL, Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, Orsay, France
∗ Deceased

42


	1 Introduction
	2 ATLAS detector and data set
	3 Monte Carlo simulation
	4 Event reconstruction
	5 Event selection
	6 Background estimation
	6.1 Single-top control region
	6.2 tbart control region
	6.3 Z+jets control region
	6.4 Validation regions

	7 Systematic uncertainties
	8 Results
	9 Conclusions

