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A search for pair production of bottom squarks in events with hadronically decaying τ-leptons, b-tagged
jets, and large missing transverse momentum is presented. The analyzed dataset is based on proton-proton
collisions at

ffiffiffi
s

p ¼ 13 TeV delivered by the Large Hadron Collider and recorded by the ATLAS detector
from 2015 to 2018, and corresponds to an integrated luminosity of 139 fb−1. The observed data are
compatible with the expected Standard Model background. Results are interpreted in a simplified model
where each bottom squark is assumed to decay into the second-lightest neutralino χ̃02 and a bottom quark,
with χ̃02 decaying into a Higgs boson and the lightest neutralino χ̃

0
1. The search focuses on final states where

at least one Higgs boson decays into a pair of hadronically decaying τ-leptons. This allows the acceptance
and thus the sensitivity to be significantly improved relative to the previous results at low masses of the χ̃02,
where bottom-squark masses up to 850 GeV are excluded at the 95% confidence level, assuming a mass
difference of 130 GeV between χ̃02 and χ̃

0
1. Model-independent upper limits are also set on the cross section

of processes beyond the Standard Model.
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I. INTRODUCTION

Although the Standard Model (SM) of particle physics is
a very successful theory, it does not provide a natural
explanation for the large hierarchy between the energy
scale of electroweak interactions and the Planck scale
related to the gravitational interaction, nor does it have a
viable candidate particle for dark matter, and it does not
include a quantum description of gravity. Supersymmetry
(SUSY) [1–6] is a theoretical framework that extends the
SM by introducing partner states for the known particles,
where the partners have the same quantum numbers as the
respective SM particles but differ in spin by half a unit. This
leads to new loop corrections to the Higgs boson mass that
cancel out those involving SM particles, thereby solving
the hierarchy problem [7–10]. When conservation of R-
parity [11] is assumed, the lightest supersymmetric particle
is stable and would be a viable candidate for dark matter if
it is weakly interacting [12,13]. However, SUSY must be a
broken symmetry in order to allow the supersymmetric
particles to be heavier than their SM partners and evade

detection so far. Naturalness arguments [14,15] support the
assumption that the partner states of the third-generation
quarks, the top squarks, and the bottom squarks b̃ should be
light and thus have relatively large production cross
sections. They might even be the only strongly produced
supersymmetric states within the current mass reach of
the LHC.
This paper presents a search for pair production of

bottom squarks b̃ that decay via the second-lightest
neutralino χ̃02 to the lightest neutralino χ̃01. The neutralinos
χ̃01;2;3;4 together with the charginos χ̃�1;2 are mixtures of the
partner states of the electroweak gauge bosons (bino and
winos) and Higgs bosons (Higgsinos). The simplified
model [16–18] of production and decay of supersymmet-
ric particles considered in this search is shown in Fig. 1. It
is inspired by the minimal supersymmetric Standard
Model [19,20] in scenarios where the branching ratio
Bðχ̃02 → hχ̃01Þ is enhanced, e.g., when the χ̃01 is binolike and
the χ̃02 a wino-Higgsino mixture. The branching ratio
Bðb̃ → bχ̃02Þ is large compared to that of the direct decay
Bðb̃ → bχ̃01Þ, which is studied elsewhere [21], when the
mixture of the bottom squark is such that it is mostly the
superpartner of the left-chiral bottom quark, the χ̃01 is
mostly bino, and the χ̃02 mostly wino. A wino- or
Higgsino-like χ̃02 will be accompanied by a χ̃�1 , which
allows the decay b̃ → tχ̃−1 . This decay mode is relevant if
the mass difference between the bottom squark and the
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chargino is larger than the top-quark mass. In the
simplified model, Bðb̃ → bχ̃02Þ and Bðχ̃02 → hχ̃01Þ are
assumed to be 100%. Moreover, the Higgs boson is
assumed to have the same properties as in the SM,
namely mðhÞ ¼ 125 GeV, Bðh → bb̄Þ ¼ 58%, and
Bðh → τþτ−Þ ¼ 6.3%. Only decays of the Higgs bosons
into bb̄, τþτ−, WþW−, and ZZ are considered in the
signal-model generation. Furthermore, the mass differ-
ence Δmðχ̃02; χ̃01Þ between the χ̃02 and χ̃01 is set to 130 GeV
such that the Higgs boson produced in the decay of the χ̃02
is on its mass shell. The free parameters of the model are
chosen to be the masses mðb̃Þ and mðχ̃02Þ.
The signal model illustrated in Fig. 1 yields a final state

with two bottom quarks, two Higgs bosons, and missing
transverse momentum from the two χ̃01 particles that
escape the detector without interacting. This analysis
selects a final state with a pair of τ-leptons arising from
the decay of one of the Higgs bosons, such that it
complements a previous ATLAS search [22], which
focuses on final states with multiple b-jets. This particular
decay mode of the Higgs boson has never been exploited
by a bottom-squark search until now. The neutrinos from
the τ-lepton decays provide a source of missing transverse
momentum in addition to the pair of χ̃01. This increases the
acceptance of the search in the region of parameter space
where the χ̃02 is relatively light and the χ̃01 moderately
boosted, where the previous ATLAS analysis has limited
sensitivity. The same simplified model has been employed
by the CMS Collaboration in a search targeting h → γγ
decays [23]. Using a dataset of 77.5 fb−1, the CMS
analysis excludes bottom-squark masses up to 530 GeV
for an almost massless χ̃01 at the 95% confidence level, and
bottom-squark masses up to at least 400 GeV for heavier
masses of the χ̃01.
The paper is structured as follows. After this introduc-

tion, Sec. II briefly describes the ATLAS detector, and
Sec. III presents the dataset and simulated event
samples. The reconstruction of physics objects is
described in Sec. IV, and the signal selection and analysis
discriminants are detailed in Sec. V. The procedures to
derive the background estimate are explained in Sec. VI,

followed by a summary of the systematic uncertainties in
Sec. VII. Section VIII presents the results from the
analysis and their interpretation, and conclusions are
given in Sec. IX.

II. ATLAS DETECTOR

The ATLAS experiment [24–26] at the LHC is a
multipurpose particle detector with a forward-backward
symmetric cylindrical geometry and nearly 4π coverage in
solid angle.1 It consists of an inner tracking detector
surrounded by a thin superconducting solenoid providing
a 2 T axial magnetic field, electromagnetic and hadronic
calorimeters, and a muon spectrometer. The inner tracking
detector covers the pseudorapidity range jηj < 2.5. It
consists of silicon pixel, silicon microstrip, and transition
radiation tracking detectors. Lead/liquid-argon (LAr) sam-
pling calorimeters provide electromagnetic (EM) energy
measurements with high granularity. A steel/scintillator-tile
hadronic calorimeter covers the central pseudorapidity
range (jηj < 1.7). The end cap and forward regions are
instrumented with LAr calorimeters for EM and hadronic
energy measurements up to jηj ¼ 4.9. The muon spec-
trometer surrounds the calorimeters and is based on three
large air-core toroidal superconducting magnets with eight
coils each. The muon spectrometer includes a system of
precision tracking chambers and fast detectors for trigger-
ing. A two-level trigger system is used to select events. The
level-1 trigger is implemented in hardware and uses
information from the calorimeters and the muon spectrom-
eter to accept events at a maximum rate of 100 kHz. This is
followed by a software-based high-level trigger (HLT) that
reduces the event rate to 1 kHz on average depending on the
data-taking conditions.

III. DATA AND SIMULATED EVENT SAMPLES

The dataset used in this analysis consists of proton-
proton collision data collected with the ATLAS detector
during the second run of the LHC from 2015 to 2018 at a
center-of-mass energy of

ffiffiffi
s

p ¼ 13 TeV and with a mini-
mum separation of 25 ns between consecutive crossings of
proton bunches from the two beams. After applying data-
quality requirements that ensure that all detector subsys-
tems were operational, the total integrated luminosity of
this data sample is 139 fb−1 with an uncertainty of 1.7%

FIG. 1. Simplified model of bottom-squark pair production and
the decay chain targeted by this analysis.

1ATLAS 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 ðr;ϕÞ are used in the transverse
plane, ϕ being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle θ as
η ¼ − ln tanðθ=2Þ. Angular distance is measured in units of
ΔR≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

.
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[27] obtained using the LUCID-2 detector [28] for the
primary luminosity measurements.
The SUSY signal and SM background processes are

modeled with Monte Carlo (MC) simulations, except for
the multijet background, which is estimated from data.
The modeling of the two dominant SM background
processes, namely top-quark production and production
of Z bosons with decays into τ-leptons [ZðττÞ], was
improved by normalizing their contributions to data as
described in Sec. VI. Simulated samples were produced
using the ATLAS simulation infrastructure [29] with
either a full simulation of the ATLAS detector in
GEANT4 [30], or a faster variant that relies on a para-
metrized response of the calorimeters [31]. The latter was
only used for the simulation of bottom-squark signals and
to evaluate systematic uncertainties associated with gen-
erator modeling. The effect of multiple interactions in the
same and neighboring bunch crossings (pileup) was
modeled by overlaying the hard-scattering event with
simulated inelastic pp collisions generated with
PYTHIA8.186 [32] using the NNPDF2.3LO set of parton
distribution functions (PDFs) [33] and the A3 set of tuned
parameters (tune) [34]. Simulated event samples were
weighted to reproduce the distribution of the number of
pileup interactions observed in the data. For all simulated
samples except those generated with SHERPA [35], the
Evt Gen [36] program was used to simulate the decays of
bottom and charm hadrons.
The production of tt̄ events was modeled using the

POWHEG BOXv2 generator [37–40] at next-to-leading
order (NLO) in QCD with the NNPDF3.0NLO PDF set
[41] and the hdamp parameter2 set to 1.5mtop [42]. Parton
showering, hadronization, and the underlying event were
modeled with PYTHIA8.230 [43], using the A14 tune [44]
and the NNPDF2.3LO PDF set. The tt̄ sample
was normalized to the cross-section prediction at next-
to-next-to-leading order (NNLO) in QCD, including
the resummation of next-to-next-to-leading-logarithmic
(NNLL) soft-gluon terms calculated using TOP++2.0

[45–51].
The production of a top quark in association with a W

boson was modeled using the POWHEG BOXv2 generator
[38–40,52] at NLO in QCD using the five-flavor scheme.
Single-top-quark production in the t-channel was modeled
using the POWHEG BOXv2 generator [38–40,53] at NLO in
QCD using the four-flavor scheme. The s-channel produc-
tion was modeled using the POWHEG BOXv2 generator
[38–40,54] at NLO in QCD in the five-flavor scheme.
For all three channels, the NNPDF3.0NLO PDF set was
used for the matrix elements calculation. The events were

interfaced with PYTHIA8.230 using the A14 tune and the
NNPDF2.3LO PDF set.
Production of top-quark pairs in association with aW, Z,

or Higgs boson (collectively denoted by tt̄X) was modeled
using the MadGraph5_aMC@NLOv2.3.3 generator [55] at NLO
in QCD with NNPDF3.0NLO PDFs. The events were
interfaced to PYTHIA8.210 using the A14 tune and the
NNPDF2.3LO PDF set.
The production of V þ jets (V ¼ W, Z) was simulated

with the SHERPAv2.2.1 generator [35] using NLO matrix
elements for up to two jets, and leading-order (LO) matrix
elements for up to four jets calculated with the COMIX [56]
and OpenLoops libraries [57,58]. They were matched with the
SHERPA parton showers [59] using the MEPS@NLO
prescription [60–63] and the tune developed by the
SHERPA authors. The NNPDF3.0NNLO PDF set [41]
was used and the samples were normalized to a NNLO
prediction [64].
The SUSY signal samples were generated with

MadGraph5_aMC@NLOv2.2.3 [55] using NNPDF2.3LO PDFs,
and the modeling of the parton showering, hadronization,
and underlying event was performed with PYTHIA8.210

with the A14 tune. The LO matrix elements include the
emission of up to two additional partons. The matching
between parton showers and matrix elements was done
with the CKKW-L prescription [65,66], with a matching
scale set to one quarter of the mass of the bottom squark.
Signal samples were generated with bottom-squark
masses mðb̃Þ ranging from 250 to 1000 GeV, and masses
of the second-lightest neutralino mðχ̃02Þ between 131 and
380 GeV. Signal cross sections were calculated to
approximate NNLO in QCD, adding the resummation
of soft-gluon emission at NNLL accuracy [67–74].
The nominal cross sections and their uncertainties
were derived using the PDF4LHC15_mc PDF set,
following the recommendations of Ref. [75], and decrease
from 24.8� 1.6 pb at mðb̃Þ ¼ 250 GeV to 14.5� 1.5 fb
at mðb̃Þ ¼ 900 GeV.

IV. EVENT RECONSTRUCTION

In this section, the reconstruction of the analysis objects
from the detector data is described. The search presented in
this paper is based on events which have b-jets, hadroni-
cally decaying τ-leptons, and large missing transverse
momentum in the final state. In addition to these, selections
are used where τ-leptons are substituted with muons to
improve the background model.
Inner-detector tracks with pT > 500 MeV are used to

reconstruct primary vertices [76]. If several vertex candi-
dates are found, the one with the largest sum of the squared
transversemomenta of associated tracksΣp2

T is treated as the
hard-scattering vertex.
An anti-kt clustering algorithm [77,78] with a radius

parameter of R ¼ 0.4 is used to reconstruct jet candidates in

2The hdamp parameter is a resummation damping factor that
controls the matching of POWHEG matrix elements to the parton
shower and regulates the high-pT radiation against which the tt̄
system recoils.
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the calorimeter. Jets are built from massless positive-
energy topological clusters [79] of calorimeter cells con-
taining energy above a noise threshold, measured at the
electromagnetic energy scale. The jet candidates are
calibrated using jet energy scale (JES) corrections derived
from data and simulation [80]. A global sequential cali-
bration procedure is applied to improve the jet energy
resolution (JER). Jets with pT > 20 GeV and jηj < 2.8 are
selected, and a set of quality criteria are applied to reject jets
not originating from pp collisions [81]. To suppress jets
from pileup interactions, a jet-vertex-tagging algorithm
[82] is employed for jets with pT < 120 GeV and
jηj < 2.5. Jets containing b-hadrons are tagged as b-jets
using a boosted decision tree (BDT) algorithm that exploits
the impact parameters of tracks within the jet as well as
secondary vertex information [83,84]. The optimal working
point for this analysis has an efficiency of 77%, with an
approximate misidentification probability of 20% for jets
arising from charm quarks, 6.7% for hadronically decaying
τ-leptons, and 0.9% for light-flavor jets in simulated tt̄
events.
The reconstruction of hadronically decaying τ-leptons

[85] is seeded by anti-kt jets (R ¼ 0.4) built from
topological clusters calibrated with a local hadronic
weighting scheme [86]. The τ-leptons are built from
clusters and tracks found within ΔR ¼ 0.2 of the seed
jet axis. The tracks are selected by a set of BDTs, and only
the candidates with one or three associated tracks and a
charge sum of �1 are considered. The τ-leptons are
required to have pT > 20 GeV and jηj < 2.5, and the
transition region between barrel and end cap calorimeters
(1.37 < jηj < 1.52) is excluded. The energy calibration is
based on a boosted regression tree that exploits energy and
shower-shape measurements from the calorimeter,
information from particle-flow reconstruction [87], and
the number of pileup interactions. A recurrent neural
network algorithm [88] is used to distinguish between jets
and τ-leptons. It uses as input a set of high-level variables
combining tracking and calorimeter measurements, as
well as low-level variables from individual tracks and
clusters. The loose identification working point is applied,
corresponding to efficiencies of 85% and 75% for one-
prong and three-prong τ-leptons, respectively. To reduce
background from electrons that are misidentified as
τ-leptons, one-prong τ-lepton candidates are discarded
if a nearby electron passes the very loose working
point of the likelihood-based algorithm used to
identify electrons. This requirement is tuned to have
an efficiency of 95% for hadronically decaying
τ-leptons [89].
Muon candidates are reconstructed by combining infor-

mation from the muon spectrometer and the inner tracking
detectors [90]. They are required to have pT > 10 GeV and
jηj < 2.7 to satisfy themedium identification criteria, and to
pass a jz0 sin θj < 0.5 mm requirement on the longitudinal

impact parameter.3 After discarding the candidates failing
the overlap-removal procedure described below, stricter
requirements are applied: Muons must have pT > 25 GeV,
meet the loose isolation criteria, and satisfy the requirement
jd0j=σðd0Þ < 3 on the transverse impact parameter d0 and
its uncertainty σðd0Þ.
Electron candidates are reconstructed by matching

energy clusters in the electromagnetic calorimeter to tracks
from the inner tracking detector [91] and are required to
have pT > 10 GeV and jηj < 2.47. A requirement on the
longitudinal impact parameter jz0 sin θj < 0.5 mm discards
electrons not associated with the primary vertex. Electrons
are included in the computation of missing transverse
momentum and in the overlap-removal procedure, but
are not used otherwise.
The missing transverse momentum vector  pmiss

T is
defined as the negative vector sum of the transverse
momenta of all reconstructed objects mentioned above,
with an additional soft term including all tracks from the
primary vertex that are not associated with a reconstructed
object [92]. The magnitude of  pmiss

T is denoted by Emiss
T .

An overlap-removal procedure is performed after event
reconstruction to resolve ambiguities when a single physi-
cal object is reconstructed as multiple final-state objects. If
two electrons share the same track, the electron with
lower transverse momentum is discarded. Any τ-leptons
overlapping with an electron or a muon within ΔRy ≡ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔyÞ2 þ ðΔϕÞ2

p
< 0.2 are removed. If an electron and a

muon share the same inner-detector track, the muon is
removed if it is tagged as a minimum-ionizing particle in
the calorimeter, otherwise the electron is discarded. If a jet
overlaps with an electron or a muon candidate within
ΔRy < 0.2, the jet is removed. An exception is when a jet
that has more than two associated tracks overlaps with a
muon within ΔRy < 0.2, in which case the jet is kept and
the muon is discarded. Finally, electron and muon candi-
dates lying 0.2 < ΔRy < 0.4 from a jet and jets within
ΔRy ¼ 0.2 of a τ-lepton candidate are discarded.
The same reconstruction and identification algorithms

are used for both data and simulation. Dedicated correction
factors are applied to jet, τ-lepton, electron, and muon
candidates to account for differences in efficiencies and
energy calibrations between data and simulation.

V. EVENT SELECTION

All selections used in this analysis require events to pass
an Emiss

T trigger [93] or a combined Emiss
T þ b-jet trigger

[94], except for specific selections used for the background

3The transverse impact parameter is defined as the distance of
closest approach in the transverse plane between a track and the
beam line. The longitudinal impact parameter corresponds to the
z-coordinate distance between the point along the track at which
the transverse impact parameter is defined and the primary vertex.
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estimate which rely on single-muon or single-jet triggers as
described in Sec. VI. The b-jet and muon objects recon-
structed by the trigger algorithms are required to geomet-
rically match the corresponding reconstructed analysis
objects defined in Sec. IV, otherwise the event is discarded.
The HLT threshold of the Emiss

T trigger increased from 70 to
110 GeV over the data-taking period. The Emiss

T þ b-jet
trigger had HLT thresholds of 60 GeVon Emiss

T and 80 GeV
on the transverse momentum of the b-jet, and the efficiency
of the online b-jet identification algorithm determined for
simulated tt̄ events was 60% in 2016 and 50% in 2017 and
2018. This trigger increases the acceptance for low-Emiss

T
signals expected from low-mass bottom squarks. The
dataset associated with the Emiss

T þ b-jet trigger has a
reduced integrated luminosity of 127 fb−1 because this
trigger was not active in 2015, and stricter data-quality
requirements are applied to b-jet triggers in 2016 and 2017
to ensure a valid beam-spot determination.
Events are rejected if no primary vertex with at least two

tracks is found or if they contain a jet failing to meet the
loose quality criteria described in Ref. [81]. Furthermore,
events are rejected if they contain muons with a large track-
curvature uncertainty or muons which are likely to origi-
nate from cosmic rays as indicated by a large displacement
from the primary vertex.
Events are required to have at least three jets, among

which at least two must be b-tagged unless stated other-
wise. The leading and subleading jets are required to
have pT > 140 GeV and pT > 100 GeV, respectively, and
the leading b-jet is required to have pT > 100 GeV. The
Emiss
T requirement depends on the trigger considered: the

Emiss
T þ b-jet trigger reaches maximum efficiency for

Emiss
T > 160 GeV, while the Emiss

T trigger requires Emiss
T >

200 GeV to be fully efficient.
To suppress the multijet background, events are vetoed if

the angular separation in the transverse plane
Δϕðjet1;2;  pmiss

T Þ between one of the two leading jets and
 pmiss
T is less than 0.5. All analysis selections require the

presence of at least one τ-lepton or one muon in the event.
This common preselection is summarized in Table I. In the

following, the number of objects in an event is generically
written as Nobject, and indices “1” and “2” refer to the
leading and subleading objects, respectively, which are
ordered by decreasing transverse momentum.
On top of the preselection from Table I, a set of signal

regions (SRs) are defined in order to target the bottom-
squark signal processes illustrated in Fig. 1. All SRs require
at least two hadronically decaying τ-leptons with opposite
electric charge (referred to as the OS criterion) and no muon
to be present.
Additional kinematic selections are applied to suppress

the SM background. These selections are described in the
following and summarized in Table II. They are optimized
bymaximizing the signal significance [95] in the previously
nonexcluded parameter space of the targeted signal model.
To ensure compatibility with a Higgs boson decay,

the visible invariant mass of the two leading τ-leptons
must satisfy 55 GeV < mðτ1; τ2Þ < 120 GeV. The lower
bound suppresses the ZðττÞ background, while the upper
bound reduces “nonresonant” background contributions
where the τ-leptons do not originate from the same
resonance. Events are required to have HT > 1100 GeV,
where HT ≡P

pτ
T þ

P
pμ
T þ

P
pjet
T is the scalar sum of

the transverse momenta of all τ-leptons, muons, and jets in
the event. This variable exploits the fact that signals with
large bottom-squark masses are expected to produce highly
boosted particles in the final state.
The stransverse mass variable [96,97] denoted mT2 is

used to discriminate between the signal process and the
top-quark production background. It is designed to have an
end point for background processes such as top-quark
production where the two τ-leptons originate from separate
decay branches. For the signal process, the two τ-leptons
originate from a resonant Higgs boson decay, and the mT2
spectrum has a pronounced tail toward larger values. The
mT2 variable is computed as

mT2 ¼ min
 pa
Tþ  pb

T¼  pmiss
T

ðmax ½mTð  pτ1
T ;  p

a
TÞ; mTð  pτ2

T ;  p
b
TÞ�Þ;

TABLE II. Definition of the single-bin and multibin signal
regions. The requirements are applied in addition to the prese-
lection from Table I. The single-bin and multibin SRs only differ
by the Θmin requirement.

Common SR requirements

Nμ 0
Nτ ≥2
OSðτ1; τ2Þ Yes
mðτ1; τ2Þ [55, 120] GeV
mT2 >140 GeV
HT >1100 GeV

Single-bin SR Multibin SR

Θmin >0.6 Three bins: <0.5; ½0.5; 1.0�; >1.0

TABLE I. Summary of the common analysis preselection. The
requirements in the upper part of the table apply to all analysis
regions, those in the lower part of the table to all but the ZðττÞ
control regions as discussed in Sec. VI.

Nτ þ Nμ ≥1
Njets ≥3
pTðjet1Þ >140 GeV
pTðjet2Þ >100 GeV
Δϕðjet1;2;  pmiss

T Þ >0.5
Nb-jet ≥2
pTðb-jet1Þ >100 GeV
Trigger Emiss

T þ b-jet
OR

Emiss
T

Emiss
T >160 GeV >200 GeV
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where  pτ1;τ2
T correspond to the transverse momenta of the

two leading τ-leptons, and ða; bÞ refers to two invisible
particles assumed to be produced with transverse momen-
tum  pa;b

T . The masses of the invisible particles are
free parameters and set to ma ¼ mb ≡minv. The
transverse mass mT is defined as m2

Tð  pτ1
T ;  p

a
TÞ ¼ m2

aþ
2ðpτ1

T

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

a þ ðpa
TÞ2

p
−  pτ1

T ·  pa
TÞ, where the τ-lepton mass

is set to 0 GeV. The mT2 distribution peaks at 0 GeV for
both the bottom-squark signal and the dominant tt̄ back-
ground when setting minv to 0 GeV, providing poor
discrimination. The discrimination improves as minv is
increased, and a value of 120 GeV is found to result in
an mT2 distribution that best separates the signal
from the background. All SRs require mT2 > 140 GeV.
Some of the control regions (CRs) also make use of
the transverse mass of a τ-lepton, which is computed
as ðmτ

TÞ2 ¼ 2ðpτ
TE

miss
T −  pτ

T ·  p
miss
T Þ.

The last discriminant is Θmin defined as the smallest
three-dimensional angle of the four combinations between
either of the two leading τ-leptons and either of the two
leading b-jets. For the tt̄ background, the smallest angle is
expected from configurations where the b-jet and the
τ-lepton originate from the same top-quark decay, resulting
in relatively low values ofΘmin. For ZðττÞ þ bb̄ events with
a highly boosted Z boson, the pair of τ-leptons recoils
against the b-jets, and large values ofΘmin are expected. For
signal events where b̃ → bχ̃02 → bhðττÞχ̃01, the angle
between the b-jet and the τ-lepton pair increases with
the b̃ mass, and so does Θmin. A multibin SR with three
Θmin bins (< 0.5; ½0.5; 1.0�; > 1.0) is defined in order to
take advantage of these features. A single-bin SR requiring
Θmin > 0.6 is used to provide cross-section limits on
generic processes beyond the Standard Model (BSM).
The probability for a signal event to enter the single-bin

SR ranges between 6.4 × 10−6 at mðb̃Þ ¼ 250 GeV and
mðχ̃02Þ ¼ 150 GeV and 1.4 × 10−3 at mðb̃Þ ¼ 900 GeV
and mðχ̃02Þ ¼ 150 GeV, taking into account the Higgs
boson and τ-lepton branching ratios, the SR acceptance,
and particle reconstruction and identification efficiencies.
The requirement responsible for the largest decrease in
signal acceptance is the presence of two hadronically
decaying τ-leptons in the final state.
Examples of signal and background kinematic distribu-

tions are shown in Fig. 2. The three plots show the HT,
mðτ1; τ2Þ, and mT2 variables after the preselection. The
estimated SM background is scaled by the normalization
factors from the background fit described in Sec. VI, and
the distributions for several signal models are overlaid.

VI. BACKGROUND ESTIMATION

The largest backgrounds in the SRs are from tt̄ and
single-top-quark processes referred to as top-quark back-
ground, and ZðττÞ produced in association with b-jets.
Subdominant contributions arise from tt̄X processes, while
other backgrounds such as multijet or diboson and triboson
production are found to be negligible. The normalization of
the two dominant backgrounds is fitted to the data in
dedicated CRs kinematically close to the SRs but where
little signal is expected. The normalization factors are
derived with a likelihood fit based on the HistFitter frame-
work [98]. The fit uses as input the observed data yields, the
expected yields predicted from simulation, as well as the
statistical and systematic uncertainties described in
Sec. VII. Two main fit setups are employed in the analysis.
The background-only fit refers to the configuration that
only includes the CRs, and where no signal is considered.
The signal-plus-background fit includes both the CRs and
the SRs, and it takes into account a possible signal
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FIG. 2. Kinematic distributions of data and SM background for events that pass the preselection and have at least two hadronically
decaying τ-leptons. Predictions from three signal models are also shown, where the masses mðb̃Þ and mðχ̃02Þ are given in GeV in the
legend. Distributions are displayed for the (a)HT, (b)mðτ1; τ2Þ, and (c)mT2 variables. The hatched band indicates the total statistical and
systematic uncertainty of the SM background. The “Other” contribution includes all the backgrounds not explicitly listed in the legend
[V þ jets except ZðττÞ þ jets, diboson/triboson, multijet]. The top-quark and ZðττÞ background contributions are scaled with the
normalization factors obtained from the background-only fit described in Sec. VI. The rightmost bin includes the overflow. The bottom
panel shows the ratio of the observed data and the expected Standard Model background.
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contribution in the fitted regions. It is used to establish
exclusion limits as discussed in Sec. VIII. In both cases, the
fit is performed simultaneously over all the relevant
regions. Subdominant background contributions are nor-
malized according to their cross sections and the integrated
luminosity of the data. The multijet background is deter-
mined from data. Validation regions (VRs) are defined in
phase-space regions as close as possible to that of the SRs.
The VRs are not included in the fit. They are used to
validate the background-model extrapolation from the CRs
to the SRs by comparing the observed data with the fitted
background predictions. As such, they are designed to have
little signal contribution. The methods used to estimate the
various backgrounds are described in the following,
together with the associated CRs and VRs.
Multijet production is an important background at

hadron colliders, but it is efficiently suppressed in this
analysis by the requirement of two hadronically decaying
τ-leptons, two b-jets, large Emiss

T , andΔϕðjet1;2;  p miss
T Þ>0.5.

A data-driven jet-smearing method [99] is employed to
estimate this background. Events recorded by single-jet
triggers are processed through an energy-smearing pro-
cedure that emulates Emiss

T originating from resolution
effects. The normalization of the smeared pseudodata
template is derived in events where one of the two leading
jets is aligned with  pmiss

T in the transverse plane. Except for
that multijet-enriched selection, the multijet background is
found to be negligible in all analysis selections. Therefore,
its normalization is kept constant in the fits, for simplicity.
The design of the control regions for the top-quark and

ZðττÞ þ bb̄ backgrounds is driven by two main consider-
ations. First, the hadronically decaying τ-leptons selected in
the analysis are either prompt τ-leptons from electroweak
boson decays, or jets misidentified as τ-leptons. They are
referred to as true τ-leptons (τtrue) and fake τ-leptons (τfake),
respectively, and their contributions must be handled sep-
arately in the background model. No such distinction is
made for b-jets, as the fraction of misidentified b-jets does
not exceed 10% in the analysis phase space. The top-quark
background in the SRs is composed of τtrueτtrue and τtrueτfake
contributions of comparable magnitude, where one τ-lepton
comes from aW-boson decay, and the second τ-lepton either
comes from the other W-boson decay or from a jet
misidentified as a τ-lepton. The τfakeτfake contribution is
negligible due to the large jet rejection provided by the τ-
lepton identification algorithm. In the case of ZðττÞ þ bb̄
events, only the τtrueτtrue contribution is found to be relevant.
Second, the background normalization factors cannot be
accurately determined using events containing two hadroni-
cally decaying τ-leptons (τhad) and two b-jets, as the low
event yields remaining after the preselection do not allow
control regions with sufficient statistical power, high purity,
and low signal contamination to be defined.
Because of these limitations the CRs are based on final

states where either one or two τ-leptons are replaced with

muons. The CR Top μτtrue and CR Top μτfake selections
are defined to respectively target top-quark events with one
muon plus either one τtrue or one τfake in the final state,
where the muon replaces a τtrue from one of the W-boson
decays. The CR Z μμ2b region is defined to select
ZðμμÞ þ bb̄ events. By trading WðτνÞ for WðμνÞ and
ZðττÞ for ZðμμÞ, the CRs target the desired background
processes but benefit from larger yields due to the branch-
ing ratio Bðτ → τhadντÞ of 65% that does not apply to
muons, and the reconstruction and identification efficien-
cies that are higher for muons. In the top-quark CRs, event
yields are further increased by a combinatorial factor of 2.
The normalization factors derived for background events

with muons are not directly applicable to background
events in the SRs that contain two hadronically decaying
τ-leptons. The replacement of τ-leptons with muons has an
impact on the reconstructed event kinematics and the
selection efficiency of background processes, which needs
to be accounted for. This is done by introducing additional
CRs and normalization factors, two for the top-quark
background and two for the ZðττÞ þ bb̄ background, that
allow an extrapolation frommuon to τ-lepton selections. As
mentioned in Sec. IV, corrections are already applied to
muons and τ-leptons in the simulation to match the
efficiencies and energy calibration measured in data. The
background normalization factors from the additional CRs
thus mostly account for acceptance effects.
The definitions of the four control regions used to

normalize the top-quark background are summarized in
Table III. The CR Top μτtrue and CR Top μτfake regions
select events that contain exactly onemuon and one τ-lepton
of opposite electric charge. Like all control regions defined
in this analysis, they use theHT range from600 to 1000GeV.
For CR Top μτtrue, the τ-lepton transverse massmτ

T must be
lower than 80 GeV, which results in a high purity of true τ-
leptons. For CR Top μτfake, mτ

T has to be larger than
100 GeV, which gives a roughly equal mix of true and fake
τ-leptons. The CR Top τtrue selection is identical to that of
CR Top μτtrue except that events must not contain a muon.
This region has a high purity in top-quark background events
decaying semileptonically with a true τ-lepton in the final
state. The CR Top μ selection is defined in a similar way,
with one muon and no τ-lepton, selecting high-purity
semileptonic top-quark processes with a muon in the
final state.
The way the four CRs from Table III are used to derive

normalization factors for the top-quark background proc-
esses is illustrated in Fig. 3(a). The expected yields for top-
quark production with true and fake τ-leptons from
Monte Carlo simulation are respectively multiplied by
normalization factors ωτtrue and ωτfake that float freely in
the fit and are constrained by data mainly through
CR Top μτtrue and CR Top μτfake. To account for the
different lepton flavors in the signal region (with two τ-
leptons) and the control region (one τ-lepton and one
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muon), the top-quark production yields are further multi-
plied by additional freely floating normalization factors ω1τ

and ω1μ, which are constrained mainly through the regions
CR Top τtrue and CR Top μ. A transfer factor TFTop ≡
ω1τ=ω1μ is used to correct for the difference between
requiring a muon and a true τ-lepton. This means that a
simulated top-quark event with one true and one fake τ-
lepton in one of the signal regions receives a normalization
factor ωτfake × TFTop, and a simulated top-quark event with
two true τ-leptons a normalization factor ωτtrue × TFTop.
Figure 4 shows several examples of distributions from the

four control regions associated with the top-quark back-
ground. In these plots, the predicted background contribu-
tions from simulation are scaled with the normalization
factors obtained from the background-only fit. All of the
CRs show good agreement between the SM prediction and
the data. They also have high purity in the respective top-
quark background processes except for CR Top μτfake,
where the purity is only 43% because it is difficult to isolate
the contribution of the top-quark background with fake
τ-leptons.
The three control regions that target theZðττÞ background

are summarized in Table IV. The CR Z μμ2b selection is

defined using events with two muons of opposite electric
charge, taken as proxies for two true τ-leptons, and two
b-jets. Since ZðμμÞ þ jets processes do not have large Emiss

T
in the final state, the events are selected using a single-muon
trigger, which has its efficiency plateau atpTðμÞ > 30 GeV.
The invariant mass of the dimuon system is required to be
within 10 GeVof the Z-boson mass, and Emiss

T to be lower
than 100GeV to increase the purity of the selection. Tomove
the CR closer to the relevant phase space,HT must be in the
range ½600; 1000� GeV, and the transversemomentumof the
muon pair pTðμ1; μ2Þ must be larger than 200 GeV,
which is a typical value found in simulation for the pT
of the Z boson in ZðττÞ events after the preselection. The
ZðμμÞ background is multiplied by the freely floating
normalization factor ωZμμ2b, which is constrained through
CR Z μμ2b.
The two additional control regions CR Z μμ0b and

CR Z ττ0b are used to correct for the difference in
acceptance and efficiency when replacing the τ-leptons
with muons to estimate the Z þ jets background. The
interplay of these CRs is illustrated in Fig. 3(b). The
CR Z μμ0b selection is the same as for CR Z μμ2b but
with a b-jet veto, whereas CR Z ττ0b requires the presence
of two τ-leptons with opposite electric charge and no b-jet.
The CR Z ττ0b events are selected with an Emiss

T trigger
and Emiss

T > 200 GeV as is done for the SRs, and muons are
vetoed in this region. Additionally, the sum of τ-lepton
transverse masses mT

τ1 þmT
τ2 has to be lower than

100 GeV to increase the purity in ZðττÞ events. In all of
these three CRs, HT is again required to be within [600,
1000] GeV.
From these two auxiliary control regions, the freely

floating normalization factor ωZμμ0b and transfer factor
TFZ ≡ ωZττ0b=ωZμμ0b are derived in the background fit.
The background normalization in CR Z μμ0b is absorbed
into ωZμμ0b. The transfer factor TFZ transfers the

TABLE III. Definition of the control regions used for the top-
quark background. The requirements are applied in addition to
the preselection. Three center dots mean that no requirement on
this variable is applied.

CR Top μ CR Top τtrue CR Top μτtrue CR Top μτfake

Nμ 1 0 1 1
Nτ 0 1 1 1
OSðμ; τÞ … … Yes Yes
HT [600, 1000] GeV
mτ

T … < 80 GeV < 80 GeV > 100 GeV

(a) (b)

FIG. 3. Schematic representation of the control region setup that is used to constrain the normalization of the (a) top-quark and
(b) ZðττÞ þ jets backgrounds in the signal regions. The arrows represent the transfer factors associated with the replacement of muons
with true τ-leptons, which correct for acceptance. For the top-quark background, the sketch illustrates the normalization strategy for the
τtrueτtrue contribution. A similar strategy is employed for the τtrueτfake contribution, where the τfake can originate from a jet from a
hadronically decaying W boson, a b-jet, or a jet from initial-state radiation.
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normalization from CR Z μμ0b to CR Z ττ0b, and from
CR Z μμ2b to the SRs; ZðττÞ þ bb̄ events in the SRs are
scaled by ωZμμ2b · TFZ.

All normalization and transfer factors are obtained from a
simultaneous fit of the seven CRs for the top-quark and
ZðττÞ backgrounds. Table V lists the values of the normali-
zation factors and transfer factors and their uncertainties, the
names of the control regions that determine the normaliza-
tion factors, and the respective purities of the control regions

in top-quark or Z þ jets events. The transfer factors TFTop
and TFZ are computed from ratios of two normalization
factors as explained above. For these, one row in the table
(ω1μ and ωZμμ0b) gives the values forming the respective
denominators of the ratios, showing how well the data and
simulated events agree in these regions. The row below gives
the transfer factor (TFTop and TFZ, respectively). In these
rows, the table lists the second control region (the numerator
of the ratio) and its purity.
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FIG. 4. Kinematic distributions from the four control regions associated with the top-quark background, showing (a) Emiss
T in

CR Top μτtrue, (b) pTðτÞ in CR Top μτfake, (c) pTðjet1Þ in CR Top μ, and (d) mτ
T in CR Top τtrue. The hatched band indicates the total

statistical and systematic uncertainty of the SM background. The top-quark and ZðττÞ background contributions are scaled with the
normalization factors obtained from the background-only fit. The “Other” contribution includes all the backgrounds not explicitly listed
in the legend (V þ jets, tt̄X, diboson/triboson, multijet). The rightmost bin includes the overflow. The bottom panel shows the ratio of
the observed data and the expected Standard Model background.
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Three validation regions are defined to check
the extrapolation from CR Top μτtrue, CR Top μτfake,
and CR Z μμ2b in the HT variable. This is done by
changing the requirement on HT that is applied in the CRs
from 600 GeV < HT < 1000 GeV to 1000 GeV < HT <
1500 GeV in the VRs, while keeping all other requirements
the same as for the respective CRs. Shifting the HT range
moves the validation regions closer to the signal regions,
which require HT > 1100 GeV. The VRs and the SRs are
mutually exclusive due to the muon veto that is part of the
signal-region selections. The names of the three VRs match
those of the corresponding CRs. A fourth validation region
VR Top ττ is defined to validate the extrapolation from
muons to τ-leptons in events with two b-jets and two
hadronically decaying τ-leptons which pass the Emiss

T
trigger or the Emiss

T þ b-jet trigger and the corresponding
trigger-plateau requirements. To avoid overlap of this VR
with the SRs, HT is required to be within [600,1000] GeV.
In addition, the visible di-τ mass mðτ1; τ2Þ is required to be
either lower than 40 GeV or larger than 90 GeV to reduce
the contribution from a possible bottom-squark signal.

Figure 5 shows that the expected background yields after
the fit and the observed yields agree within 1 standard
deviation for all four validation regions, demonstrating
good modeling of the SM background. Figure 6 shows
various kinematic distributions in the validation regions.
Good agreement between the background model and
the data is observed in VR Z μμ2b, VR Top μτfake, and
VR Top ττ. In VR Top μτtrue, the modeling of kinematic
distributions is reasonable. The contribution of a potential
signal from the model in Fig. 1 to the control regions does
not exceed 7% at the low end of the range of bottom-squark
masses covered by the signal models and quickly falls to
below a percent at the high end. For the validation regions it
is around 15% for low mðb̃Þ and again falls to a percent or
less for larger mðb̃Þ.

VII. SYSTEMATIC UNCERTAINTIES

The experimental uncertainties considered in this analy-
sis comprise systematic uncertainties in the reconstruction,
identification, calibration, and corrections applied to the
physical objects used in the analysis. They are assumed to
be correlated across analysis regions and between the
background processes and the signal. Theoretical uncer-
tainties include contributions from generator modeling as
well as cross-section uncertainties. They are assumed to be
correlated across analysis regions but uncorrelated between
different background processes. When assuming no corre-
lation between analysis regions, the total background
uncertainty increases by about 5 percentage points for
the single-bin SR, and the exclusion contour does not
change significantly.
The experimental uncertainties related to jets include

uncertainties in the energy scale [80] and resolution [100],
jet-vertex-tagging uncertainties [82], and flavor-tagging
uncertainties [83,101,102]. Flavor-related uncertainties
come from the uncertainties in data-to-simulation correc-
tion factors for efficiencies and fake rates and from the
extrapolation over jet pT. The τ-lepton uncertainties arise

TABLE IV. Definition of the control regions used for the Z þ
jets background. The requirements are applied in addition to the
set of preselection criteria reported in the upper part of Table I.
Three center dots mean that no requirement on this variable is
applied.

CR Z μμ2b CR Z μμ0b CR Z ττ0b

Trigger Single muon Emiss
T

Nμ 2 0
Nτ 0 2
Nb-jets 2 0 0
pTðμ1Þ >30 GeV …
Emiss
T <100 GeV >200 GeV

pTðμ1; μ2Þ >200 GeV …
mðμ1; μ2Þ [81, 101] GeV …
mτ1

T þmτ2
T … <100 GeV

HT [600, 1000] GeV

TABLE V. Values of normalization and transfer factors with their statistical and systematic uncertainties as obtained from the
background-only fit, in the top part of the table for top-quark background processes, and in the bottom part for Z þ jets. The control
regions that primarily affect the normalization factors are listed, together with the purity of the CR in the relevant background process.
As TFTop and TFZ are ratios of two normalization factors, one of which (the denominator) is listed in the row directly above, the table
lists the respective second control region (the numerator of the ratio) and its purity in top-quark or ZðττÞ þ bb̄ events.

Normalization / transfer factor Fitted value Control region Purity

ωτtrue 0.88� 0.16 CR Top μτtrue 86%
CR Top μτfake 53%

ωτfake 0.79� 0.30 CR Top μτfake 43%
CR Top μτtrue 9%

ω1μ 0.91� 0.10 CR Top μ 94%
TFTop ≡ ω1τ=ω1μ 0.98� 0.04 CR Top τtrue 88%
ωZμμ2b 1.28� 0.12 CR Z μμ2b 89%
ωZμμ0b 1.00� 0.05 CR Z μμ0b 96%
TFZ ≡ ωZττ0b=ωZμμ0b 0.99� 0.17 CR Z ττ0b 79%
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from the energy calibration, and reconstruction and
identification efficiencies [85,89]. The energy scale uncer-
tainties include the nonclosure of the calibration and
uncertainties in the detector response estimated from
simulation, as well as uncertainties in the relative calibra-
tion of data and simulation measured in ZðτμτhadÞ events.
An uncertainty at high-pT based on single-particle response
uncertainties is taken into account. Muon-related uncer-
tainties [90] are not relevant in the signal regions, as events
with muons do not enter these, but they can be important in
control regions with muons. Uncertainties related to elec-
trons have a negligible impact on this analysis. The
systematic uncertainties affecting the energy or momentum
of calibrated objects are propagated to the Emiss

T calculation.
Specific uncertainties in the soft-term contribution to the
Emiss
T [92] are also considered.
The theoretical uncertainties related to variations of the

PDFs [75], strong coupling constant αS, and renormaliza-
tion and factorization scales μr and μf [103] are evaluated
from generator weights for all background samples. The
sets include the nominal PDF as well as 100 variations.
The PDF uncertainty is obtained as the envelope of all the
variations. The uncertainty related to αS is evaluated by
computing αS ¼ 0.119 and αS ¼ 0.117 parametrizations
and averaging the difference between them. The PDF and
αS uncertainties are then added in quadrature. In order to
derive the scale uncertainties, μr and μf are varied up and
down by a factor of 2. Three independent nuisance
parameters are used, two resulting from keeping one of
the scales constant while varying the other one, and the
third being the coherent variation of both scales. The

variations are normalized to the nominal sum of weights
so that the effect on the normalization included in the cross-
section uncertainty is not double-counted. For all simulated
processes that are not normalized to the data, uncertainties
in the cross section and in the integrated luminosity of the
data are applied.
For tt̄ and single-top-quark production, generator

uncertainties related to hard scattering and matching are
evaluated by comparing POWHEG BOX+PYTHIA with
MadGraph5_aMC@NLO+PYTHIA. Parton-showering uncertain-
ties are estimated by comparison with POWHEG BOX

+HERWIG7. Uncertainties in the initial-state and final-state
radiation are evaluated by simultaneously testing the
impact of scale variations and eigenvariations of the A14
tune [44]. For tt̄ production, an additional comparison with
the hdamp parameter set to 3mtop is included. For single-
top-quark production, an uncertainty in the treatment of the
Wt=tt̄ interference is considered by comparing samples
produced with the nominal diagram-removal scheme [104]
with alternative samples generated with a diagram-sub-
traction scheme [42,104].
For the V þ jets processes, additional uncertainties

related to the resummation and CKKW matching
scales [62,63] are considered. For the ZðμμÞ þ jets and
ZðττÞ þ jets backgrounds, the nominal SHERPA samples are
compared with alternative samples produced with
MadGraph5_aMC@NLO+PYTHIA. For diboson and tt̄X samples,
the PDF, scale, and cross-section uncertainties are used.
For the bottom-squark signal samples, uncertainties in

the acceptance related to the factorization and renormali-
zation scales, merging scales, parton shower tuning, and
radiation uncertainties are considered. An additional uncer-
tainty accounts for differences between samples produced
with the full detector simulation and the parametrized
calorimeter response.
A summary of the dominant systematic uncertainties in

the background prediction for the signal regions is given in
Table VI. The largest source of uncertainty is the generator
modeling, and here in particular the modeling of the top-
quark background, mainly the modeling of the hard-scatter
process and initial state radiation uncertainties. Second
leading in size is the total uncertainty in the normalization
and transfer factors, which is obtained from the fit. As the
transfer factors are ratios of normalization factors, and a
large part of the uncertainties cancel out in the ratio, the
uncertainties in the transfer factors are comparatively small.

VIII. RESULTS

The event yields for all signal regions are reported in
Table VII. The SM background prediction is based on the
background-only fit described in Sec. VI. To illustrate
the order of magnitude of the contribution of signal events,
the expected yields for three benchmark signal models are
included in the table. The single-bin SR and the first two
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FIG. 5. The upper panel shows the expected number of SM
background events and the number of events observed in data for
each of the four validation regions. In the lower panel, the
significance of the deviation of the observed yield from the
expected yield is shown. The top-quark, ZðττÞ, and ZðμμÞ
background contributions are scaled with the normalization
factors obtained from the background-only fit described in
Sec. VI. The hatched band indicates the total statistical and
systematic uncertainty of the SM background. The “Other”
contribution includes all the backgrounds not explicitly listed
in the legend [V þ jets except ZðμμÞ þ jets, tt̄X, diboson/tribo-
son, multijet].
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bins of the multibin SR are dominated by top-quark
production, whereas for Θmin > 1.0 the ZðττÞ background
is the largest contribution. Other SM processes contribute
very little to the signal regions. Figure 7 shows a

comparison of data and background yields in the SRs
together with the corresponding significances quantifying
the deviation of the observed yields from the SM expect-
ation in the bottom panel. No significant excess of data

TABLE VI. Dominant systematic uncertainties in the background prediction for the signal regions after the fit to the control regions.
Generator modeling uncertainties refer to all theoretical uncertainties, and are largely dominated by the comparisons of MC event
generators for top-quark processes. “Other” includes the uncertainties arising from muons, jet-vertex tagging, modeling of pileup, the
Emiss
T computation, multijet background, and luminosity. The individual uncertainties can be correlated and do not necessarily add in

quadrature to equal the total uncertainty.

Multibin SR

Uncertainty Single-bin SR Θmin < 0.5 0.5 < Θmin < 1.0 Θmin > 1.0

Generator modeling 37% 42% 44% 27%
Normalization / transfer factors 15% 11% 12% 18%
JER and JES 12% 5.1% 9.8% 22%
τ-leptons 8.3% 3.5% 2.3% 15%
MC statistical uncertainty 6.9% 6.8% 7.2% 11%
Flavor tagging 3.8% 1.0% 1.8% 5.4%
Other 2.9% 1.3% 1.8% 6.6%

Total 40% 43% 46% 41%
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FIG. 6. Kinematic distributions from the four validation regions, showing (a)Θmin in VR Top ττ, (b)mT2 in VR Top μτfake, (c)mT2 in
VR Top μτtrue, (d) Θmin in VR Top μτtrue, (e) pTðμ1; μ2Þ in VR Z μμ2b, (f) HT in VR Z μμ2b. The hatched band indicates the total
statistical and systematic uncertainty of the SM background. The top-quark and ZðττÞ background contributions are scaled with the
normalization factors obtained from the background-only fit. The “Other” contribution includes all the backgrounds not explicitly listed
in the legend (V þ jets, tt̄X, diboson/triboson, multijet). The rightmost bin includes the overflow. The bottom panel shows the ratio of the
observed data and the expected Standard Model background.
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above the expected yields from the SM background
processes is observed in any of the signal regions. The
p-value for the event yield in the single-bin signal region to
fluctuate to at least the observed value under the back-
ground-only hypothesis is pðs ¼ 0Þ ¼ 0.44.
Exclusion contours at the 95% confidence level (C.L.)

are derived from the yields in the multibin signal region for
the two-dimensional parameter space ofmðb̃Þ andmðχ̃02Þ in
the simplified model from Fig. 1. A fixed mass difference

of 130 GeV between the second-lightest neutralino χ̃02 and
lightest neutralino χ̃01 is assumed for all signal models. The
probabilities that the data are compatible with the back-
ground-only and signal-plus-background hypotheses are
evaluated using a one-sided profile-likelihood-ratio test
statistic and the CLs prescription [105]. The computations
rely on asymptotic properties of the profile-likelihood ratio
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FIG. 7. Comparison of the expected and observed event yields
in the signal regions defined in Table II. The top-quarkand ZðττÞ
background contributions are scaled with the normalization
factors obtained from the background-only fit. The “Other”
contribution includes all the backgrounds not explicitly listed
in the legend [V þ jets except ZðττÞ þ jets, diboson/triboson,
multijet]. The hatched band indicates the total statistical and
systematic uncertainty of the SM background. The contributions
from three signal models to the signal regions are also displayed,
where the massesmðb̃Þ andmðχ̃02Þ are given in GeV in the legend.
The lower panel shows the significance of the deviation of the
observed yield from the expected background yield.

TABLE VII. The observed event yields in data, the total expected yields from SM processes obtained from the background-only fit and
breakdown of individual contributions, and the expected signal contributions for three benchmark models are shown for the single-bin
signal region and the three bins of the multibin signal region. Total uncertainties combining the statistical and systematic uncertainties
are quoted for the background processes. For the signal, the quoted uncertainties are only statistical. “Other” combines all SM
background contributions that are not listed explicitly, covering V þ jets except for ZðττÞ þ jets, multijet, diboson, and triboson
contributions. The three center dots mean that no events pass the selection.

Multibin SR

Single-bin SR Θmin < 0.5 0.5 < Θmin < 1.0 Θmin > 1.0

Observed events 4 3 1 3
Total SM background 3.8� 1.5 2.7� 1.1 3.5� 1.6 1.5� 0.6
Top quark τtrueτtrue 1.4� 0.9 1.6� 0.7 1.9� 1.0 0.30þ0.41

−0.30
Top quark τtrueτfake 0.92� 0.62 0.76� 0.43 0.96� 0.69 0.22� 0.17
Top quark τfakeτfake 0.11þ0.26

−0.11 0.06� 0.06 0.12þ0.23
−0.12 0.04þ0.05

−0.04
tt̄X 0.52� 0.42 0.18� 0.10 0.26þ0.31

−0.26 0.31� 0.22
ZðττÞ þ jets 0.73� 0.25 0.05� 0.05 0.17� 0.16 0.59� 0.22
Other 0.07� 0.04 … 0.04� 0.01 0.06� 0.03
mðb̃; χ̃02Þ ¼ ð800; 131Þ GeV 5.6� 1.4 0.14� 0.06 1.5� 0.4 4.3� 1.1

mðb̃; χ̃02Þ ¼ ð800; 180Þ GeV 9.3� 2.2 0.08þ0.14
−0.08 2.4� 0.6 7.1� 1.7

mðb̃; χ̃02Þ ¼ ð350; 280Þ GeV 6.4� 2.1 2.7� 0.9 4.1� 1.3 4.8� 1.8
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FIG. 8. Exclusion contours at the 95% C.L. as a function of
mðb̃Þ and mðχ̃02Þ, assuming Δmðχ̃02; χ̃01Þ ¼ 130 GeV. Observed
and expected limits are shown for the present search that requires
hadronically decaying τ-leptons, b-jets, and Emiss

T in the final
state. The observed exclusion limit from a previous ATLAS
search [22] that requires b-jets and Emiss

T in the final state is also
displayed. The region mðb̃Þ < 400 GeV is excluded by a
previous search from CMS [23].
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[95]. Systematic uncertainties are treated as nuisance
parameters with Gaussian probability densities in the
likelihood function. The resulting observed and expected
exclusion contours are shown in Fig. 8. The uncertainties in
the cross section of the supersymmetric signal are not
included in the fit but shown as an uncertainty band
around the observed limit contour. Since the observed data
yield is larger than the expected total background in the
highest Θmin bin, which is most sensitive to models
with large mðb̃Þ, the observed exclusion contour deviates
inward from the expected contour with increasing mðb̃Þ,
but it stays within the uncertainty band of the expected
limit. The search is optimized for the low-mðχ̃02Þ region
and has sensitivity to models with mðχ̃02Þ up to 300 GeV.
Bottom squarks with masses up to 850 GeV are excluded
in this region. For mðχ̃02Þ below about 200 GeV, the
softer Emiss

T spectrum of the signal results in a lower
acceptance, leading to a slightly reduced exclusion reach in
bottom-squark mass. The parameter-space region where
Δmðb̃; χ̃02Þ≲ 20 GeV cannot be excluded as the bottom-
squark decay products are not boosted enough, and
the stringent kinematic requirements in the SRs result in
low signal acceptance. These results are overlaid on the
observed exclusion contour from a previous ATLAS
search [22] to demonstrate the complementarity of the
two approaches. The new results have unique sensitivity to
a previously uncovered region of parameter space at
low χ̃02 masses, where the previous search quickly loses
sensitivity.
The results from the single-bin signal region can be

interpreted in terms of model-independent upper limits on
the event yields from potential BSM processes. The fit is
performed simultaneously over the CRs and the single-bin
SR, assuming no signal contribution in the CRs. The
profile-likelihood-ratio test statistic is evaluated using
pseudoexperiments. An upper limit of 0.05 fb is derived
for the visible cross section σvis defined as the product of
the cross section, acceptance, and selection efficiency of
such processes. In addition, Table VIII summarizes the
expected and observed 95% C.L. upper limits on the
number of BSM events, as well as the confidence level
of the background-only hypothesis CLb. The p-value and
the corresponding significance for the background-only
hypothesis to fluctuate to at least the observed values are
also included.

IX. CONCLUSION

A search for bottom-squark pairs in events with b-jets,
hadronically decaying τ-leptons, and large missing trans-
verse momentum is presented. A simplified SUSY model
assuming b̃ → bχ̃02 → bhχ̃01 is considered, where at least
one Higgs boson decays into a pair of τ-leptons. This
analysis has unique sensitivity at low χ̃02 masses due to the
presence of hadronically decaying τ-leptons, which miti-
gates the Standard Model background, and to the associ-
ated ντ-neutrinos that add to the Emiss

T originating from the
χ̃01. A multibin signal region exploiting angular correlations
between the b-jets and the hadronically decaying τ-leptons
is used to search for a b̃ signal, and a single-bin signal
region is employed for a model-independent statistical
interpretation. The data observed in the signal regions
are compatible with the expected Standard Model back-
ground. Exclusion limits are placed on the bottom-squark
mass at the 95% confidence level. For mðχ̃02Þ ranging from
130 to 180 GeV, bottom-squark masses below 775 to
850 GeV are excluded. This extends significantly beyond
the reach of a previous ATLAS search [22], which was
performed in final states with b-jets and large Emiss

T , in this
challenging region of parameter space.
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Poincaré group generators and violation of p invariance,
Pis’ma Zh. Eksp. Teor. Fiz. 13, 452 (1971) [JETP Lett. 13,
323 (1971)], https://inspirehep.net/literature/68412.

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

[3] J. Wess and B. Zumino, Supergauge transformations in
four dimensions, Nucl. Phys. B70, 39 (1974).

[4] J. Wess and B. Zumino, Supergauge invariant extension of
quantum electrodynamics, Nucl. Phys. B78, 1 (1974).

[5] S. Ferrara and B. Zumino, Supergauge invariant
Yang-Mills theories, Nucl. Phys. B79, 413 (1974).

[6] A. Salam and J. Strathdee, Super-symmetry and non-
Abelian gauges, Phys. Lett. 51B, 353 (1974).

[7] N. Sakai, Naturalnes in supersymmetric GUTs, Z. Phys. C
11, 153 (1981).

[8] S. Dimopoulos, S. Raby, and F. Wilczek, Supersymmetry
and the scale of unification, Phys. Rev. D 24, 1681
(1981).

[9] L. E. Ibáñez and G. G. Ross, Low-energy predictions in
supersymmetric grand unified theories, Phys. Lett. 105B,
439 (1981).

[10] S. Dimopoulos and H. Georgi, Softly broken super-
symmetry and SU(5), Nucl. Phys. B193, 150 (1981).

[11] G. R. Farrar and P. Fayet, Phenomenology of the produc-
tion, decay, and detection of new hadronic states associated
with supersymmetry, Phys. Lett. 76B, 575 (1978).

[12] H. Goldberg, Constraint on the Photino Mass from Cos-
mology, Phys. Rev. Lett. 50, 1419 (1983); 103, 099905(E)
(2009).

[13] J. Ellis, J. Hagelin, D. V. Nanopoulos, K. A. Olive, and M.
Srednicki, Supersymmetric relics from the big bang, Nucl.
Phys. B238, 453 (1984).

[14] R. Barbieri and G. Giudice, Upper bounds on super-
symmetric particle masses, Nucl. Phys. B306, 63 (1988).

[15] B. de Carlos and J. Casas, One-loop analysis of the
electroweak breaking in supersymmetric models and the
fine-tuning problem, Phys. Lett. B 309, 320 (1993).

[16] J. Alwall, M.-P. Le, M. Lisanti, and J. G. Wacker, Search-
ing for directly decaying gluinos at the Tevatron, Phys.
Lett. B 666, 34 (2008).

[17] J. Alwall, P. Schuster, and N. Toro, Simplified models for a
first characterization of new physics at the LHC, Phys.
Rev. D 79, 075020 (2009).

[18] D. Alves et al., Simplified models for LHC new physics
searches, J. Phys. G 39, 105005 (2012).

[19] P. Fayet, Supersymmetry and weak, electromagnetic and
strong interactions, Phys. Lett. 64B, 159 (1976).

[20] P. Fayet, Spontaneously broken supersymmetric theories
of weak, electromagnetic and strong interactions, Phys.
Lett. 69B, 489 (1977).

[21] ATLAS Collaboration, Search for supersymmetry in
events with b-tagged jets and missing transverse momen-
tum in pp collisions at

ffiffiffi
s

p ¼ 13 TeV with the ATLAS
detector, J. High Energy Phys. 11 (2017) 195.

[22] ATLAS Collaboration, Search for bottom-squark pair
production with the ATLAS detector in final states con-
taining Higgs bosons, b-jets and missing transverse mo-
mentum, J. High Energy Phys. 12 (2019) 060.

[23] CMS Collaboration, Search for supersymmetry using
Higgs boson to diphoton decays at

ffiffiffi
s

p ¼ 13 TeV, J. High
Energy Phys. 11 (2019) 109.

[24] ATLAS Collaboration, The ATLAS Experiment at the
CERN Large Hadron Collider, J. Instrum. 3, S08003 (2008).

[25] ATLAS Collaboration, ATLAS Insertable B-Layer Tech-
nical Design Reports No. ATLAS-TDR-19, 2019 and
No. CERN-LHCC-2010-013, 2010, https://cds.cern.ch/
record/1291633; Addendum: Reports No. ATLAS-TDR-
19-ADD-1, 2019 and No. CERN-LHCC-2012-009, 2012,
https://cds.cern.ch/record/1451888.

[26] B. Abbott et al., Production and integration of the ATLAS
insertable B-layer, J. Instrum. 13, T05008 (2018).

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

ffiffiffi
s

p ¼ 13 TeV using the ATLAS detector at
the LHC, Report No. ATLAS-CONF-2019-021, 2019,
https://cds.cern.ch/record/2677054.

SEARCH FOR BOTTOM-SQUARK PAIR PRODUCTION IN PP … PHYS. REV. D 104, 032014 (2021)

032014-15

https://inspirehep.net/literature/68412
https://inspirehep.net/literature/68412
https://doi.org/10.1016/0370-2693(73)90490-5
https://doi.org/10.1016/0550-3213(74)90355-1
https://doi.org/10.1016/0550-3213(74)90112-6
https://doi.org/10.1016/0550-3213(74)90559-8
https://doi.org/10.1016/0370-2693(74)90226-3
https://doi.org/10.1007/BF01573998
https://doi.org/10.1007/BF01573998
https://doi.org/10.1103/PhysRevD.24.1681
https://doi.org/10.1103/PhysRevD.24.1681
https://doi.org/10.1016/0370-2693(81)91200-4
https://doi.org/10.1016/0370-2693(81)91200-4
https://doi.org/10.1016/0550-3213(81)90522-8
https://doi.org/10.1016/0370-2693(78)90858-4
https://doi.org/10.1103/PhysRevLett.50.1419
https://doi.org/10.1103/PhysRevLett.103.099905
https://doi.org/10.1103/PhysRevLett.103.099905
https://doi.org/10.1016/0550-3213(84)90461-9
https://doi.org/10.1016/0550-3213(84)90461-9
https://doi.org/10.1016/0550-3213(88)90171-X
https://doi.org/10.1016/0370-2693(93)90940-J
https://doi.org/10.1016/j.physletb.2008.06.065
https://doi.org/10.1016/j.physletb.2008.06.065
https://doi.org/10.1103/PhysRevD.79.075020
https://doi.org/10.1103/PhysRevD.79.075020
https://doi.org/10.1088/0954-3899/39/10/105005
https://doi.org/10.1016/0370-2693(76)90319-1
https://doi.org/10.1016/0370-2693(77)90852-8
https://doi.org/10.1016/0370-2693(77)90852-8
https://doi.org/10.1007/JHEP11(2017)195
https://doi.org/10.1007/JHEP12(2019)060
https://doi.org/10.1007/JHEP11(2019)109
https://doi.org/10.1007/JHEP11(2019)109
https://doi.org/10.1088/1748-0221/3/08/S08003
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1451888
https://doi.org/10.1088/1748-0221/13/05/T05008
https://cds.cern.ch/record/2677054
https://cds.cern.ch/record/2677054
https://cds.cern.ch/record/2677054


[28] G. Avoni et al., The new LUCID-2 detector for luminosity
measurement and monitoring in ATLAS, J. Instrum. 13,
P07017 (2018).

[29] ATLAS Collaboration, The ATLAS simulation infrastruc-
ture, Eur. Phys. J. C 70, 823 (2010).

[30] S. Agostinelli et al. (GEANT4 Collaboration), GEANT4—A
simulation toolkit, Nucl. Instrum. Methods Phys. Res.,
Sect. A 506, 250 (2003).

[31] ATLAS Collaboration, The simulation principle and
performance of the ATLAS fast calorimeter simulation
FastCaloSim, Report No. ATL-PHYS-PUB-2010-013,
2010, https://cds.cern.ch/record/1300517.

[32] T. Sjöstrand, S. Mrenna, and P. Skands, A brief introduc-
tion to PYTHIA8.1, Comput. Phys. Commun. 178, 852
(2008).

[33] R. D. Ball et al., Parton distributions with LHC data, Nucl.
Phys. B867, 244 (2013).

[34] ATLAS Collaboration, The PYTHIA8 A3 tune description
of ATLAS minimum bias and inelastic measurements
incorporating the Donnachie–Landshoff diffractive model,
Report No. ATL-PHYS-PUB-2016-017, 2016, https://cds
.cern.ch/record/2206965.

[35] E. Bothmann et al., Event generation with SHERPA2.2,
SciPost Phys. 7, 034 (2019).

[36] D. J. Lange, The EvtGen particle decay simulation package,
Nucl. Instrum. Methods Phys. Res., Sect. A 462, 152
(2001).

[37] S. Frixione, P. Nason, and G. Ridolfi, A positive-weight
next-to-leading-order Monte Carlo for heavy flavour ha-
droproduction, J. High Energy Phys. 09 (2007) 126.

[38] P. Nason, A new method for combining NLO QCD with
shower Monte Carlo algorithms, J. High Energy Phys. 11
(2004) 040.

[39] S. Frixione, P. Nason, and C. Oleari, Matching NLO QCD
computations with parton shower simulations: The POW-

HEG method, J. High Energy Phys. 11 (2007) 070.
[40] S. Alioli, P. Nason, C. Oleari, and E. Re, A general

framework for implementing NLO calculations in shower
Monte Carlo programs: The POWHEG BOX, J. High Energy
Phys. 06 (2010) 043.

[41] R. D. Ball et al., Parton distributions for the LHC run II, J.
High Energy Phys. 04 (2015) 040.

[42] ATLAS Collaboration, Studies on top-quark Monte Carlo
modelling for Top2016, Report No. ATL-PHYSPUB-
2016-020, 2016, https://cds.cern.ch/record/2216168.

[43] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N.
Desai, P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and
P. Z. Skands, An introduction to PYTHIA8.2, Comput. Phys.
Commun. 191, 159 (2015).

[44] ATLAS Collaboration, ATLAS PYTHIA8 tunes to 7 TeV
data, Report No. ATL-PHYS-PUB-2014-021, 2014,
https://cds.cern.ch/record/1966419.

[45] M. Beneke, P. Falgari, S. Klein, and C. Schwinn, Hadronic
top-quark pair production with NNLL threshold resum-
mation, Nucl. Phys. B855, 695 (2012).

[46] M. Cacciari, M. Czakon, M. Mangano, A. Mitov, and P.
Nason, Top-pair production at hadron colliders with next-
to-next-to-leading logarithmic soft-gluon resummation,
Phys. Lett. B 710, 612 (2012).

[47] P. Bärnreuther, M. Czakon, and A. Mitov, Percent-Level-
Precision Physics at the Tevatron: Next-to-Next-to-
Leading Order QCD Corrections to qq̄ → tt̄þ X, Phys.
Rev. Lett. 109, 132001 (2012).

[48] M. Czakon and A. Mitov, NNLO corrections to top-pair
production at hadron colliders: The all-fermionic scattering
channels, J. High Energy Phys. 12 (2012) 054.

[49] M. Czakon and A. Mitov, NNLO corrections to top pair
production at hadron colliders: The quark-gluon reaction,
J. High Energy Phys. 01 (2013) 080.

[50] M. Czakon, P. Fiedler, and A. Mitov, Total Top-Quark Pair-
Production Cross Section at Hadron Colliders Through
Oðα4SÞ, Phys. Rev. Lett. 110, 252004 (2013).

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

[52] E. Re, Single-top Wt-channel production matched with
parton showers using the POWHEG method, Eur. Phys. J. C
71, 1547 (2011).

[53] R. Frederix, E. Re, and P. Torrielli, Single-top t-channel
hadroproduction in the four-flavour scheme with POWHEG

and aMC@NLO, J. High Energy Phys. 09 (2012) 130.
[54] S. Alioli, P. Nason, C. Oleari, and E. Re, NLO single-top

production matched with shower in POWHEG: s- and t-
channel contributions, J. High Energy Phys. 09 (2009)
111; 02 (2010) 011(E).

[55] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni,
O. Mattelaer, H.-S. Shao, T. Stelzer, P. Torrielli, and M.
Zaro, The automated computation of tree-level and next-
to-leading order differential cross sections, and their
matching to parton shower simulations, J. High Energy
Phys. 07 (2014) 079.

[56] T. Gleisberg and S. Höche, COMIX, a new matrix element
generator, J. High Energy Phys. 12 (2008) 039.

[57] F. Cascioli, P. Maierhöfer, and S. Pozzorini, Scattering
Amplitudes with Open Loops, Phys. Rev. Lett. 108,
111601 (2012).

[58] A. Denner, S. Dittmaier, and L. Hofer, COLLIER: A
FORTRAN-based complex one-loop library in extended
regularizations, Comput. Phys. Commun. 212, 220 (2017).

[59] S. Schumann and F. Krauss, A parton shower algorithm
based on Catani-Seymour dipole factorisation, J. High
Energy Phys. 03 (2008) 038.

[60] S. Höche, F. Krauss, M. Schönherr, and F. Siegert, A
critical appraisal of NLOþ PS matching methods, J. High
Energy Phys. 09 (2012) 049.

[61] S. Höche, F. Krauss, M. Schönherr, and F. Siegert, QCD
matrix elementsþ parton showers. The NLO case, J. High
Energy Phys. 04 (2013) 027.

[62] S. Catani, F. Krauss, R. Kuhn, and B. R. Webber, QCD
matrix elementsþ parton showers, J. High Energy Phys.
11 (2001) 063.

[63] S. Höche, F. Krauss, S. Schumann, and F. Siegert, QCD
matrix elements and truncated showers, J. High Energy
Phys. 05 (2009) 053.

[64] C. Anastasiou, L. J. Dixon, K. Melnikov, and F. Petriello,
High precision QCD at hadron colliders: Electroweak
gauge boson rapidity distributions at next-to-next-to lead-
ing order, Phys. Rev. D 69, 094008 (2004).

G. AAD et al. PHYS. REV. D 104, 032014 (2021)

032014-16

https://doi.org/10.1088/1748-0221/13/07/P07017
https://doi.org/10.1088/1748-0221/13/07/P07017
https://doi.org/10.1140/epjc/s10052-010-1429-9
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://cds.cern.ch/record/1300517
https://cds.cern.ch/record/1300517
https://cds.cern.ch/record/1300517
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://cds.cern.ch/record/2206965
https://cds.cern.ch/record/2206965
https://cds.cern.ch/record/2206965
https://doi.org/10.21468/SciPostPhys.7.3.034
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1088/1126-6708/2007/09/126
https://doi.org/10.1088/1126-6708/2004/11/040
https://doi.org/10.1088/1126-6708/2004/11/040
https://doi.org/10.1088/1126-6708/2007/11/070
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1007/JHEP04(2015)040
https://doi.org/10.1007/JHEP04(2015)040
https://cds.cern.ch/record/2216168
https://cds.cern.ch/record/2216168
https://cds.cern.ch/record/2216168
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://cds.cern.ch/record/1966419
https://cds.cern.ch/record/1966419
https://cds.cern.ch/record/1966419
https://doi.org/10.1016/j.nuclphysb.2011.10.021
https://doi.org/10.1016/j.physletb.2012.03.013
https://doi.org/10.1103/PhysRevLett.109.132001
https://doi.org/10.1103/PhysRevLett.109.132001
https://doi.org/10.1007/JHEP12(2012)054
https://doi.org/10.1007/JHEP01(2013)080
https://doi.org/10.1103/PhysRevLett.110.252004
https://doi.org/10.1016/j.cpc.2014.06.021
https://doi.org/10.1140/epjc/s10052-011-1547-z
https://doi.org/10.1140/epjc/s10052-011-1547-z
https://doi.org/10.1007/JHEP09(2012)130
https://doi.org/10.1088/1126-6708/2009/09/111
https://doi.org/10.1088/1126-6708/2009/09/111
https://doi.org/10.1007/JHEP02(2010)011
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1088/1126-6708/2008/12/039
https://doi.org/10.1103/PhysRevLett.108.111601
https://doi.org/10.1103/PhysRevLett.108.111601
https://doi.org/10.1016/j.cpc.2016.10.013
https://doi.org/10.1088/1126-6708/2008/03/038
https://doi.org/10.1088/1126-6708/2008/03/038
https://doi.org/10.1007/JHEP09(2012)049
https://doi.org/10.1007/JHEP09(2012)049
https://doi.org/10.1007/JHEP04(2013)027
https://doi.org/10.1007/JHEP04(2013)027
https://doi.org/10.1088/1126-6708/2001/11/063
https://doi.org/10.1088/1126-6708/2001/11/063
https://doi.org/10.1088/1126-6708/2009/05/053
https://doi.org/10.1088/1126-6708/2009/05/053
https://doi.org/10.1103/PhysRevD.69.094008


[65] L. Lönnblad, Correcting the colour-dipole cascade model
with fixed order matrix elements, J. High Energy Phys. 05
(2002) 046.

[66] L. Lönnblad and S. Prestel, Matching tree-level matrix
elements with interleaved showers, J. High Energy Phys.
03 (2012) 019.

[67] W. Beenakker, C. Borschensky, M. Krämer, A. Kulesza,
and E. Laenen, NNLL-fast: Predictions for coloured
supersymmetric particle production at the LHC with
threshold and Coulomb resummation, J. High Energy
Phys. 12 (2016) 133.

[68] W. Beenakker, C. Borschensky, M. Krämer, A. Kulesza, E.
Laenen, V. Theeuwes, and S. Thewes, NNLL resummation
for squark and gluino production at the LHC, J. High
Energy Phys. 12 (2014) 023.

[69] W. Beenakker, T. Janssen, S. Lepoeter, M. Krämer, A.
Kulesza, E. Laenen, I. Niessen, S. Thewes, and T. Van
Daal, Towards NNLL resummation: Hard matching co-
efficients for squark and gluino hadroproduction, J. High
Energy Phys. 10 (2013) 120.

[70] W. Beenakker, S. Brensing, M. Krämer, A. Kulesza, E.
Laenen, and I. Niessen, NNLL resummation for squark-
antisquark pair production at the LHC, J. High Energy
Phys. 01 (2012) 076.

[71] W. Beenakker, S. Brensing, M. Krämer, A. Kulesza, E.
Laenen, and I. Niessen, Soft-gluon resummation for squark
and gluino hadroproduction, J. High Energy Phys. 12
(2009) 041.

[72] A. Kulesza and L. Motyka, Soft gluon resummation for the
production of gluino-gluino and squark-antisquark pairs at
the LHC, Phys. Rev. D 80, 095004 (2009).

[73] A. Kulesza and L. Motyka, Threshold Resummation for
Squark-Antisquark and Gluino-Pair Production at the
LHC, Phys. Rev. Lett. 102, 111802 (2009).

[74] W. Beenakker, R. Höpker, M. Spira, and P. Zerwas, Squark
and gluino production at hadron colliders, Nucl. Phys.
B492, 51 (1997).

[75] J. Butterworth et al., PDF4LHC recommendations for
LHC Run II, J. Phys. G 43, 023001 (2016).

[76] ATLAS Collaboration, Vertex reconstruction performance
of the ATLAS detector at

ffiffiffi
s

p ¼ 13 TeV, Report No.
ATL-PHYS-PUB-2015-026, 2015, https://cds.cern.ch/
record/2037717.

[77] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kt
jet clustering algorithm, J. High Energy Phys. 04

(2008) 063.
[78] M. Cacciari, G. P. Salam, and G. Soyez, FastJet user

manual, Eur. Phys. J. C 72, 1896 (2012).
[79] ATLAS Collaboration, Topological cell clustering in the

ATLAS calorimeters and its performance in LHC Run 1,
Eur. Phys. J. C 77, 490 (2017).

[80] ATLAS Collaboration, Jet energy scale measurements and
their systematic uncertainties in proton-proton collisions atffiffiffi
s

p ¼ 13 TeV with the ATLAS detector, Phys. Rev. D 96,
072002 (2017).

[81] ATLAS Collaboration, Selection of jets produced in
13 TeV proton-proton collisions with the ATLAS detector,
Report No. ATLAS-CONF-2015-029, 2015, https://cds
.cern.ch/record/2037702.

[82] ATLAS Collaboration, Tagging and suppression of pileup
jets with the ATLAS detector, Report No. ATLASCONF-
2014-018, 2014, https://cds.cern.ch/record/1700870.

[83] ATLAS Collaboration, ATLAS b-jet identification perfor-
mance and efficiency measurement with tt̄ events in pp
collisions at

ffiffiffi
s

p ¼ 13 TeV, Eur. Phys. J. C 79, 970 (2019).
[84] ATLAS Collaboration, Expected performance of the AT-

LAS b-tagging algorithms in Run-2, Report No. ATL-
PHYS-PUB-2015-022, 2015, https://cds.cern.ch/record/
2037697.

[85] ATLAS Collaboration, Reconstruction, energy calibration,
and identification of hadronically decaying tau leptons in
the ATLAS experiment for Run-2 of the LHC, Report
No. ATL-PHYS-PUB-2015-045, 2015, https://cds.cern.ch/
record/2064383.

[86] T. Barillari et al., Local hadronic calibration, Report
No. ATL-LARG-PUB-2009-001-2, 2008, https://cds.cern
.ch/record/1112035.

[87] ATLAS Collaboration, Reconstruction of hadronic decay
products of tau leptons with the ATLAS experiment, Eur.
Phys. J. C 76, 295 (2016).

[88] ATLAS Collaboration, Identification of hadronic tau
lepton decays using neural networks in the ATLAS experi-
ment, Report No. ATL-PHYS-PUB-2019-033, 2019,
https://cds.cern.ch/record/2688062.

[89] ATLAS Collaboration, Measurement of the tau lepton
reconstruction and identification performance in the AT-
LAS experiment using pp collisions at

ffiffiffi
s

p ¼ 13 TeV,
Report No. ATLAS-CONF-2017-029, 2017, https://cds
.cern.ch/record/2261772.

[90] ATLAS Collaboration, Muon reconstruction performance
of the ATLAS detector in proton-proton collision data atffiffiffi
s

p ¼ 13 TeV, Eur. Phys. J. C 76, 292 (2016).
[91] ATLAS Collaboration, Electron reconstruction and iden-

tification in the ATLAS experiment using the 2015 and
2016 LHC proton-proton collision data at

ffiffiffi
s

p ¼ 13 TeV,
Eur. Phys. J. C 79, 639 (2019).

[92] ATLAS Collaboration, Emiss
T performance in the ATLAS

detector using 2015–2016 LHC pp collisions, Report
No. ATLAS-CONF-2018-023, 2018, https://cds.cern.ch/
record/2625233.

[93] ATLAS Collaboration, Performance of the missing trans-
verse momentum triggers for the ATLAS detector during
Run-2 data taking, J. High Energy Phys. 08 (2020) 080.

[94] ATLAS Collaboration, Configuration and performance of
the ATLAS b-jet triggers in Run 2, arXiv:2106.03584.

[95] G. Cowan, K. Cranmer, E. Gross, and O. Vitells,
Asymptotic formulae for likelihood-based tests of new
physics, Eur. Phys. J. C 71, 1554 (2011); 73, 2501(E) (2013).

[96] C. G. Lester and D. J. Summers, Measuring masses of
semi-invisibly decaying particles pair produced at hadron
colliders, Phys. Lett. B 463, 99 (1999).

[97] C. G. Lester and B. Nachman, Bisection-based asymmetric
MT2 computation: A higher precision calculator than
existing symmetric methods, J. High Energy Phys. 03
(2015) 100.

[98] M. Baak, G. J. Besjes, D. Côté, A. Koutsman, J. Lorenz,
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Villeurbanne, France
99Departamento de Física Teorica C-15 and CIAFF, Universidad Autónoma de Madrid, Madrid, Spain

100Institut für Physik, Universität Mainz, Mainz, Germany
101School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom

102CPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille, France
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146dDepartamento de Física, Universidad Técnica Federico Santa María, Valparaíso, Chile
147Universidade Federal de São João del Rei (UFSJ), São João del Rei, Brazil
148Department of Physics, University of Washington, Seattle, Washington, USA

149Department of Physics and Astronomy, University of Sheffield, Sheffield, United Kingdom
150Department of Physics, Shinshu University, Nagano, Japan
151Department Physik, Universität Siegen, Siegen, Germany

152Department of Physics, Simon Fraser University, Burnaby BC, Canada
153SLAC National Accelerator Laboratory, Stanford, California, USA

154Physics Department, Royal Institute of Technology, Stockholm, Sweden
155Departments of Physics and Astronomy, Stony Brook University, Stony Brook, New York, USA

156Department of Physics and Astronomy, University of Sussex, Brighton, United Kingdom
157School of Physics, University of Sydney, Sydney, Australia

158Institute of Physics, Academia Sinica, Taipei, Taiwan
159aE. Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi State University, Tbilisi, Georgia

159bHigh Energy Physics Institute, Tbilisi State University, Tbilisi, Georgia
160Department of Physics, Technion, Israel Institute of Technology, Haifa, Israel

161Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv, Israel
162Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece

163International Center for Elementary Particle Physics and Department of Physics, University of Tokyo,
Tokyo, Japan

164Graduate School of Science and Technology, Tokyo Metropolitan University, Tokyo, Japan
165Department of Physics, Tokyo Institute of Technology, Tokyo, Japan

166Tomsk State University, Tomsk, Russia
167Department of Physics, University of Toronto, Toronto ON, Canada

168aTRIUMF, Vancouver BC, Canada
168bDepartment of Physics and Astronomy, York University, Toronto ON, Canada

169Division of Physics and Tomonaga Center for the History of the Universe, Faculty of Pure and Applied
Sciences, University of Tsukuba, Tsukuba, Japan

170Department of Physics and Astronomy, Tufts University, Medford, Massachusetts, , USA
171Department of Physics and Astronomy, University of California Irvine, Irvine, California, USA

172Department of Physics and Astronomy, University of Uppsala, Uppsala, Sweden
173Department of Physics, University of Illinois, Urbana, Illinois, USA

174Instituto de Física Corpuscular (IFIC), Centro Mixto Universidad de Valencia—CSIC, Valencia, Spain
175Department of Physics, University of British Columbia, Vancouver BC, Canada

176Department of Physics and Astronomy, University of Victoria, Victoria BC, Canada
177Fakultät für Physik und Astronomie, Julius-Maximilians-Universität Würzburg, Würzburg, Germany

178Department of Physics, University of Warwick, Coventry, United Kingdom
179Waseda University, Tokyo, Japan

180Department of Particle Physics and Astrophysics, Weizmann Institute of Science, Rehovot, Israel
181Department of Physics, University of Wisconsin, Madison, Wisconsin, USA

182Fakultät für Mathematik und Naturwissenschaften, Fachgruppe Physik,
Bergische Universität Wuppertal, Wuppertal, Germany

183Department of Physics, Yale University, New Haven, Connecticut, USA

G. AAD et al. PHYS. REV. D 104, 032014 (2021)

032014-30



aDeceased.
bAlso at Department of Physics, King’s College London, London, United Kingdom.
cAlso at Istanbul University, Dept. of Physics, Istanbul, Turkey.
dAlso at Instituto de Fisica Teorica, IFT-UAM/CSIC, Madrid, Spain.
eAlso at TRIUMF, Vancouver BC, Canada.
fAlso at Department of Physics and Astronomy, University of Louisville, Louisville, Kentucky, USA.
gAlso at Physics Department, An-Najah National University, Nablus, Palestinian Authority.
hAlso at Department of Physics, University of Fribourg, Fribourg, Switzerland.
iAlso at Departament de Fisica de la Universitat Autonoma de Barcelona, Barcelona, Spain.
jAlso at Moscow Institute of Physics and Technology State University, Dolgoprudny, Russia.
kAlso at Department of Physics, Ben Gurion University of the Negev, Beer Sheva, Israel.
lAlso at Universita di Napoli Parthenope, Napoli, Italy.
mAlso at Institute of Particle Physics (IPP), Canada.
nAlso at Department of Physics, St. Petersburg State Polytechnical University, St. Petersburg, Russia.
oAlso at Borough of Manhattan Community College, City University of New York, New York, New York, USA.
pAlso at Department of Physics, California State University, Fresno, USA.
qAlso at Department of Financial and Management Engineering, University of the Aegean, Chios, Greece.
rAlso at Centro Studi e Ricerche Enrico Fermi, Italy.
sAlso at Department of Physics, California State University, East Bay, USA.
tAlso at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona, Spain.
uAlso at Graduate School of Science, Osaka University, Osaka, Japan.
vAlso at Physikalisches Institut, Albert-Ludwigs-Universität Freiburg, Freiburg, Germany.
wAlso at University of Chinese Academy of Sciences (UCAS), Beijing, China.
xAlso at Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan.
yAlso at CERN, Geneva, Switzerland.
zAlso at Joint Institute for Nuclear Research, Dubna, Russia.
aaAlso at Hellenic Open University, Patras, Greece.
bbAlso at Center for High Energy Physics, Peking University, China.
ccAlso at The City College of New York, New York, New York, USA.
ddAlso at Dipartimento di Matematica, Informatica e Fisica, Università di Udine, Udine, Italy.
eeAlso at Department of Physics, California State University, Sacramento, USA.
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