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A search for the direct production of the supersymmetric partners of τ-leptons (staus) in final states
with two hadronically decaying τ-leptons is presented. The analysis uses a dataset of pp collisions
corresponding to an integrated luminosity of 139 fb−1, recorded with the ATLAS detector at the Large
Hadron Collider at a center-of-mass energy of 13 TeV. No significant deviation from the expected Standard
Model background is observed. Limits are derived in scenarios of direct production of stau pairs with each
stau decaying into the stable lightest neutralino and one τ-lepton in simplified models where the two stau
mass eigenstates are degenerate. Stau masses from 120 GeV to 390 GeV are excluded at 95% confidence
level for a massless lightest neutralino.
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I. INTRODUCTION

Supersymmetry (SUSY) [1–7] postulates the existence
of superpartners, referred to as sparticles, whose spin
differs by one half unit from each corresponding
Standard Model (SM) particle. In models that conserve
R-parity [8], sparticles are always produced in pairs, and
the lightest supersymmetric particle (LSP) is stable and is a
dark-matter candidate [9,10].
In SUSY models, the sector of sparticles with only

electroweak interactions contains charginos (χ̃�i , i ¼ 1, 2
in order of increasing masses), neutralinos (χ̃0j , j ¼ 1, 2, 3, 4

in order of increasing masses), charged sleptons (l̃), and
sneutrinos (ν̃). Charginos and neutralinos are the mass
eigenstates formed from linear superpositions of the super-
partners of the charged and neutral Higgs bosons and
electroweak gauge bosons. The sleptons are the super-
partners of the charged leptons and are referred to as left
or right (l̃L or l̃R) depending on the chirality of their SM
partners. The slepton mass eigenstates are a mixture of l̃L

and l̃R, and are labeled as l̃k (k ¼ 1, 2 in order of increasing
mass). In this work, the scalar superpartner of the left-handed
τ-lepton (the stau-left, τ̃L) and right-handed τ-lepton (the
stau-right, τ̃R) are assumed to be mass degenerate.
Final states with τ-leptons originating from stau decays

are of particular interest for SUSY searches. Models with

light staus can lead to a dark-matter relic density consistent
with cosmological observations [11] and light sleptons in
general could play a role in the coannihilation of neutra-
linos [12,13]. Sleptons are expected to have masses of
order 100 GeV in gauge-mediated [14–16] and anomaly-
mediated [17,18] SUSY breaking models.
In some scenarios the direct production rate of sleptons

can greatly exceed the production rate of squarks and
gluinos at the Large Hadron Collider (LHC). In the
simplified models studied in this paper, the lightest neu-
tralino is the LSP and is purely the superpartner of the U(1)
gauge field (the bino) and not admixed with the super-
partner of the SU(2) gauge field (wino). Further, the two
staus are assumed to be mass-degenerate. The stau-left
and stau-right decay each with a 100% branching fraction
into a binolike neutralino and a τ-lepton. All sparticles
other than those explicitly mentioned here are assumed to
be inaccessible at the LHC energy. This paper focuses on
the direct production of a stau pair, leading to the final state
illustrated in Fig. 1.
Signal events are characterized by the presence of

exactly two τ-leptons and large missing transverse momen-
tum due to the undetected neutrinos, as a result of the
τ-lepton decays, and lightest neutralinos. Final states
with exactly two hadronically decaying τ-leptons (τ →
hadrons ντ) are considered.
The search described in this document uses a dataset offfiffiffi
s

p ¼ 13 TeV pp collisions collected with the ATLAS
detector from 2015 to 2018 at the LHC. At LEP [19–24],
searches set a lower limit of 86.6 GeV at 95% confidence
level (C.L.) on the mass of promptly decaying staus.
Similar searches were performed previously by the
ATLAS and CMS Collaborations using data collected atffiffiffi
s

p ¼ 8 TeV in 2012 at the LHC [25,26], with the ATLAS
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result excluding a single τ̃ mass hypothesis of 109 GeV
decaying to a τ-lepton and massless neutralino. CMS has
performed a similar search using an integrated luminosity
of 77.2 fb−1 of

ffiffiffi
s

p ¼ 13 TeV pp collisions and has
excluded degenerate production of τ̃ pairs with mass up
to 150 GeV for a nearly massless neutralino [27].

II. ATLAS DETECTOR

The ATLAS detector [28] is a multipurpose particle
physics detector with forward-backward symmetric cylin-
drical geometry and nearly 4π coverage in solid angle.1 It
features an inner tracking detector (ID) surrounded by a 2 T
superconducting solenoid, electromagnetic and hadronic
calorimeters, and a muon spectrometer (MS). The ID
covers the pseudorapidity region jηj < 2.5 and consists
of a silicon pixel detector, a silicon microstrip detector, and
a transition radiation tracker. One significant upgrade for
the

ffiffiffi
s

p ¼ 13 TeV running period is the presence of the
insertable B-layer [29,30], an additional pixel layer close
to the interaction point which provides high-resolution hits
at a small radius to improve the tracking and vertex
reconstruction performance. The calorimeters are com-
posed of high-granularity liquid-argon (LAr) electromag-
netic calorimeters with lead, copper, or tungsten absorbers
(in the pseudorapidity region jηj < 3.2) and a steel-
scintillator hadronic calorimeter (for jηj < 1.7). The end
cap and forward regions are instrumented with LAr
calorimeters for both the electromagnetic and hadronic
measurements up to jηj ¼ 4.9. The MS surrounds the
calorimeters and consists of three large superconducting
air-core toroidal magnets, each with eight coils, a system of

precision tracking chambers (jηj < 2.7), and detectors for
triggering (jηj < 2.4). A two-level trigger system is used to
select events for recording [31].

III. DATA AND SIMULATED EVENT SAMPLES

After the application of beam, detector, and data quality
requirements, the analyzed dataset corresponds to an
integrated luminosity of 139 fb−1 of pp collision data
recorded from 2015 to 2018 at

ffiffiffi
s

p ¼ 13 TeV. The uncer-
tainty in the combined 2015–2018 integrated luminosity is
1.7% [32], obtained using the LUCID-2 detector [33] for
the primary luminosity measurements. The average number
of interactions per bunch crossing (hμi) for this dataset
ranges from about 10 up to 60, with a mean value of 34.
Monte Carlo (MC) simulated event samples were used to

estimate the SUSY signal yields and to aid in evaluating
the SM backgrounds. Generated SM events were passed
through a detailed detector simulation [34] based on
GEANT4 [35]. SUSY MC events were processed with a
fast detector simulation that parameterizes the response of
the electromagnetic and hadronic calorimeters but uses
GEANT4 for the other detectors. All simulated events were
overlaid with multiple pp collisions (pileup) simulated
with the soft strong-interaction processes of PYTHIA 8.186

[36] using the A3 set of tuned parameters [37] and the
NNPDF23LO [38] parton distribution function (PDF) set.
The simulated events were reconstructed using the same
algorithms as the data, and were reweighted so that the
distribution of the expected number of collisions per bunch
crossing matched the one in the data.

A. Simulated background samples

Events with Z=γ� → llðl ¼ e; μ; τÞ and W → lν pro-
duced with accompanying jets (including jets initiated by
heavy flavor quarks) were generated with SHERPA 2.2.1

[39,40]. Matrix elements (ME) were calculated for up to
two additional partons at NLO and four additional partons at
leading order (LO), using the Comix [41] and OPENLOOPS

[42,43] generators and merged with the SHERPA parton
shower (PS) [44] using the MEþ PS@NLO prescription
[40]. The NNPDF3.0NNLO [45] PDF set was used in
conjunction with a dedicated PS tuning developed by the
SHERPA authors. The W=Z þ jets events were normalized
using their next-to-next-to-leading-order (NNLO) cross
sections [46].
Fully leptonically and semileptonically decaying dibo-

son samples (VV ¼ WW=WZ=ZZ) were simulated with
the SHERPA 2.2.1 and 2.2.2 [39] generator at NLO. In this
setup, multiple matrix elements were matched and merged
with the SHERPA parton shower based on Catani–Seymour
dipole factorization [44] using the MEPS@NLO prescrip-
tion [40,47–49]. The virtual QCD corrections for matrix
elements at NLO accuracy were provided by the
OPENLOOPS library [43]. Samples were generated using

FIG. 1. A diagram illustrating the pair production of staus and
subsequent decay into a two-τ-lepton final state with missing
transverse momentum from the neutralinos.

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 line. The x-axis points from the IP
to the center of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, ϕ) are used in the transverse plane, ϕ
being the azimuthal angle around the z-axis. Observables labeled
transverse refer to the projection into the x-y plane. The
pseudorapidity is defined in terms of the polar angle θ by
η ¼ − ln tanðθ=2Þ.
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the NNPDF3.0NNLO set, along with the dedicated set
of tuned parton-shower parameters developed by the
SHERPA authors.
The production of top-quark pairs (tt̄) and single top

quarks in the Wt and s-channels was performed with
POWHEG-BOX v2 [50–53], with the NNPDF2.3LO [54]
PDF set at NLO in the ME calculations and the ATLAS
underlying-event tune A14 [55]. Electroweak t-channel
single-top-quark events were generated using the
POWHEG-BOX v2 event generator. The PS, fragmentation,
and the underlying event were simulated using PYTHIA 8.186

with the NNPDF2.3LO PDF set and a corresponding set of
A14 tuned parameters. The top-quark mass was set to
172.5 GeV. The tt̄ sample is normalised 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 [56–62]. The cross section for single-top-quark
was computed for the Wt-channel at NLO in QCD with
NNLL soft gluon corrections [63,64], and to NLO in QCD
for the t- and s-channels [63,64]. Top-quark pair production
with an additional W or Z boson was calculated using
MADGRAPH5_aMC@NLO 2.2.2 [65] at NLO in the ME calcu-
lations, while fragmentation and hadronization were simu-
lated with PYTHIA 8.186. The underlying-event tune A14 was
used with the NNPDF2.3LO PDF set, and the cross sections
were normalized using NLO predictions [66,67].
Small contributions from Higgs boson events produced

by gluon-gluon fusion and vector-boson fusion were mod-
eled using POWHEG-BOX v2 with the NNPDF3.0NNLO PDF
and showered using PYTHIA 8.186. Contributions from the
associated production of a Higgs boson with a vector
boson and from a Higgs boson in association with two
top quarks were simulated using PYTHIA 8.186 and
MADGRAPH5_aMC@NLO, respectively. All Higgs boson sam-
ples were normalized to cross sections from Ref. [68].
For all samples showered with PYTHIA 8, EVTGEN 1.2.0

[69] was used to simulate the decays of bottom and
charmed hadrons.

B. Simulated signal samples

Simulated signal samples were generated using
MADGRAPH5_aMC@NLO 2.6.2 interfaced to PYTHIA 8.186 with
the A14 tune for the PS modeling, hadronization, and
underlying event. The ME calculation was performed at
tree level and includes the emission of up to two additional
partons. The NNPDF2.3LO PDF set was used. The ME–PS
matching used the CKKW-L [70] prescription, with a
matching scale set to one quarter of the mass of the
pair of produced particles. Signal cross sections were
calculated to next-to-leading order in the strong coupling
constant, adding the resummation of soft gluon emission at
next-to-leading-logarithm accuracy (NLOþ NLL) using
the PDF4LHC15mc PDF set [71]. The nominal cross
section and its uncertainty were taken from an envelope

of cross section predictions using different PDF sets and
factorization and renormalization scales, as described in
Refs. [71–75].
The masses of all charginos and neutralinos apart from

the χ̃01, were set to 2.5 TeV, thus leaving a single
kinematically allowed decay: τ̃ → χ̃01 τ. The stau-left and
stau-right were combined and have the same mass, which
was varied between 100 and 440 GeV and no mixing was
assumed between the gauge and mass eigenstates. The
mass of the binolike χ̃01 was varied in the range 1–200 GeV.
Reference points with τ̃ masses of 120 GeV, 280 GeV,

and a χ̃01 mass of 1 GeV are used throughout this paper to
illustrate typical features of the SUSY models to which this
analysis is sensitive. The theoretical cross section used at
NLOþ NLL was 140 (50) fb with τ̃Lτ̃L (τ̃Rτ̃R) of 120 GeV,
and 5.8 (2.2) fb with τ̃Lτ̃L (τ̃Rτ̃R) of 280 GeV.

IV. EVENT RECONSTRUCTION

Events with at least one reconstructed primary vertex
[76] are selected. A primary vertex must have at least two
associated charged-particle tracks with transverse momen-
tum pT > 500 MeV and be consistent with the collision
region. In events with multiple primary vertices, the one
with the largest

P
p2
T of the associated tracks is chosen.

Jets are reconstructed from three-dimensional calorim-
eter energy clusters [77] using the anti-kt algorithm [78,79]
with a radius parameter of 0.4. Jet energies are corrected for
detector inhomogeneities, the noncompensating response
of the calorimeter, and the impact of pileup, using factors
derived from test beam and pp collision data, and from a
detailed GEANT4 detector simulation [80]. The impact of
pileup is accounted for using a technique, based on jet
areas, that provides an event-by-event and jet-by-jet cor-
rection [81]. Jets that are likely to have originated from
pileup are not considered in this analysis [82]. The
efficiency of this pileup-rejection selection is approxi-
mately 92%. Jets are required to have pT > 20 GeV and
jηj < 2.8. Events containing jets that are likely to have
arisen from detector noise or cosmic rays are removed.
Jets containing b-hadrons (b-jets) are identified using

the MV2c10 algorithm [83], based on a multivariate
discriminant making use of track impact parameters and
reconstructed secondary vertices [84]. Candidate b-jets are
required to have pT > 20 GeV and jηj < 2.5. A working
point with an average b-tagging efficiency of 77% for
simulated tt̄ events is used. This working point corresponds
to a c-jet and light-jet rejection of 4.9 and 110, respec-
tively [85,86].
Electron candidates are reconstructed by matching clus-

ters in the electromagnetic calorimeter with charged-
particle tracks in the inner detector. Electrons are required
to have pT > 17 GeV and jηj < 2.47, and to satisfy the
“loose” working point according to a likelihood-based
identification [87]. Muon candidates are reconstructed from
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MS tracks matching ID tracks. Muons are required to have
pT > 14 GeV and jηj < 2.7 and fulfill the “medium”
quality criteria of Ref. [88]. Events containing a muon
candidate with a poorly measured charge-to-momentum
ratio (σðq=pÞ=jq=pj > 0.4) are rejected.
Electrons and muons are required to satisfy isolation

criteria to reduce the number of jets misidentified as
charged leptons. The scalar sum of the pT of tracks inside
a variable-size cone around the lepton (excluding its own
track), must be less than 15% of the lepton pT. The track
isolation cone size2 for electrons (muons) ΔR is given by
the minimum of ΔR ¼ 10 GeV=pT and ΔR ¼ 0.2 (0.3). In
addition, for electrons (muons) the sum of the transverse
energy of the calorimeter energy clusters in a cone ofΔR ¼
0.2 around the lepton, excluding the energy from the lepton
itself, must be less than 20% (30%) of the lepton pT.
For electrons with pT > 200 GeV these isolation require-
ments are not applied, and instead an upper limit of
maxð0.015 × pT½GeV�; 3.5 GeVÞ is placed on the trans-
verse energy of the calorimeter energy clusters in a cone of
ΔR ¼ 0.2 around the electron.
The efficiencies for electrons and muons to satisfy the

reconstruction, identification, and isolation criteria are
measured in samples of leptonic Z and J=ψ decays, and
corrections are applied to the simulated samples to repro-
duce the efficiencies in data.
The reconstruction of hadronically decaying τ-leptons is

based on information from tracking in the ID and three-
dimensional clusters of energy in the electromagnetic and
hadronic calorimeters. The τ-lepton reconstruction algo-
rithm is seeded by jets reconstructed as described above but
with pT > 10 GeV and jηj < 2.5. The reconstructed ener-
gies of the hadronically decaying τ-lepton candidates are
corrected to the τ-lepton energy scale, which is calibrated
using simulation and in situ measurements using Z → ττ
decays [89]. The τ-neutrino from the hadronic τ-lepton
decay is not taken into account in the reconstruction
and calibration of the τ-lepton energy and momentum.
Hadronic τ-lepton decay candidates are required to have
one or three associated charged-particle tracks (prongs) and
the total electric charge of those tracks must be �1 times
the electron charge. To improve the discrimination between
hadronically decaying τ-leptons and jets a multivariate
algorithm is used [89]. The τ-lepton identification algo-
rithm is based on a boosted decision tree (BDT) method.
The BDT algorithm uses various track and cluster variables
as input to discriminate between τ-leptons and jets. For
1-prong (3-prong) τ-lepton candidates, the signal efficien-
cies are 75% (60%) and 60% (45%) for the “medium” and
“tight” working points, respectively. In the following,
τ-lepton candidates are required to satisfy the “medium”
identification criteria for jet discrimination (medium

τ-lepton candidates), unless otherwise stated. For electron
discrimination, an additional BDT is trained to discriminate
τ-leptons from electrons and a selection is applied on the
output of the discriminant. This requirement has about 95%
efficiency for selecting τ-leptons, and a background elec-
tron rejection factor from 10 to 50 depending on the η.
The τ-lepton candidates are required to have pT > 20 GeV
and jηj < 2.5, excluding the transition region between the
barrel and end cap calorimeters (1.37 < jηj < 1.52).
The simulation is corrected for differences between the

efficiencies of τ identification in data and simulation at both
trigger and reconstruction level. For hadronically decaying
τ-leptons originating from prompt gauge-boson decays, the
corrections are calculated with a tag-and-probemethod in a
sample of Z → ττ events where one τ-lepton decays
hadronically and the other leptonically into a muon and
two neutrinos [90]. Small differences between data and
simulation for electron, muon, jet identification, and trigger
efficiencies are corrected with scale factors derived in
control regions. For the trigger corrections, dedicated
regions enriched in tt̄, Z, and W events are used.
The measurement of the missing transverse momentum

vector, pmiss
T , and its magnitude, Emiss

T , is based on the
negative vectorial sum of the pT of all identified jets,
τ-lepton candidates, electrons, muons, photons [87], and an
additional soft term. The soft term is constructed from
all high-quality tracks that are associated with the
primary vertex but not with any identified particle or jet.
In this way, the missing transverse momentum is adjusted
for the best calibration of the jets and the other identified
particles, while maintaining pileup independence in the soft
term [91].
Possible double counting of reconstructed objects is

resolved in the following order. The τ-lepton candidates
close to electron or muon candidates (ΔR < 0.2) are
removed, as are electrons that share a track with a muon.
For electrons close to a jet (ΔR < 0.4), the electron is
removed, except when ΔR < 0.2 and the jet is not b-tagged,
in which case the jet is removed. For a muon close to a jet
(ΔR < 0.4), the muon is removed unless the jet has less than
three tracks associated with it and is within ΔR < 0.2. In the
latter case, the jet is removed. Any remaining jet within
ΔR ¼ 0.2 of a τ-lepton candidate is removed.

V. EVENT SELECTION

The events are required to have exactly two medium
τ-lepton candidates with opposite-sign electric charge (OS)
and to have passed either an asymmetric di-τ trigger or a
combined di-τ þ Emiss

T trigger [92]. In events selected by
the di-τ þ Emiss

T trigger, the offline reconstructed Emiss
T must

be larger than 150 GeV, to achieve full trigger efficiency.
In 2015–2017 data the efficiency of the asymmetric di-τ
(di-τ þ Emiss

T ) trigger is 75–80% for events with the leading
τ-lepton candidate pT > 95 (50) GeV and the subleading

2ΔR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔyÞ2 þ ðΔϕÞ2

p
, where y is the rapidity and ϕ the

azimuthal angle.
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τ-lepton candidate pT > 60ð40Þ GeV. The efficiency is
evaluated for events with correctly identified τ-leptons and
the pT thresholds are quoted at reconstruction level. As the
luminosity increased in later years, the trigger selection
was tightened; in 2018 the same efficiency was reached
for the leading τ-lepton candidate pT > 95ð75Þ GeV and
the subleading τ-lepton candidate pT > 75ð40Þ GeV for
the asymmetric di-τ (di-τ þ Emiss

T ) trigger. Events with an
additional third medium τ-lepton or light lepton are
rejected.
The reconstructed invariant mass of the visible decay

products of the two leading τ-lepton candidates, mðτ1; τ2Þ,
must be larger than 120 GeV to remove τ-leptons
originating from decays of low-mass resonances and to
suppress contributions from Z þ jets and Higgs boson
events (Z=H-veto).
In order to further discriminate between SUSY signal

events and SM background processes, additional require-
ments are applied to define the signal region (SR) selec-
tions. To reject events from SM processes containing a top
quark, selected events must not contain any b-tagged jets
(b-jet veto). A lower bound on the stransverse mass mT2
[93,94] is imposed to reduce contributions from tt̄ andWW
events. The mT2 variable is defined as:

mT2¼min
qT

½maxðmT;τ1ðpT;τ1 ;qTÞ;mT;τ2ðpT;τ2 ;p
miss
T −qTÞÞ�;

where pT;τ1 and pT;τ2 are the transverse momenta of the two
τ-lepton candidates, and the transverse momentum vector
of one of the invisible particles, qT, is chosen to minimize
the larger of the two transverse massesmT;τ1 andmT;τ2 . The
latter masses are defined by

mTðpT;qTÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðpTqT − pT · qTÞ

p
:

For tt̄ and WW events, in which two W bosons decay
leptonically and pmiss

T is the sum of the transverse momenta
of the two neutrinos, the mT2 distribution has a kinematic
endpoint at the W boson mass. For large mass differences
between the staus and the lightest neutralino, the mT2
distribution for signal events extends significantly beyond
this endpoint.
The SRs were optimized for stau discovery by varying

the kinematic selection criteria. Events are selected by the
asymmetric di-τ trigger to cover the low stau mass region
(SR-lowMass) and by the di-τ þ Emiss

T trigger to cover
the high stau mass region (SR-highMass), as shown in
Table I. Values of Emiss

T < 150 GeV (Emiss
T > 150 GeV) are

required for SR-lowMass (SR-highMass) to keep the two
SRs orthogonal. Both (at least one) of the τ-lepton
candidates must satisfy the tight identification criteria
for jet discrimination (‘tight’ τ-lepton candidate) for
SR-lowMass (SR-highMass). Values of Emiss

T > 75 GeV
are required for SR-lowMass to increase signal sensitivity.

In addition, the two τ-lepton candidates are required to
satisfy ΔRðτ1; τ2Þ < 3.2, jΔϕðτ1; τ2Þj > 0.8 and mT2 >
70 GeV to further suppress contributions from SM back-
grounds. The product of acceptance and efficiency is
around 0.04% (0.03%) and 0.53% (1.22%) for the refer-
ence points with τ̃ masses of 120 GeV and 280 GeV,
respectively, and a χ̃01 mass of 1 GeV in SR-lowMass
(SR-highMass).

VI. STANDARD MODEL BACKGROUND
ESTIMATION

The main SM processes contributing to the selected final
states are multijet, W þ jets and diboson production.
Background events may contain a combination of “real”
τ-leptons, defined as correctly identified prompt τ-leptons,
or “fake” τ-leptons, which can originate from a misidenti-
fied quark or gluon jet, an electron, or a muon.
In multijet events in the SRs, nearly all τ-lepton

candidates are misidentified jets. The multijet contribution
in the SRs is estimated from data, as described in Sec. VI A.
The contribution arising from heavy-flavor multijet events
containing a real τ-lepton from the heavy-flavor quark
decay is included in the multijet estimation. The contri-
bution of W þ jets events, which contain one real τ-lepton
from theW boson decay and one or more misidentified jets,
is estimated from MC simulation and normalized to data in
a dedicated control region (CR), as described in Sec. VI B.
Diboson production contributes mainly events contain-

ing real τ-leptons originating from WW and ZZ decaying
into a ττνν final state. Additional SM backgrounds arise
from Z þ jets production, or events that contain a top
quark or a top-quark pair in association with jets or
additional W or Z bosons (collectively referred to as
top-quark background in the following). The contribution
from real τ-leptons exceeds 90% in Z þ jets and diboson
production, and ranges from 45% to 75% in backgrounds
containing top quarks according to the MC simulation. The
contribution of fake τ-leptons from heavy-flavor decays in
jets is found to be negligible in MC simulation. To estimate

TABLE I. Summary of selection requirements for the signal
regions.

SR-lowMass SR-highMass

2 tight τ (OS) 2 medium τ (OS), ≥ 1 tight τ
asymmetric di-τ trigger di-τ þ Emiss

T trigger
75 < Emiss

T < 150 GeV Emiss
T > 150 GeV

τpT cut described in Sec. V
light lepton veto and 3rd medium τ veto

b-jet veto
Z=H veto (mðτ1; τ2Þ > 120 GeV)

jΔϕðτ1; τ2Þj > 0.8
ΔRðτ1; τ2Þ < 3.2
mT2 > 70 GeV
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the irreducible background, which includes diboson,
Z þ jets and top-quark events, only MC simulated samples
are used and validated in dedicated validation regions
(VRs), as described in Sec. VI C.
A simultaneous fit of the event yields in the control

regions, based on the profile likelihood method, is per-
formed to normalize the multijet and W þ jets background
estimates and propagate systematic uncertainties, as
described in Sec. VIII. The sources of systematic uncer-
tainty in the background estimates are described in
Sec. VII. Results showing the level of agreement in the
validation regions after the fit are labeled “postfit” and
results shown in the control regions prior to the fit are
labeled “prefit.”

A. Multijet background estimation

One of the dominant backgrounds in the SRs originates
from jets misidentified as τ-leptons in multijet production.
It accounts for 44% (30%) of the total SM contribution
in SR-lowMass (SR-highMass). This contribution is esti-
mated from data using the so-called ABCD method. All
regions used for the ABCD method are schematically
drawn in Fig. 2. Four exclusive regions, labeled as A, B,
C, and D, are defined in a two-dimensional plane as a
function of two (or more) discriminating variables that are
largely uncorrelated. The ratio of events in the regions C
and B is then equal to that in the regions D and A. The
number of multijet events in region D, ND, can therefore be
calculated from the multijet events in region A, NA,
multiplied by the transfer factor T ¼ NC=NB, where NC
(NB) is the number of multijet events in region C (B).
The region D corresponds to the SR defined in Sec. V,
whereas the regions A, B, and C are control regions defined
accordingly. In the following, the regions A, B, C, D
are labeled as CR-A, CR-B, CR-C and SR-lowMass

(or SR-highMass), respectively. The ABCD method only
provides a first-order estimate of multijet background, the
normalization and uncertainty being then modified by a
combined fit to CR-A (lowMass) and CR-A (highMass)
described in Sec. VIII, in which the transfer factor is used as
an input and fixed. The above two-fold method has the
advantages of taking the possibility of contamination
from signal in multijet CR-A into account in the signal
exclusion fit described in Sec. X, as well as considering the
correlation of systematic uncertainties among control
regions and among background processes.
The definition of the regions used in the ABCD method

for the multijet estimation is given in Table II; only those
requirements that differ between the CRs/VRs and the
SRs are listed. In all of the regions, the di-τ þ Emiss

T or
asymmetric di-τ triggers described in Sec. V are used.
CR-A and CR-B include the events with two “loose”
τ-leptons, either same sign (SS) or OS, and veto the events
with two medium OS τ-leptons to remain orthogonal to the
SR and reduce the potential contamination by signal events.
CR-C and CR-B have events with lower mT2 and Emiss

T ;
no ΔRðτ1; τ2Þ requirement is applied. Furthermore, two
sets of VRs, VR-E and VR-F, are defined corresponding to
each SR. The validation regions are used to validate the
extrapolation of the ABCD estimation to the SRs and to
estimate the systematic uncertainty from the residual
correlation between the τ-lepton identification and charge
requirements and the kinematic variable mT2.
The number of multijet events in each control region and

validation region is estimated from data after subtraction of
other SM contributions estimated from MC simulation. In
CR-B and VR-E, respectively, around 96% and 90% (75%
and 79%) of the events are from multijet production in the
lowMass (highMass) region. For CR-A and CR-C, respec-
tively, the multijet purity is 74% and 57% (58% and 53%)

FIG. 2. Illustration of the ABCD method for the multijet background determination for SR-lowMass (left) and SR-highMass (right).
The control regions A, B, C, and signal region D for the ABCD method described in the text (labeled as CR-A, CR-B, CR-C and
SR-lowMass/SR-highMass) are drawn as white boxes. Shown shaded and labeled VR are the regions E and F, which are used to validate
the ABCD method and to estimate the systematic uncertainty. The transfer factor T used in the ABCD method is the ratio of number of
multijet events in the regions C and B.

G. AAD et al. PHYS. REV. D 101, 032009 (2020)

032009-6



in the lowMass (highMass) regions. In VR-F the multijet
purity is 51%.
Good agreement between data and the estimated SM

background is found for the mT2 and Emiss
T distributions in

the validation regions, as shown in Fig. 3.
The contamination from signal in multijet CR-A is

defined as the ratio of the number of signal events to the
sum of the number of signal events and SM background
processes. It ranges from 0.4% (1.2%) to 9.4% (21.4%)
for SR-lowMass (SR-highMass) and is taken into account
in the fit.

The multijet background estimation is also validated
using a different method, the fake-factor method. Fake
factors (FF) are derived in a region enriched in multijet
events consisting of events with two τ-lepton candidates
with the same electric charge. Both τ-lepton candidates are
used to compute the fake factor as the ratio to the number of
leading or subleading τ-lepton candidates satisfying all of
the nominal signal identification criteria over the number
of τ-lepton candidates failing the requirement on the jet-
veto BDT, and are parametrized by the pT, η and Nprong of
the τ-lepton candidates. An observed dependence on the
BDT output score of the second τ-lepton candidate in the
event is also taken into account. The expected number
of multijet events entering a selection is computed by
applying the fake factors to the yields in a set of sideband
regions where either the leading, subleading or both
τ-lepton candidates fail the identification requirements.
The predicted multijet event yields from the ABCD method
and the FF method in both SRs and the multijet VRs agree
within the statistical and systematic uncertainties.

B. W + jets background estimation

The production of W þ jets events with at least one
misidentified τ-lepton accounts for about 25% of the
expected SM background in the two SRs. A dedicated
control region (WCR) is used to normalize the W þ jets
MC estimate to data and another region is used to validate
the W þ jets estimate (W validation region, WVR). To
suppress contamination by multijet events, the WCR is
enriched in events where the W boson decays leptonically
into a muon and a neutrino. Events are selected with a
single-muon trigger using the lowest unprescaled pT
thresholds available. Events containing exactly one muon
and one candidate τ-lepton with opposite electric charge
are selected. The muon is required to have pT > 50 GeV.
The τ-lepton candidate must satisfy the medium τ-lepton
identification criteria and is required to have pT > 60 GeV.
The contribution from events with top quarks is sup-

pressed by rejecting events containing b-tagged jets, and
rejecting events which are kinematically compatible with tt̄
production (top-tagged) through the use of the contra-
nsverse mass variable mCT [95]. The definitions of the
WCR andWVR are given in Table III. The transverse mass
of the μþ Emiss

T system, mT;μ is used to reduce the
contribution from Z þ jets, top-quark, and diboson events.
To further suppress multijet and Z þ jets events, Emiss

T and
ΔRðτ; μÞ cuts are applied. The invariant mass of the muon
and τ-lepton, mðμ; τÞ, and mT;τ þmT;μ are used to improve
theW þ jets purity. Events in theWCR (WVR) are selected
by requiring low (high) mT2.
The multijet contribution in the WCR (WVR) is esti-

mated using the so-called OS–SS method by counting
the number of events in data satisfying the same require-
ments as for the WCR (WVR) but with the electric charge
of the two leptons having the same sign. Events from SM

TABLE II. Definition of the regions used in the ABCD method
for the multijet estimation in the SRs. Only those requirements
that differ between the CRs/VRs and the SRs are listed.

CR–A (lowMass) SR–lowMass

≥2 loose τ 2 tight τ (OS)
<2 medium τ (OS) � � �
ΔRðτ1; τ2Þ < 3.2 ΔRðτ1; τ2Þ < 3.2
75 < Emiss

T < 150 GeV 75 < Emiss
T < 150 GeV

mT2 > 70 GeV mT2 > 70 GeV

VR–E (lowMass) VR–F (lowMass)

≥2 loose τ 2 tight τ (OS)
<2 medium τ (OS) � � �
ΔRðτ1; τ2Þ < 3.2 ΔRðτ1; τ2Þ < 3.2
Emiss
T < 150 GeV Emiss

T < 150 GeV
30 < mT2 < 70 GeV 30 < mT2 < 70 GeV

CR–B (lowMass) CR–C (lowMass)

≥2 loose τ 2 tight τ (OS)
<2 medium τ (OS) � � �
no ΔRðτ1; τ2Þ cut no ΔRðτ1; τ2Þ cut
Emiss
T < 150 GeV Emiss

T < 150 GeV
10 < mT2 < 30 GeV 10 < mT2 < 30 GeV

CR–A (highMass) SR–highMass

≥2 loose τ 2 medium τ (OS)
<2 medium τ (OS) ≥1 tight τ
Emiss
T > 150 GeV Emiss

T > 150 GeV
ΔRðτ1; τ2Þ < 3.2 ΔRðτ1; τ2Þ < 3.2
mT2 > 70 GeV mT2 > 70 GeV

VR–E (highMass) VR–F (highMass)

≥2 loose τ 2 medium τ (OS)
<2 medium τ (OS) ≥1 tight τ
50 < Emiss

T < 100 GeV 50 < Emiss
T < 100 GeV

ΔRðτ1; τ2Þ < 3.2 ΔRðτ1; τ2Þ < 3.2
50 < mT2 < 70 GeV 50 < mT2 < 70 GeV

CR–B (highMass) CR–C (highMass)

≥2 loose τ 2 medium τ (OS)
<2 medium τ (OS) ≥1 tight τ
no ΔRðτ1; τ2Þ cut no ΔRðτ1; τ2Þ cut
50 < Emiss

T < 100 GeV 50 < Emiss
T < 100 GeV

30 < mT2 < 50 GeV 30 < mT2 < 50 GeV
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processes other than multijet production are subtracted
from the data counts in the SS region using MC simulation.
The OS–SS method relies on the fact that in the multijet
background the ratio of SS to OS events is close to unity,
while it is around one-seventh forW þ jets production. The
latter is dominated by gu=gd-initiated processes that often
give rise to a jet originating from a quark, the charge of
which is anticorrelated with the W boson charge. Based on
studies with simulated samples, a systematic uncertainty of
100% is assigned to the multijet estimate in the WCR.
The purity of the W þ jets selection is around 79%

(69%) in the WCR (WVR). The prefit mT2 distribution in
the WCR is shown in Fig. 4, and good agreement, both
for the normalization and shape, between data and SM
predictions is observed. The contamination from signal in
the WCR and WVR is negligible.

C. Irreducible background estimation

Irreducible SM backgrounds arise mainly from tt̄, single
top quark, tt̄þ V, Z þ jets, and multiboson (diboson (WW,
WZ and ZZ), triboson (VVV)) and Higgs boson. They are

estimated with MC simulation. Other SM backgrounds are
found to be negligible.
The total contribution from tt̄, single top quarks,

tt̄þ V and Z þ jets amounts to about 8% and 20% of the
total background in SR-lowMass and SR-highMass, respec-
tively. The diboson background accounts for 23–25% of the
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FIG. 3. The mT2 (top) and Emiss
T (bottom) postfit distributions in the multijet background validation region VR-F (lowMass) at left and

VR-F (highMass) at right. The stacked histograms show the contribution of each relevant SM process. The multijet shape is taken from
VR-E in the ABCD method and the normalization is determined by the transfer factor T and rescaled by a correction factor determined
by the background-only fit to data, described in Sec. VIII. The hatched bands represent the combined statistical and systematic
uncertainties in the sum of the SM backgrounds shown. For illustration, the distributions from the SUSY reference points (defined in
Sec. III) are also shown as dashed lines.

TABLE III. Summary of selection requirements for the W
control (WCR) and validation (WVR) regions.

WCR WVR

1 medium τ and 1 isolated μ (OS)
single-muon trigger

pTðτÞ > 60 GeV, pTðμÞ > 50 GeV
Emiss
T > 60 GeV

b-jet veto and top-tagged events veto
mðμ; τÞ > 70 GeV
1 < ΔRðμ; τÞ < 3.5

50 < mT;μ < 150 GeV
mT;μ þmT;τ > 250 GeV

30 < mT2 < 70 GeV mT2 > 70 GeV
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total SM contribution in the SRs and mainly arises from
WW → τντν and ZZ → ττνν events, in which more than
96% of the contribution is from events with two real
τ-leptons according to the MC simulation.
The MC estimates are validated in regions enriched in

Z þ jets, top-quark, and multiboson events. For these
validation regions, events are required to pass either the
combined di-τ þ Emiss

T trigger or the asymmetric di-τ
trigger with the same offline threshold as described in
Table IV. Events are required to have at least two τ-lepton
candidates satisfying the medium τ-lepton identification
criteria with opposite electric charge, and at least one
τ-lepton candidate must satisfy the “tight” τ-lepton iden-
tification criteria in order to be close to the SRs. In the
top-quark validation regions (TVR), to increase the con-
tribution from top-quark events, events must satisfy the
requirement ΔRðτ1; τ2Þ > 1.2 and contain at least one

b-tagged jet with pT > 20 GeV. In order to be close to
the SRs, mT2 > 60 GeV is required. In the Z þ jets
and multiboson validation regions (ZVR, VVVR), in order
to suppress top-quark backgrounds, events containing
b-tagged jets are vetoed. To further enhance the purity
of Z þ jets events, ΔRðτ1; τ2Þ, mðτ1; τ2Þ and mT2 require-
ments are applied. Further, mðτ1; τ2Þ, mT;τ1 þmT;τ2 and
mT2 cuts are applied in order to enhance multiboson purity.
The ZVRs, TVRs and VVVRs requirements are summa-
rized in Table IV.
The data event yields and the SM predictions in the

W þ jets (WVR), top quark (TVR), Z þ jets (ZVR) and
multiboson (VVVR) validation regions are shown in Fig. 5.
The data and SM prediction in each validation region
agree within the uncertainties. The purity of the selection
in Z þ jets and tt̄ (multiboson) events is 83%–96%
(47%–71%) in the respective validation regions.

VII. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties have an impact on the estimates
of the background and signal event yields in the control and
signal regions. Uncertainties arising from experimental and
theoretical sources are estimated.
The main sources of experimental systematic uncertainty

in the SM background estimates include τ-lepton and jet
energy scale and resolution, τ-lepton identification, pileup,
and uncertainties related to the modeling of Emiss

T in the
simulation. The uncertainties in the energy and momentum
scale of each of the objects entering the Emiss

T calculation
are estimated, as well as the uncertainties in the soft-term
resolution and scale. A pileup reweighting procedure is
applied to simulation to match the distribution of the
number of reconstructed vertices observed in data [96].
The corresponding uncertainty is derived by a reweighting
in which <μ> is varied by �4%. The main contributions
to experimental systematic uncertainties in the SRs are
from the τ-lepton identification and energy scale [89],
and jet energy scale and resolution. Systematic uncertain-
ties associated with the τ-lepton triggers are also included
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FIG. 4. The prefit mT2 distribution in the WCR. The SM
backgrounds other than multijet production are estimated from
MC simulation. The multijet contribution is estimated from data
using the OS–SS method. The hatched bands represent the
combined statistical and systematic uncertainties of the total
SM background. For illustration, the distributions from the SUSY
reference points defined in Sec. III are also shown as dashed lines.

TABLE IV. Summary of selection requirements for top quark (TVR), Z þ jets (ZVR) and multiboson (VVVR) validation regions.

Selections TVR ZVR VVVR TVR ZVR VVVR
-lowMass -lowMass -lowMass -highMass -highMass -highMass

≥2 medium τ (OS), ≥1 tight τ
≥1b-jet b-jet veto ≥1b-jet b-jet veto

mðτ1; τ2Þ � � � <70 GeV <110 GeV � � � <60 GeV <110 GeV
ΔRðτ1; τ2Þ >1.2 <1 � � � >1.2 <1 � � �
mT;τ1 þmT;τ2 � � � � � � >250 GeV � � � � � � >200 GeV
mT2 >60 GeV <60 GeV >60 GeV >60 GeV <60 GeV >60 GeV

Trigger asymmetric di-τ trigger di-τ þ Emiss
T trigger

60 < Emiss
T <150 GeV Emiss

T >150 GeV
τpT and Emiss

T cuts described in Sec. V
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with the τ-lepton identification. Other contributions are
less than 3%.
Theoretical uncertainties affecting the SHERPA MC event

generator predictions, for the W þ jets, Z þ jets and multi-
boson samples, are estimated by varying the PDF sets
following the PDF4LHC recommendations [97] as well as
the seven variations of the QCD renormalization and
factorization scales in the matrix element by factors of 2
and 0.5 avoiding variations in opposite direction [98]. For tt̄
production, uncertainties in the parton shower simulation,
modeling of initial- and final-state radiation, and associated
with the choice of event generator are considered. The
theory uncertainties are implemented as a separate nuisance
parameter for each scale variation and process; they are not
constrained. The theory uncertainty in W þ jets (multi-
boson) production is mainly due to the QCD renormaliza-
tion scale variation, which amounts to 2%—3% (5%—6%)
compared to the total background yield.
The following sources of uncertainty are considered for

the ABCD method used to determine the multijet back-
ground: the correlation among the τ-lepton identification,
the charge requirement, and the kinematic variablemT2, the
limited number of events in the CRs, and the subtraction of

other SM backgrounds. The systematic uncertainty in the
correlation is estimated by comparing the transfer factor
from CR-B to CR-C to that of VR-E to VR-F. The
combined experimental systematic uncertainty and theory
uncertainty in the nonmultijet background subtraction in
the control regions is estimated by considering the sys-
tematic uncertainty of the MC estimates of the nonmultijet
background in these regions. These uncertainties are
negligible due to high multijet purity in the CRs. The
statistical uncertainty of the event yields in the control
regions is propagated to the signal regions as a systematic
uncertainty.
The systematic uncertainties of the background estimates

in the SRs are summarized in Table V. The dominant
uncertainties in the SRs are the statistical uncertainty of
the MC predictions (11%–21%), τ-lepton identification
and energy scale (10%–19%), and multijet background
normalization (8%–12%).
The total uncertainty in the signal yields for the SUSY

reference points defined in Sec. III is about 17%–31%.
The dominant uncertainties in the SRs are from τ-lepton
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FIG. 5. The postfit yields in the WVR, TVRs, ZVRs and
VVVRs. The SM backgrounds other than multijet production are
estimated from MC simulation. The multijet contribution is
negligible and is estimated from data using the ABCD method,
using CRs obtained with the same technique used for the SRs,
and described in Sec. VI A. The hatched bands represent the
combined statistical and systematic uncertainties of the total
SM background. The background-only fit to data is used,
described in Sec. VIII. For illustration, the distributions from
the SUSY reference points (defined in Sec. III) are also shown as
dashed lines. The lower panel shows the ratio of data to the SM
background estimate.

TABLE V. The postfit relative systematic uncertainty (%) in the
background estimate (signal reference points) in the SR-lowMass
and SR-highMass regions from the leading sources at top
(bottom). Uncertainties from different sources in the background
estimate may be correlated, and do not necessarily add in
quadrature to the total uncertainty.

Source of systematic uncertainty
on background prediction

SR-lowMass
[%]

SR-highMass
[%]

Statistical uncertainty of MC
samples

11 21

τ-lepton identification and
energy scale

19 10

Normalization uncertainties of
the multijet background

12 8

Multijet estimation 4 10
Jet energy scale and resolution 5 8
Diboson theory uncertainty 5 6
W þ jets theory uncertainty 2 3
Emiss
T soft-term resolution and scale 2 2

Total 28 32

Source of systematic uncertainty
on signal prediction

SR-lowMass
[%]

SR-highMass
[%]

mðτ̃; χ̃01Þ [GeV] (120, 1) (280, 1)
τ-lepton identification and
energy scale

29 14

Statistical uncertainty of
MC samples

6 10

Jet energy scale and resolution 3 2
Signal cross section uncertainty 2 2
Emiss
T soft-term resolution and scale 3 <1

Total 31 17
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identification and the τ-lepton energy scale (14%–29%)
and the statistical uncertainty of the signal MC predictions
(6%–10%). The cross section uncertainty is taken into
account as the main source of the signal modeling theo-
retical uncertainty; and it varies from 2% to 3% for the
SUSY models considered.

VIII. STATISTICAL ANALYSIS

The statistical interpretation of the results is performed
using the profile likelihood method implemented in the
HistFitter framework [99]. The likelihood function is a
product of the probability density functions for every
region contributing to the fit. The number of events in a
given CR or SR is described using a Poisson distribution,
the mean of which is the sum of the expected contributions
from all background and signal sources. The systematic
uncertainties in the expected event yields are included as

nuisance parameters and are assumed to follow a Gaussian
distribution with a width determined by the size of the
uncertainty. Correlations between control and signal
regions, and among background processes are taken into
account through common nuisance parameters. The fit
parameters are determined by maximizing the product of
the Poisson probability functions and the Gaussian prob-
ability constraints for the nuisance parameters.
Three types of fits are performed for the combined

SR-lowMass and SR-highMass regions.
(i) The background-only fit uses as input the number

of observed events and expected SM contributions
in the multijet CR-A and WCR as well as the
transfer factors, which relate the number of multi-
jet or W þ jets events in the control regions to the
number in the signal regions. The free parameters
in the fit are the normalizations of theW þ jets and

TABLE VI. Observed and expected numbers of events in the control and signal regions. The expected event yields of SM processes
are given after the background-only fit described in Sec. VIII. The entries marked as “–” are negligible. The uncertainties correspond to
the sum in quadrature of statistical and systematic uncertainties. The correlation of systematic uncertainties among control regions and
among background processes is fully taken into account.

SM process Multijet CR-A Multijet CR-A WCR SR SR
-lowMass -highMass -lowMass -highMass

Diboson 1.4� 0.6 1.9� 1.0 63� 21 1.4� 0.8 2.6� 1.4
W þ jets 13� 4 4þ7

−4 850� 70 1.5� 0.7 2.5� 1.8
Top quark 2.7� 0.9 3.3� 1.6 170� 40 0.04þ0.80

−0.04 2.0� 0.6

Z þ jets 0.25þ1.43
−0.25 1.5� 0.8 13� 7 0.4þ0.5

−0.4 0.05þ0.13
−0.05

Multijet 55� 10 16� 6 – 2.6� 0.7 3.1� 1.4

SM total 72� 8 27� 5 1099� 33 6.0� 1.7 10.2� 3.3

Observed 72 27 1099 10 7
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FIG. 6. The postfit mT2 distribution for SR-lowMass (left) and SR-highMass (right). The stacked histograms show the expected SM
backgrounds. The multijet contribution is estimated from data using the ABCD method. The contributions of multijet and W þ jets
events are scaled with the corresponding normalization factors derived from the background-only fit described in Sec. VIII. The hatched
bands represent the sum in quadrature of systematic and statistical uncertainties of the total SM background. For illustration,
the distributions from the SUSY reference points (defined in Sec. III) are also shown as dashed lines. The last bin includes the
overflow events.
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multijet contributions. The signal is assumed to be
absent in this fit.

(ii) A model-independent limit fit combines the data
event yield in a given SR with the SM background
estimate and its uncertainties to test whether any
non-SM signal contributes to the SR. The signifi-
cance of a possible excess of observed events over
the SM prediction is quantified by the one-sided
probability, pðsignal ¼ 0Þ denoted by p0, of the
background alone to fluctuate to the observed
number of events or higher using the asymptotic
formula described in Ref. [100]. The background
yields and uncertainties are taken from the back-
ground-only fit results. The presence of a non-SM
signal would manifest itself as a small p0 value.

(iii) In the model-dependent limit fit the SUSY signal is
allowed to populate both the signal regions and the
control regions, and it is scaled by a freely floating
signal normalization factor. The background nor-
malization factors are also determined simultane-
ously in the fit. A SUSY model with a specific set of
sparticle masses is rejected if 95% C.L. upper limit
on the signal normalization factor obtained in this fit
is smaller than unity.

IX. RESULTS

The observed number of events in each control, and
signal region and the expected contributions from SM
processes are given in Table VI. The contributions of
multijet and W þ jets events are scaled with the normali-
zation factors obtained from the background-only fit
described in Sec. VIII. The multijet normalization in the
SR is 1.03 times the prediction from the ABCDmethod and
has an uncertainty of around 28%, due to the small number
of observed events in the multijet CR-A. The W þ jets
normalization is 0.91� 0.12. The mT2 distributions are
shown in Fig. 6 for data, expected SM backgrounds, and
the SUSY reference points defined in Sec. III. In both
signal regions, observations and background predictions
are found to be compatible within uncertainties.
Individual model-independent fits of the SR-lowMass

and SR-highMass are used to derive the one-sided p0-
values. In addition, the observed and expected 95% C.L.
upper limits on the visible non-SM cross section (σ95vis) are
derived using the same model-independent fits. The σ95vis is
defined as the product of acceptance, reconstruction effi-
ciency and production cross section, obtained normalizing
the limit on the non-SM yield in the SR by the integrated
luminosity of the data sample. These results are shown
in Table VII. All limits are calculated using the CLs
prescription [101].

X. INTERPRETATION

In the absence of a significant excess over the expected
SM background, the observed and expected numbers
of events in the signal regions are used to set exclusion
limits at 95% C.L. using the model-dependent limit fit.
The exclusion limits for the combined SR-lowMass and
SR-highMass for the simplified models described in
Sec. III are shown in Fig. 7. The solid (dashed) lines show
the observed (expected) exclusion contours. The band

TABLE VII. Expected event yields for the SUSY reference
points (defined in Sec. III) are shown along with the one-sided
p0-values, and the observed and expected 95% C.L. upper limits
on the visible non-SM cross section (σ95vis) are given. Values of
p0 > 0.5 are truncated at p0 ¼ 0.5.

SR-lowMass SR-highMass

mðτ̃; χ̃01Þ ¼ ð120; 1Þ GeV 9.8� 3.0 7.2� 2.2
mðτ̃; χ̃01Þ ¼ ð280; 1Þ GeV 6.1� 1.5 14.4� 2.5
p0 0.11 0.50
Expected σ95vis [fb] 0.055þ0.025

−0.014 0.065þ0.025
−0.019

Observed σ95vis [fb] 0.08 0.05
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FIG. 7. The 95% C.L. exclusion contours for the combined fit of SR-lowMass and SR-highMass for simplified models with
(a) combined τ̃þR;Lτ̃

−
R;L production and (b) τ̃þL τ̃

−
L only production. The text provides details of exclusion curves and uncertainty bands.
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around the expected limit shows the �1σ variations,
including all uncertainties except theoretical uncertainties
in the signal cross section. The dotted lines around the
observed limit indicate the sensitivity to �1σ variations of
the theoretical uncertainties in the signal cross section.
Stau masses from 120 GeV to 390 GeVare excluded for

a massless lightest neutralino in the scenario of combined
stau-left and stau-right τ̃þR;Lτ̃

−
R;L production. For stau-left

pair production only, τ̃þL τ̃
−
L, the exclusion region extends

from 155 GeV to 310 GeV. While the stau-left pairs have a
higher production cross section, the stau-right pairs have a
higher efficiency times acceptance due to kinematic
differences in the resulting decay products.
These limits extend significantly beyond previous results

[25,27,102,103] in the high τ̃ mass region.
Uncertainties in each background from scale variations

are fully correlated across regions and bins, and uncorre-
lated between processes. In some cases this may result in
uncertainties canceling out, while the higher-order correc-
tions may not cancel out. A different fit with scale
variations uncorrelated in all bins results in a less than
1% change in the limits on the excluded cross section near
the edge of exclusion for combined left and right τ̃ τ̃
production.

XI. CONCLUSION

Searches for stau-pair production in events with at least
two hadronically decaying τ-leptons and missing transverse
momentum were performed using 139 fb−1 of pp collision
data at

ffiffiffi
s

p ¼ 13 TeV recorded with the ATLAS detector at
the LHC. Agreement between data and SM predictions is
observed in two optimized signal regions. The results are
used to set limits on the visible cross section for events
beyond the Standard Model in each signal region.
Exclusion limits are placed on parameters of simplified

electroweak supersymmetry models in scenarios of stau-
pair production. Stau masses from 120 GeV to 390 GeV
are excluded for a massless lightest neutralino in the
scenario of direct production of stau pairs, with each stau
decaying into the lightest neutralino and one τ-lepton.
These limits extend significantly beyond previous results
by the ATLAS and CMS experiments in the high τ̃ mass
region.
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Y. Jiang,60a Z. Jiang,153,gg S. Jiggins,52 F. A. Jimenez Morales,38 J. Jimenez Pena,114 S. Jin,15c A. Jinaru,27b O. Jinnouchi,165

H. Jivan,33d P. Johansson,149 K. A. Johns,7 C. A. Johnson,65 K. Jon-And,45a,45b R.W. L. Jones,89 S. D. Jones,156 S. Jones,7

T. J. Jones,90 J. Jongmanns,61a P. M. Jorge,140a J. Jovicevic,36 X. Ju,18 J. J. Junggeburth,114 A. Juste Rozas,14,x

A. Kaczmarska,84 M. Kado,72a,72b H. Kagan,126 M. Kagan,153 C. Kahra,99 T. Kaji,179 E. Kajomovitz,160 C.W. Kalderon,96

A. Kaluza,99 A. Kamenshchikov,122 M. Kaneda,163 L. Kanjir,91 Y. Kano,163 V. A. Kantserov,111 J. Kanzaki,81 L. S. Kaplan,181

D. Kar,33d K. Karava,135 M. J. Kareem,168b S. N. Karpov,79 Z. M. Karpova,79 V. Kartvelishvili,89 A. N. Karyukhin,122

L. Kashif,181 R. D. Kass,126 A. Kastanas,45a,45b C. Kato,60d,60c J. Katzy,46 K. Kawade,150 K. Kawagoe,87 T. Kawaguchi,116

T. Kawamoto,163 G. Kawamura,53 E. F. Kay,176 V. F. Kazanin,121b,121a R. Keeler,176 R. Kehoe,42 J. S. Keller,34

E. Kellermann,96 D. Kelsey,156 J. J. Kempster,21 J. Kendrick,21 O. Kepka,141 S. Kersten,182 B. P. Kerševan,91

S. Ketabchi Haghighat,167 M. Khader,173 F. Khalil-Zada,13 M. Khandoga,145 A. Khanov,129 A. G. Kharlamov,121b,121a

T. Kharlamova,121b,121a E. E. Khoda,175 A. Khodinov,166 T. J. Khoo,54 E. Khramov,79 J. Khubua,159b S. Kido,82 M. Kiehn,54

C. R. Kilby,93 Y. K. Kim,37 N. Kimura,94 O. M. Kind,19 B. T. King,90,a D. Kirchmeier,48 J. Kirk,144 A. E. Kiryunin,114

T. Kishimoto,163 D. P. Kisliuk,167 V. Kitali,46 O. Kivernyk,5 T. Klapdor-Kleingrothaus,52 M. Klassen,61a M. H. Klein,105

M. Klein,90 U. Klein,90 K. Kleinknecht,99 P. Klimek,120 A. Klimentov,29 T. Klingl,24 T. Klioutchnikova,36 F. F. Klitzner,113

P. Kluit,119 S. Kluth,114 E. Kneringer,76 E. B. F. G. Knoops,101 A. Knue,52 D. Kobayashi,87 T. Kobayashi,163 M. Kobel,48

M. Kocian,153 P. Kodys,143 P. T. Koenig,24 T. Koffas,34 N. M. Köhler,36 T. Koi,153 M. Kolb,61b I. Koletsou,5 T. Komarek,130

T. Kondo,81 N. Kondrashova,60c K. Köneke,52 A. C. König,118 T. Kono,125 R. Konoplich,124,hh V. Konstantinides,94

N. Konstantinidis,94 B. Konya,96 R. Kopeliansky,65 S. Koperny,83a K. Korcyl,84 K. Kordas,162 G. Koren,161 A. Korn,94

I. Korolkov,14 E. V. Korolkova,149 N. Korotkova,112 O. Kortner,114 S. Kortner,114 T. Kosek,143 V. V. Kostyukhin,166,166

A. Kotwal,49 A. Koulouris,10 A. Kourkoumeli-Charalampidi,70a,70b C. Kourkoumelis,9 E. Kourlitis,149 V. Kouskoura,29

A. B. Kowalewska,84 R. Kowalewski,176 C. Kozakai,163 W. Kozanecki,145 A. S. Kozhin,122 V. A. Kramarenko,112

G. Kramberger,91 D. Krasnopevtsev,60a M.W. Krasny,136 A. Krasznahorkay,36 D. Krauss,114 J. A. Kremer,83a

J. Kretzschmar,90 P. Krieger,167 F. Krieter,113 A. Krishnan,61b K. Krizka,18 K. Kroeninger,47 H. Kroha,114 J. Kroll,141

J. Kroll,137 J. Krstic,16 U. Kruchonak,79 H. Krüger,24 N. Krumnack,78 M. C. Kruse,49 J. A. Krzysiak,84 T. Kubota,104

O. Kuchinskaia,166 S. Kuday,4b J. T. Kuechler,46 S. Kuehn,36 A. Kugel,61a T. Kuhl,46 V. Kukhtin,79 R. Kukla,101

Y. Kulchitsky,107,ii S. Kuleshov,147c Y. P. Kulinich,173 M. Kuna,58 T. Kunigo,85 A. Kupco,141 T. Kupfer,47 O. Kuprash,52

H. Kurashige,82 L. L. Kurchaninov,168a Y. A. Kurochkin,107 A. Kurova,111 M. G. Kurth,15a,15d E. S. Kuwertz,36 M. Kuze,165

A. K. Kvam,148 J. Kvita,130 T. Kwan,103 A. La Rosa,114 L. La Rotonda,41b,41a F. La Ruffa,41b,41a C. Lacasta,174 F. Lacava,72a,72b

D. P. J. Lack,100 H. Lacker,19 D. Lacour,136 E. Ladygin,79 R. Lafaye,5 B. Laforge,136 T. Lagouri,33d S. Lai,53 S. Lammers,65

W. Lampl,7 C. Lampoudis,162 E. Lançon,29 U. Landgraf,52 M. P. J. Landon,92 M. C. Lanfermann,54 V. S. Lang,46

J. C. Lange,53 R. J. Langenberg,36 A. J. Lankford,171 F. Lanni,29 K. Lantzsch,24 A. Lanza,70a A. Lapertosa,55b,55a

S. Laplace,136 J. F. Laporte,145 T. Lari,68a F. Lasagni Manghi,23b,23a M. Lassnig,36 T. S. Lau,63a A. Laudrain,132 A. Laurier,34

M. Lavorgna,69a,69b S. D. Lawlor,93 M. Lazzaroni,68a,68b B. Le,104 E. Le Guirriec,101 M. LeBlanc,7 T. LeCompte,6

F. Ledroit-Guillon,58 A. C. A. Lee,94 C. A. Lee,29 G. R. Lee,17 L. Lee,59 S. C. Lee,158 S. J. Lee,34 B. Lefebvre,168a

M. Lefebvre,176 F. Legger,113 C. Leggett,18 K. Lehmann,152 N. Lehmann,182 G. Lehmann Miotto,36 W. A. Leight,46

A. Leisos,162,jj M. A. L. Leite,80d C. E. Leitgeb,113 R. Leitner,143 D. Lellouch,180,a K. J. C. Leney,42 T. Lenz,24 B. Lenzi,36

R. Leone,7 S. Leone,71a C. Leonidopoulos,50 A. Leopold,136 G. Lerner,156 C. Leroy,109 R. Les,167 C. G. Lester,32

M. Levchenko,138 J. Levêque,5 D. Levin,105 L. J. Levinson,180 D. J. Lewis,21 B. Li,15b B. Li,105 C-Q. Li,60a F. Li,60c H. Li,60a

H. Li,60b J. Li,60c K. Li,153 L. Li,60c M. Li,15a,15d Q. Li,15a,15d Q. Y. Li,60a S. Li,60d,60c X. Li,46 Y. Li,46 Z. Li,60b Z. Liang,15a

B. Liberti,73a A. Liblong,167 K. Lie,63c C. Y. Lin,32 K. Lin,106 T. H. Lin,99 R. A. Linck,65 J. H. Lindon,21 A. L. Lionti,54

E. Lipeles,137 A. Lipniacka,17 M. Lisovyi,61b T. M. Liss,173,kk A. Lister,175 A. M. Litke,146 J. D. Little,8 B. Liu,78 B. L. Liu,6

H. B. Liu,29 H. Liu,105 J. B. Liu,60a J. K. K. Liu,135 K. Liu,136 M. Liu,60a P. Liu,18 Y. Liu,15a,15d Y. L. Liu,105 Y.W. Liu,60a

G. AAD et al. PHYS. REV. D 101, 032009 (2020)

032009-20



M. Livan,70a,70b A. Lleres,58 J. Llorente Merino,152 S. L. Lloyd,92 C. Y. Lo,63b F. Lo Sterzo,42 E. M. Lobodzinska,46 P. Loch,7

S. Loffredo,73a,73b T. Lohse,19 K. Lohwasser,149 M. Lokajicek,141 J. D. Long,173 R. E. Long,89 L. Longo,36 K. A. Looper,126

J. A. Lopez,147c I. Lopez Paz,100 A. Lopez Solis,149 J. Lorenz,113 N. Lorenzo Martinez,5 M. Losada,22 P. J. Lösel,113

A. Lösle,52 X. Lou,46 X. Lou,15a A. Lounis,132 J. Love,6 P. A. Love,89 J. J. Lozano Bahilo,174 M. Lu,60a Y. J. Lu,64

H. J. Lubatti,148 C. Luci,72a,72b A. Lucotte,58 C. Luedtke,52 F. Luehring,65 I. Luise,136 L. Luminari,72a B. Lund-Jensen,154

M. S. Lutz,102 D. Lynn,29 R. Lysak,141 E. Lytken,96 F. Lyu,15a V. Lyubushkin,79 T. Lyubushkina,79 H. Ma,29 L. L. Ma,60b

Y. Ma,60b G. Maccarrone,51 A. Macchiolo,114 C. M. Macdonald,149 J. Machado Miguens,137 D. Madaffari,174 R. Madar,38

W. F. Mader,48 N. Madysa,48 J. Maeda,82 S. Maeland,17 T. Maeno,29 M. Maerker,48 A. S. Maevskiy,112 V. Magerl,52

N. Magini,78 D. J. Mahon,39 C. Maidantchik,80b T. Maier,113 A. Maio,140a,140b,140d K. Maj,83a O. Majersky,28a S. Majewski,131

Y. Makida,81 N. Makovec,132 B. Malaescu,136 Pa. Malecki,84 V. P. Maleev,138 F. Malek,58 U. Mallik,77 D. Malon,6

C. Malone,32 S. Maltezos,10 S. Malyukov,79 J. Mamuzic,174 G. Mancini,51 I. Mandić,91 L. Manhaes de Andrade Filho,80a

I. M. Maniatis,162 J. Manjarres Ramos,48 K. H. Mankinen,96 A. Mann,113 A. Manousos,76 B. Mansoulie,145 I. Manthos,162

S. Manzoni,119 A. Marantis,162 G. Marceca,30 L. Marchese,135 G. Marchiori,136 M. Marcisovsky,141 C. Marcon,96

C. A. Marin Tobon,36 M. Marjanovic,128 Z. Marshall,18 M. U. F. Martensson,172 S. Marti-Garcia,174 C. B. Martin,126

T. A. Martin,178 V. J. Martin,50 B. Martin dit Latour,17 L. Martinelli,74a,74b M. Martinez,14,x V. I. Martinez Outschoorn,102

S. Martin-Haugh,144 V. S. Martoiu,27b A. C. Martyniuk,94 A. Marzin,36 S. R. Maschek,114 L. Masetti,99 T. Mashimo,163

R. Mashinistov,110 J. Masik,100 A. L. Maslennikov,121b,121a L. Massa,73a,73b P. Massarotti,69a,69b P. Mastrandrea,71a,71b

A. Mastroberardino,41b,41a T. Masubuchi,163 D. Matakias,10 A. Matic,113 P. Mättig,24 J. Maurer,27b B. Maček,91

D. A. Maximov,121b,121a R. Mazini,158 I. Maznas,162 S. M. Mazza,146 S. P. Mc Kee,105 T. G. McCarthy,114

W. P. McCormack,18 E. F. McDonald,104 J. A. Mcfayden,36 G. Mchedlidze,159b M. A. McKay,42 K. D. McLean,176

S. J. McMahon,144 P. C. McNamara,104 C. J. McNicol,178 R. A. McPherson,176,q J. E. Mdhluli,33d Z. A. Meadows,102

S. Meehan,36 T. Megy,52 S. Mehlhase,113 A. Mehta,90 T. Meideck,58 B. Meirose,43 D. Melini,174 B. R. Mellado Garcia,33d

J. D. Mellenthin,53 M. Melo,28a F. Meloni,46 A. Melzer,24 S. B. Menary,100 E. D. Mendes Gouveia,140a,140e L. Meng,36

X. T. Meng,105 S. Menke,114 E. Meoni,41b,41a S. Mergelmeyer,19 S. A. M. Merkt,139 C. Merlassino,20 P. Mermod,54

L. Merola,69a,69b C. Meroni,68a O. Meshkov,112,110 J. K. R. Meshreki,151 A. Messina,72a,72b J. Metcalfe,6 A. S. Mete,171

C. Meyer,65 J. Meyer,160 J-P. Meyer,145 H. Meyer Zu Theenhausen,61a F. Miano,156 M. Michetti,19 R. P. Middleton,144

L. Mijović,50 G. Mikenberg,180 M. Mikestikova,141 M. Mikuž,91 H. Mildner,149 M. Milesi,104 A. Milic,167 D. A. Millar,92

D.W. Miller,37 A. Milov,180 D. A. Milstead,45a,45b R. A. Mina,153,gg A. A. Minaenko,122 M. Miñano Moya,174

I. A. Minashvili,159b A. I. Mincer,124 B. Mindur,83a M. Mineev,79 Y. Minegishi,163 L. M. Mir,14 A. Mirto,67a,67b

K. P. Mistry,137 T. Mitani,179 J. Mitrevski,113 V. A. Mitsou,174 M. Mittal,60c O. Miu,167 A. Miucci,20 P. S. Miyagawa,149

A. Mizukami,81 J. U. Mjörnmark,96 T. Mkrtchyan,184 M. Mlynarikova,143 T. Moa,45a,45b K. Mochizuki,109 P. Mogg,52

S. Mohapatra,39 R. Moles-Valls,24 M. C. Mondragon,106 K. Mönig,46 J. Monk,40 E. Monnier,101 A. Montalbano,152

J. Montejo Berlingen,36 M. Montella,94 F. Monticelli,88 S. Monzani,68a N. Morange,132 D. Moreno,22 M. Moreno Llácer,36

C. Moreno Martinez,14 P. Morettini,55b M. Morgenstern,119 S. Morgenstern,48 D. Mori,152 M. Morii,59 M. Morinaga,179

V. Morisbak,134 A. K. Morley,36 G. Mornacchi,36 A. P. Morris,94 L. Morvaj,155 P. Moschovakos,36 B. Moser,119

M. Mosidze,159b T. Moskalets,145 H. J. Moss,149 J. Moss,31,ll E. J. W. Moyse,102 S. Muanza,101 J. Mueller,139

R. S. P. Mueller,113 D. Muenstermann,89 G. A. Mullier,96 J. L. Munoz Martinez,14 F. J. Munoz Sanchez,100 P. Murin,28b

W. J. Murray,178,144 A. Murrone,68a,68b M. Muškinja,18 C. Mwewa,33a A. G. Myagkov,122,mm J. Myers,131 M. Myska,142

B. P. Nachman,18 O. Nackenhorst,47 A. Nag Nag,48 K. Nagai,135 K. Nagano,81 Y. Nagasaka,62 M. Nagel,52 J. L. Nagle,29

E. Nagy,101 A. M. Nairz,36 Y. Nakahama,116 K. Nakamura,81 T. Nakamura,163 I. Nakano,127 H. Nanjo,133 F. Napolitano,61a

R. F. Naranjo Garcia,46 R. Narayan,42 I. Naryshkin,138 T. Naumann,46 G. Navarro,22 H. A. Neal,105,a P. Y. Nechaeva,110

F. Nechansky,46 T. J. Neep,21 A. Negri,70a,70b M. Negrini,23b C. Nellist,53 M. E. Nelson,135 S. Nemecek,141 P. Nemethy,124

M. Nessi,36,nn M. S. Neubauer,173 M. Neumann,182 P. R. Newman,21 Y. S. Ng,19 Y.W. Y. Ng,171 B. Ngair,35e

H. D. N. Nguyen,101 T. Nguyen Manh,109 E. Nibigira,38 R. B. Nickerson,135 R. Nicolaidou,145 D. S. Nielsen,40 J. Nielsen,146

N. Nikiforou,11 V. Nikolaenko,122,mm I. Nikolic-Audit,136 K. Nikolopoulos,21 P. Nilsson,29 H. R. Nindhito,54 Y. Ninomiya,81

A. Nisati,72a N. Nishu,60c R. Nisius,114 I. Nitsche,47 T. Nitta,179 T. Nobe,163 Y. Noguchi,85 I. Nomidis,136 M. A. Nomura,29

M. Nordberg,36 N. Norjoharuddeen,135 T. Novak,91 O. Novgorodova,48 R. Novotny,142 L. Nozka,130 K. Ntekas,171

E. Nurse,94 F. G. Oakham,34,e H. Oberlack,114 J. Ocariz,136 A. Ochi,82 I. Ochoa,39 J. P. Ochoa-Ricoux,147a K. O’Connor,26

S. Oda,87 S. Odaka,81 S. Oerdek,53 A. Ogrodnik,83a A. Oh,100 S. H. Oh,49 C. C. Ohm,154 H. Oide,165 M. L. Ojeda,167

SEARCH FOR DIRECT STAU PRODUCTION IN EVENTS WITH … PHYS. REV. D 101, 032009 (2020)

032009-21



H. Okawa,169 Y. Okazaki,85 Y. Okumura,163 T. Okuyama,81 A. Olariu,27b L. F. Oleiro Seabra,140a S. A. Olivares Pino,147a

D. Oliveira Damazio,29 J. L. Oliver,1 M. J. R. Olsson,171 A. Olszewski,84 J. Olszowska,84 D. C. O’Neil,152 A. P. O’neill,135

A. Onofre,140a,140e P. U. E. Onyisi,11 H. Oppen,134 M. J. Oreglia,37 G. E. Orellana,88 D. Orestano,74a,74b N. Orlando,14

R. S. Orr,167 V. O’Shea,57 R. Ospanov,60a G. Otero y Garzon,30 H. Otono,87 P. S. Ott,61a M. Ouchrif,35d J. Ouellette,29

F. Ould-Saada,134 A. Ouraou,145 Q. Ouyang,15a M. Owen,57 R. E. Owen,21 V. E. Ozcan,12c N. Ozturk,8 J. Pacalt,130

H. A. Pacey,32 K. Pachal,49 A. Pacheco Pages,14 C. Padilla Aranda,14 S. Pagan Griso,18 M. Paganini,183 G. Palacino,65

S. Palazzo,50 S. Palestini,36 M. Palka,83b D. Pallin,38 I. Panagoulias,10 C. E. Pandini,36 J. G. Panduro Vazquez,93 P. Pani,46

G. Panizzo,66a,66c L. Paolozzi,54 C. Papadatos,109 K. Papageorgiou,9,v S. Parajuli,43 A. Paramonov,6

D. Paredes Hernandez,63b S. R. Paredes Saenz,135 B. Parida,166 T. H. Park,167 A. J. Parker,31 M. A. Parker,32 F. Parodi,55b,55a

E. W. Parrish,120 J. A. Parsons,39 U. Parzefall,52 L. Pascual Dominguez,136 V. R. Pascuzzi,167 J. M. P. Pasner,146

E. Pasqualucci,72a S. Passaggio,55b F. Pastore,93 P. Pasuwan,45a,45b S. Pataraia,99 J. R. Pater,100 A. Pathak,181,f T. Pauly,36

B. Pearson,114 M. Pedersen,134 L. Pedraza Diaz,118 R. Pedro,140a T. Peiffer,53 S. V. Peleganchuk,121b,121a O. Penc,141

H. Peng,60a B. S. Peralva,80a M. M. Perego,132 A. P. Pereira Peixoto,140a D. V. Perepelitsa,29 F. Peri,19 L. Perini,68a,68b

H. Pernegger,36 S. Perrella,69a,69b K. Peters,46 R. F. Y. Peters,100 B. A. Petersen,36 T. C. Petersen,40 E. Petit,101 A. Petridis,1

C. Petridou,162 P. Petroff,132 M. Petrov,135 F. Petrucci,74a,74b M. Pettee,183 N. E. Pettersson,102 K. Petukhova,143 A. Peyaud,145

R. Pezoa,147c L. Pezzotti,70a,70b T. Pham,104 F. H. Phillips,106 P. W. Phillips,144 M.W. Phipps,173 G. Piacquadio,155

E. Pianori,18 A. Picazio,102 R. H. Pickles,100 R. Piegaia,30 D. Pietreanu,27b J. E. Pilcher,37 A. D. Pilkington,100

M. Pinamonti,73a,73b J. L. Pinfold,3 M. Pitt,161 L. Pizzimento,73a,73b M.-A. Pleier,29 V. Pleskot,143 E. Plotnikova,79

P. Podberezko,121b,121a R. Poettgen,96 R. Poggi,54 L. Poggioli,132 I. Pogrebnyak,106 D. Pohl,24 I. Pokharel,53 G. Polesello,70a

A. Poley,18 A. Policicchio,72a,72b R. Polifka,143 A. Polini,23b C. S. Pollard,46 V. Polychronakos,29 D. Ponomarenko,111

L. Pontecorvo,36 S. Popa,27a G. A. Popeneciu,27d L. Portales,5 D. M. Portillo Quintero,58 S. Pospisil,142 K. Potamianos,46

I. N. Potrap,79 C. J. Potter,32 H. Potti,11 T. Poulsen,96 J. Poveda,36 T. D. Powell,149 G. Pownall,46 M. E. Pozo Astigarraga,36

P. Pralavorio,101 S. Prell,78 D. Price,100 M. Primavera,67a S. Prince,103 M. L. Proffitt,148 N. Proklova,111 K. Prokofiev,63c

F. Prokoshin,79 S. Protopopescu,29 J. Proudfoot,6 M. Przybycien,83a D. Pudzha,138 A. Puri,173 P. Puzo,132 J. Qian,105

Y. Qin,100 A. Quadt,53 M. Queitsch-Maitland,46 A. Qureshi,1 M. Racko,28a P. Rados,104 F. Ragusa,68a,68b G. Rahal,97

J. A. Raine,54 S. Rajagopalan,29 A. Ramirez Morales,92 K. Ran,15a,15d T. Rashid,132 S. Raspopov,5 D. M. Rauch,46

F. Rauscher,113 S. Rave,99 B. Ravina,149 I. Ravinovich,180 J. H. Rawling,100 M. Raymond,36 A. L. Read,134 N. P. Readioff,58

M. Reale,67a,67b D. M. Rebuzzi,70a,70b A. Redelbach,177 G. Redlinger,29 K. Reeves,43 L. Rehnisch,19 J. Reichert,137

D. Reikher,161 A. Reiss,99 A. Rej,151 C. Rembser,36 M. Renda,27b M. Rescigno,72a S. Resconi,68a E. D. Resseguie,137

S. Rettie,175 E. Reynolds,21 O. L. Rezanova,121b,121a P. Reznicek,143 E. Ricci,75a,75b R. Richter,114 S. Richter,46

E. Richter-Was,83b O. Ricken,24 M. Ridel,136 P. Rieck,114 C. J. Riegel,182 O. Rifki,46 M. Rijssenbeek,155 A. Rimoldi,70a,70b

M. Rimoldi,46 L. Rinaldi,23b G. Ripellino,154 I. Riu,14 J. C. Rivera Vergara,176 F. Rizatdinova,129 E. Rizvi,92 C. Rizzi,36

R. T. Roberts,100 S. H. Robertson,103,q M. Robin,46 D. Robinson,32 J. E. M. Robinson,46 C. M. Robles Gajardo,147c

A. Robson,57 A. Rocchi,73a,73b E. Rocco,99 C. Roda,71a,71b S. Rodriguez Bosca,174 A. Rodriguez Perez,14

D. Rodriguez Rodriguez,174 A. M. Rodríguez Vera,168b S. Roe,36 O. Røhne,134 R. Röhrig,114 C. P. A. Roland,65 J. Roloff,59

A. Romaniouk,111 M. Romano,23b,23a N. Rompotis,90 M. Ronzani,124 L. Roos,136 S. Rosati,72a K. Rosbach,52 G. Rosin,102

B. J. Rosser,137 E. Rossi,46 E. Rossi,74a,74b E. Rossi,69a,69b L. P. Rossi,55b L. Rossini,68a,68b R. Rosten,14 M. Rotaru,27b

J. Rothberg,148 D. Rousseau,132 G. Rovelli,70a,70b A. Roy,11 D. Roy,33d A. Rozanov,101 Y. Rozen,160 X. Ruan,33d F. Rubbo,153

F. Rühr,52 A. Ruiz-Martinez,174 A. Rummler,36 Z. Rurikova,52 N. A. Rusakovich,79 H. L. Russell,103 L. Rustige,38,47

J. P. Rutherfoord,7 E. M. Rüttinger,149 M. Rybar,39 G. Rybkin,132 E. B. Rye,134 A. Ryzhov,122 P. Sabatini,53 G. Sabato,119

S. Sacerdoti,132 H. F-W. Sadrozinski,146 R. Sadykov,79 F. Safai Tehrani,72a B. Safarzadeh Samani,156 P. Saha,120 S. Saha,103

M. Sahinsoy,61a A. Sahu,182 M. Saimpert,46 M. Saito,163 T. Saito,163 H. Sakamoto,163 A. Sakharov,124,hh D. Salamani,54

G. Salamanna,74a,74b J. E. Salazar Loyola,147c P. H. Sales De Bruin,172 A. Salnikov,153 J. Salt,174 D. Salvatore,41b,41a

F. Salvatore,156 A. Salvucci,63a,63b,63c A. Salzburger,36 J. Samarati,36 D. Sammel,52 D. Sampsonidis,162 D. Sampsonidou,162

J. Sánchez,174 A. Sanchez Pineda,66a,66c H. Sandaker,134 C. O. Sander,46 I. G. Sanderswood,89 M. Sandhoff,182

C. Sandoval,22 D. P. C. Sankey,144 M. Sannino,55b,55a Y. Sano,116 A. Sansoni,51 C. Santoni,38 H. Santos,140a,140b

S. N. Santpur,18 A. Santra,174 A. Sapronov,79 J. G. Saraiva,140a,140d O. Sasaki,81 K. Sato,169 F. Sauerburger,52 E. Sauvan,5

P. Savard,167,e N. Savic,114 R. Sawada,163 C. Sawyer,144 L. Sawyer,95,oo C. Sbarra,23b A. Sbrizzi,23a T. Scanlon,94

J. Schaarschmidt,148 P. Schacht,114 B. M. Schachtner,113 D. Schaefer,37 L. Schaefer,137 J. Schaeffer,99 S. Schaepe,36

G. AAD et al. PHYS. REV. D 101, 032009 (2020)

032009-22



U. Schäfer,99 A. C. Schaffer,132 D. Schaile,113 R. D. Schamberger,155 N. Scharmberg,100 V. A. Schegelsky,138 D. Scheirich,143

F. Schenck,19 M. Schernau,171 C. Schiavi,55b,55a S. Schier,146 L. K. Schildgen,24 Z. M. Schillaci,26 E. J. Schioppa,36

M. Schioppa,41b,41a K. E. Schleicher,52 S. Schlenker,36 K. R. Schmidt-Sommerfeld,114 K. Schmieden,36 C. Schmitt,99

S. Schmitt,46 S. Schmitz,99 J. C. Schmoeckel,46 U. Schnoor,52 L. Schoeffel,145 A. Schoening,61b P. G. Scholer,52

E. Schopf,135 M. Schott,99 J. F. P. Schouwenberg,118 J. Schovancova,36 S. Schramm,54 F. Schroeder,182 A. Schulte,99

H-C. Schultz-Coulon,61a M. Schumacher,52 B. A. Schumm,146 Ph. Schune,145 A. Schwartzman,153 T. A. Schwarz,105

Ph. Schwemling,145 R. Schwienhorst,106 A. Sciandra,146 G. Sciolla,26 M. Scodeggio,46 M. Scornajenghi,41b,41a F. Scuri,71a

F. Scutti,104 L. M. Scyboz,114 C. D. Sebastiani,72a,72b P. Seema,19 S. C. Seidel,117 A. Seiden,146 B. D. Seidlitz,29 T. Seiss,37

J. M. Seixas,80b G. Sekhniaidze,69a K. Sekhon,105 S. J. Sekula,42 N. Semprini-Cesari,23b,23a S. Sen,49 S. Senkin,38 C. Serfon,76

L. Serin,132 L. Serkin,66a,66b M. Sessa,60a H. Severini,128 T. Šfiligoj,91 F. Sforza,55b,55a A. Sfyrla,54 E. Shabalina,53

J. D. Shahinian,146 N.W. Shaikh,45a,45b D. Shaked Renous,180 L. Y. Shan,15a R. Shang,173 J. T. Shank,25 M. Shapiro,18

A. Sharma,135 A. S. Sharma,1 P. B. Shatalov,123 K. Shaw,156 S. M. Shaw,100 A. Shcherbakova,138 M. Shehade,180 Y. Shen,128

N. Sherafati,34 A. D. Sherman,25 P. Sherwood,94 L. Shi,158,pp S. Shimizu,81 C. O. Shimmin,183 Y. Shimogama,179

M. Shimojima,115 I. P. J. Shipsey,135 S. Shirabe,87 M. Shiyakova,79,qq J. Shlomi,180 A. Shmeleva,110 M. J. Shochet,37

J. Shojaii,104 D. R. Shope,128 S. Shrestha,126 E. M. Shrif,33d E. Shulga,180 P. Sicho,141 A. M. Sickles,173 P. E. Sidebo,154

E. Sideras Haddad,33d O. Sidiropoulou,36 A. Sidoti,23b,23a F. Siegert,48 Dj. Sijacki,16 M. Silva Jr.,181 M. V. Silva Oliveira,80a

S. B. Silverstein,45a S. Simion,132 E. Simioni,99 R. Simoniello,99 S. Simsek,12b P. Sinervo,167 V. Sinetckii,112,110

N. B. Sinev,131 M. Sioli,23b,23a I. Siral,105 S. Yu. Sivoklokov,112 J. Sjölin,45a,45b E. Skorda,96 P. Skubic,128 M. Slawinska,84

K. Sliwa,170 R. Slovak,143 V. Smakhtin,180 B. H. Smart,144 J. Smiesko,28a N. Smirnov,111 S. Yu. Smirnov,111 Y. Smirnov,111

L. N. Smirnova,112,rr O. Smirnova,96 J. W. Smith,53 M. Smizanska,89 K. Smolek,142 A. Smykiewicz,84 A. A. Snesarev,110

H. L. Snoek,119 I. M. Snyder,131 S. Snyder,29 R. Sobie,176,q A. Soffer,161 A. Søgaard,50 F. Sohns,53 C. A. Solans Sanchez,36

E. Yu. Soldatov,111 U. Soldevila,174 A. A. Solodkov,122 A. Soloshenko,79 O. V. Solovyanov,122 V. Solovyev,138 P. Sommer,149

H. Son,170 W. Song,144 W. Y. Song,168b A. Sopczak,142 F. Sopkova,28b C. L. Sotiropoulou,71a,71b S. Sottocornola,70a,70b

R. Soualah,66a,66c,ss A. M. Soukharev,121b,121a D. South,46 S. Spagnolo,67a,67b M. Spalla,114 M. Spangenberg,178 F. Spanò,93

D. Sperlich,52 T. M. Spieker,61a R. Spighi,23b G. Spigo,36 M. Spina,156 D. P. Spiteri,57 M. Spousta,143 A. Stabile,68a,68b

B. L. Stamas,120 R. Stamen,61a M. Stamenkovic,119 E. Stanecka,84 B. Stanislaus,135 M.M. Stanitzki,46 M. Stankaityte,135

B. Stapf,119 E. A. Starchenko,122 G. H. Stark,146 J. Stark,58 S. H. Stark,40 P. Staroba,141 P. Starovoitov,61a S. Stärz,103

R. Staszewski,84 G. Stavropoulos,44 M. Stegler,46 P. Steinberg,29 A. L. Steinhebel,131 B. Stelzer,152 H. J. Stelzer,139

O. Stelzer-Chilton,168a H. Stenzel,56 T. J. Stevenson,156 G. A. Stewart,36 M. C. Stockton,36 G. Stoicea,27b M. Stolarski,140a

S. Stonjek,114 A. Straessner,48 J. Strandberg,154 S. Strandberg,45a,45b M. Strauss,128 P. Strizenec,28b R. Ströhmer,177

D. M. Strom,131 R. Stroynowski,42 A. Strubig,50 S. A. Stucci,29 B. Stugu,17 J. Stupak,128 N. A. Styles,46 D. Su,153

S. Suchek,61a V. V. Sulin,110 M. J. Sullivan,90 D. M. S. Sultan,54 S. Sultansoy,4c T. Sumida,85 S. Sun,105 X. Sun,3

K. Suruliz,156 C. J. E. Suster,157 M. R. Sutton,156 S. Suzuki,81 M. Svatos,141 M. Swiatlowski,37 S. P. Swift,2 T. Swirski,177

A. Sydorenko,99 I. Sykora,28a M. Sykora,143 T. Sykora,143 D. Ta,99 K. Tackmann,46,tt J. Taenzer,161 A. Taffard,171

R. Tafirout,168a H. Takai,29 R. Takashima,86 K. Takeda,82 T. Takeshita,150 E. P. Takeva,50 Y. Takubo,81 M. Talby,101

A. A. Talyshev,121b,121a N. M. Tamir,161 J. Tanaka,163 M. Tanaka,165 R. Tanaka,132 S. Tapia Araya,173 S. Tapprogge,99

A. Tarek Abouelfadl Mohamed,136 S. Tarem,160 K. Tariq,60b G. Tarna,27b,uu G. F. Tartarelli,68a P. Tas,143 M. Tasevsky,141

T. Tashiro,85 E. Tassi,41b,41a A. Tavares Delgado,140a,140b Y. Tayalati,35e A. J. Taylor,50 G. N. Taylor,104 W. Taylor,168b

A. S. Tee,89 R. Teixeira De Lima,153 P. Teixeira-Dias,93 H. Ten Kate,36 J. J. Teoh,119 S. Terada,81 K. Terashi,163 J. Terron,98

S. Terzo,14 M. Testa,51 R. J. Teuscher,167,q S. J. Thais,183 T. Theveneaux-Pelzer,46 F. Thiele,40 D.W. Thomas,93

J. O. Thomas,42 J. P. Thomas,21 A. S. Thompson,57 P. D. Thompson,21 L. A. Thomsen,183 E. Thomson,137 E. J. Thorpe,92

Y. Tian,39 R. E. Ticse Torres,53 V. O. Tikhomirov,110,vv Yu. A. Tikhonov,121b,121a S. Timoshenko,111 P. Tipton,183

S. Tisserant,101 K. Todome,23b,23a S. Todorova-Nova,5 S. Todt,48 J. Tojo,87 S. Tokár,28a K. Tokushuku,81 E. Tolley,126

K. G. Tomiwa,33d M. Tomoto,116 L. Tompkins,153,gg B. Tong,59 P. Tornambe,102 E. Torrence,131 H. Torres,48

E. Torró Pastor,148 C. Tosciri,135 J. Toth,101,ww D. R. Tovey,149 A. Traeet,17 C. J. Treado,124 T. Trefzger,177 F. Tresoldi,156

A. Tricoli,29 I. M. Trigger,168a S. Trincaz-Duvoid,136 W. Trischuk,167 B. Trocmé,58 A. Trofymov,145 C. Troncon,68a
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71aINFN Sezione di Pisa, Pisa, Italy

71bDipartimento di Fisica E. Fermi, Università di Pisa, Pisa, Italy
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G. AAD et al. PHYS. REV. D 101, 032009 (2020)

032009-26



75aINFN-TIFPA, Trento, Italy
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