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Measurements of Higgs boson production by gluon-gluon fusion
and vector-boson fusion using H → WW�

→ eνμν decays

in pp collisions at
ffiffi

s
p

= 13 TeV with the ATLAS detector

G. Aad et al.
*

(ATLAS Collaboration)

(Received 5 July 2022; accepted 25 April 2023; published 8 August 2023)

Higgs boson production via gluon-gluon fusion and vector-boson fusion in proton-proton collisions is
measured in the H → WW�

→ eνμν decay channel. The Large Hadron Collider delivered proton-proton
collisions at a center-of-mass energy of 13 TeV between 2015 and 2018, which were recorded by the
ATLAS detector, corresponding to an integrated luminosity of 139 fb−1. The total cross sections for Higgs
boson production by gluon-gluon fusion and vector-boson fusion times the H → WW� branching ratio
are measured to be 12.0� 1.4 and 0.75 þ0.19

−0.16 pb, respectively, in agreement with the Standard Model
predictions of 10.4� 0.6 and 0.81� 0.02 pb. Higgs boson production is further characterized through
measurements of Simplified Template Cross Sections in a total of 11 kinematic fiducial regions.

DOI: 10.1103/PhysRevD.108.032005

I. INTRODUCTION

The Higgs boson is a neutral scalar particle associated
with a field whose nonzero vacuum expectation value
results in the breaking of electroweak (EW) symmetry in
the Standard Model (SM) and gives mass to the W and Z
bosons [1–4]. Observation of a new particle consistent with
being the Higgs boson was reported by the ATLAS and
CMS collaborations in 2012 [5,6]. The Higgs boson has a
rich set of properties that can be verified experimentally.
Measurements of these properties are a powerful test of the
SM and can be used to constrain theories of physics beyond
the SM (BSM). BSM physics can also alter the kinematics
of the Higgs boson production and decay. The large data
sample delivered by the Large Hadron Collider (LHC) [7]
at CERN makes it possible to measure the Higgs boson
cross section in different kinematic regions in order to
probe for these effects.
This paper describes measurements of Higgs boson pro-

duction by gluon-gluon fusion (ggF) and vector-boson fusion
(VBF) using H → WW�

→ eνμν decays in proton–proton
(pp) collisions at a center-of-mass energyof 13TeV. The data
were recorded by the ATLAS detector [8] during Run 2
(2015–2018) of the LHC and correspond to an integrated
luminosity of 139 fb−1. The chosen decay channel takes
advantage of the large branching ratio for H → WW� decay

and the relatively low background from other SM processes
due to having two charged leptons of different flavors in the
final state. The measured cross section in the ggF production
mode probes the Higgs boson couplings to heavy quarks,
while theVBFproductionmode directly probes the couplings
to W and Z bosons. Previous studies of the H → WW�

→

eνμν decay channel have been reported by the CMS
Collaboration using its 137 fb−1 full Run 2 dataset [9] and
by the ATLAS Collaboration using a partial Run 2 dataset
corresponding to an integrated luminosity of approximately
36 fb−1 [10]. Compared to the previous ATLAS Run 2
analysis, several improvements have been made in addition
to using the larger dataset—most notably, a measurement
of the ggF productionmode in the final statewith two ormore
reconstructed jets and measurements of cross sections in
kinematic fiducial regions defined in the Simplified Template
Cross Section (STXS) framework [11,12].
The outline of this paper is as follows. Section II

provides an overview of the signal characteristics and
the analysis strategy. Section III describes the data and
the simulated samples. Section IV describes the event
reconstruction. Section V details the various selections
used to define the signal and control regions in the analysis.
Section VI discusses how the backgrounds are estimated.
Section VII provides commentary on the systematic
uncertainties. Section VIII defines the likelihood fit pro-
cedure. Finally, the results of the analysis are presented in
Sec. IX and summarized in Sec. X.

II. ANALYSIS OVERVIEW

The H → WW�
→ eνμν decay is characterized by two

charged leptons and two undetected neutrinos in the final
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state. The opening angle between the two charged leptons
tends to be small due to the spin-0 nature of the Higgs
boson and the chiral structure of the weak force in the decay
of the two W bosons [13]. This feature of the decay is
exploited to separate the Higgs boson signal from the main
backgrounds such as continuum production of WW, where
the charged leptons are more likely to have a large open-
ing angle.
In addition to the decay products of the Higgs boson, the

final state can be populated by jets either from the quarks
participating in the VBF production mode or from initial-
state radiation from quarks or gluons (in both the ggF and
VBF production modes). The composition of the back-
ground processes changes significantly depending on the
number of jets (Njet) in the final state. Therefore, the
analysis is performed separately in the Njet ¼ 0, Njet ¼ 1,
and Njet ≥ 2 channels. The analysis is divided into four
categories: one each for the Njet ¼ 0 and Njet ¼ 1 channels,
which solely target the ggF signal production mode, and
two for the Njet ≥ 2 channel, which separately target the
VBF and ggF production modes.
For each analysis category, a set of selections are

applied in order to enhance the signal contribution
in a sample of events referred to as a signal region
(SR), and a final fit to these events is performed. For
the categories targeting the ggF production mode, the fit
variable discriminating between signal and SM back-
ground processes is the dilepton transverse mass,
defined as mT ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðEll

T þ Emiss
T Þ2 − jpllT þ Emiss

T j2
p

with

Ell

T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

jpllT j2 þm2

ll

q

, wheremll is the dilepton invariant

mass, pllT is the vector sum of the lepton transverse
momenta, and Emiss

T (with magnitude Emiss
T ) is the missing

transverse momentum. For the Njet ≥ 2 category targeting
the VBF production mode, the output of a deep neural
network (DNN) trained to identify the VBF topology is
used as the discriminating variable in the fit. The analysis
likelihood function combines all SRs and determines the
best-fit values for a set of parameters of interest (POIs).
Cross sections times branching ratios are measured for the
ggF and VBF production modes and their combination in
the inclusive jet multiplicity.
Cross-section measurements are also conducted in the

Stage-1.2 STXS category scheme, which, relative to the 1.1
scheme [14], refines the granularity of bins for ggF events
with a Higgs boson produced with large transverse
momentum. Selected events are categorized according to
the requirements placed on the transverse momentum of the
reconstructed Higgs boson candidate (pH

T ) and on potential
additional hadronic jets. The ggF STXS template process
(referred to subsequently as ggH) is defined to be the Born-
level gg→ H process plus higher-order QCD and EW
corrections. This includes real EW radiation, in particular
the gg → Zð→ qq̄ÞH process. The VBF STXS template
process (referred to subsequently as EW qqH) is defined to

include the Vð→ qq̄ÞH topology in addition to the usual
VBF topology. After merging certain STXS bins to ensure
sensitivity for all the measured POIs, a total of 11 fiducial
cross sections corresponding to different STXS-bound
kinematic regions are measured: 6 for ggH production
and 5 for EW qqH production.

III. DATA AND SIMULATION SAMPLES

A. Detector and data samples

The ATLAS detector at the LHC covers nearly the entire
solid angle around the collision point.1 It consists of an
inner tracking detector surrounded by a thin superconduct-
ing solenoid, electromagnetic and hadronic calorimeters,
and a muon spectrometer incorporating three large super-
conducting toroidal magnets. The inner-detector system
(ID) is immersed in a 2 T axial magnetic field and provides
charged-particle tracking in the range jηj < 2.5.
The high-granularity silicon pixel detector covers the

vertex region and typically provides four measurements per
track, the first hit normally being in the insertable B-layer
installed before Run 2 [15,16]. It is followed by the silicon
microstrip tracker, which usually provides eight measure-
ments per track. These silicon detectors are complemented
by the transition radiation tracker (TRT), which enables
radially extended track reconstruction up to jηj ¼ 2.0. The
TRT also provides electron identification information
based on the fraction of hits (typically 30 in total) above
a higher energy-deposit threshold corresponding to tran-
sition radiation.
The calorimeter system covers the pseudorapidity range

jηj < 4.9. Within the region jηj < 3.2, electromagnetic
calorimetry is provided by barrel and end cap high-
granularity lead/liquid-argon (LAr) calorimeters, with an
additional thin LAr presampler covering jηj < 1.8 to
correct for energy loss in material upstream of the calo-
rimeters. Hadronic calorimetry is provided by the steel/
scintillator-tile calorimeter, segmented into three barrel
structures within jηj < 1.7, and two copper/LAr hadronic
end cap calorimeters. The solid angle coverage is com-
pleted with forward copper/LAr and tungsten/LAr calo-
rimeter modules optimized for electromagnetic and
hadronic measurements, respectively.
The muon spectrometer comprises separate trigger and

high-precision tracking chambers measuring the deflec-
tion of muons in a magnetic field generated by the

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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superconducting air-core toroids. The field integral of the
toroids ranges between 2.0 and 6.0 T m (Tesla*meter)
across most of the detector. A set of precision chambers
covers the region jηj < 2.7 with three layers of monitored
drift tubes, complemented by cathode-strip chambers in
the forward region, where the background is highest. The
muon trigger system covers the range jηj < 2.4 with
resistive-plate chambers in the barrel and thin-gap cham-
bers in the end caps.
Interesting events are selected to be recorded by the first-

level trigger system implemented in custom hardware,
followed by selections made by algorithms implemented
in software in the high-level trigger [17]. The first-level
trigger accepts events from the 40 MHz bunch crossings at
a rate below 100 kHz, which the high-level trigger reduces
in order to record events to disk at about 1 kHz. A
combination of unprescaled single-lepton triggers and
one e–μ dilepton trigger [18,19] is employed in this
analysis so as to maximize the total trigger efficiency.
The transverse momentum (pT) threshold for single-
electron (muon) triggers was 24 (20) GeV for the first
year of data taking and increased to 26 GeV for both lepton
flavors during the remainder of Run 2. The e–μ trigger
had a pT threshold of 17 GeV for electrons and 14 GeV
for muons. The full ATLAS Run 2 dataset is used for this
analysis, consisting of pp collision data produced at

ffiffiffi

s
p ¼

13 TeV and recorded between 2015 and 2018. The data
are subjected to quality requirements [20], including the
removal of events recorded when relevant detector com-
ponents were not operating correctly. The total integrated
luminosity after this cleaning of the data corresponds to
139 fb−1 [21].
An extensive software suite [22] is used in the

reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data acquisition
systems of the experiment.

B. Simulated event samples

Higgs boson production and decay into pairs of W
bosons or leptonically decaying τ-leptons were simulated
for each of the four main production modes: ggF and VBF
as well as WH and ZH (production in association with a
vector boson, collectively referred to as VH).
The ggF production was simulated at next-to-next-to-

leading-order (NNLO) accuracy in QCD2 using the
POWHEG NNLOPS program [23–27], interfaced with
PYTHIA8.212 [28] for parton showering and nonperturba-
tive effects. The simulation achieves NNLO accuracy for
arbitrary inclusive gg→ H observables by reweighting
the Higgs boson rapidity3 spectrum in Higgs plus one jet

(Hj)-MiNLO [29–31] to that of HNNLO [32]. The gluon-
gluon fusion prediction from the Monte Carlo (MC)
samples is normalized to the next-to-next-to-next-to-
leading-order cross section in QCD plus electroweak
corrections at next-to-leading order (NLO) [11,33–42].
VBF events were generated with POWHEG BOX

[23–25,43], interfaced with PYTHIA8.230 [28] with the
dipole recoil option enabled to model the parton shower,
hadronization, and underlying event. The POWHEG BOX

prediction is accurate to NLO in QCD corrections and
tuned to match calculations with effects due to finite heavy-
quark masses and soft-gluon resummations up to next-to-
next-to-leading-logarithm (NNLL) accuracy. The MC
prediction is normalized to an approximate-NNLO QCD
cross section with NLO electroweak corrections [44–46].
The uncertainties due to the parton shower and hadro-

nization model for the ggF and VBF Higgs boson signal
samples are evaluated using the events in the nominal
sample generated with POWHEG BOX but interfaced to an
alternative showering program Herwig7 [47,48] instead of
PYTHIA8. To estimate the uncertainty related to the
matching between the matrix element and the parton
shower for ggF and VBF production, MC events produced
with the MG5_aMC@NLO [49] generator (where MG5
denotes MadGraph5) and interfaced to Herwig7 are used.
They are accurate to NLO in QCD and utilize the
NNPDF30_NLO_AS_0118 [50] parton distribution function
(PDF) set. In both cases, the H7UE set of tuned parameters
(tune) [48] and the MMHT2014LO PDF set [51] were used
for the underlying event.
The VH production was simulated using POWHEG

BOX2 [23–25,43] and interfaced with PYTHIA8.212 for
parton showering and nonperturbative effects. The
POWHEG BOX prediction is accurate to NLO for the
production of VH plus one jet. Samples for the loop-
induced process gg→ ZH were generated with POWHEG

BOX2 interfaced to PYTHIA8.235. The MC prediction is
normalized to cross sections calculated at NNLO in QCD
(including the gg → ZH contribution) and at NLO in
electroweak corrections [52–56].
The ggF, VBF, and VH Higgs boson samples use the

PDF4LHC15 [57] PDF set and the AZNLO tune [58] of
PYTHIA8. The sample normalizations account for the decay
branching ratios calculated with HDECAY [59–61] and
Prophecy4f [62–64] assuming a Higgs boson mass of
125.09 GeV [65]. An uncertainty of 2.16% [11] is assigned
to the H → WW� branching ratio, which includes the
uncertainty in the Higgs boson mass. All Higgs boson
samples are generated with a Higgs boson mass of
125 GeV, with the uncertainty in the Higgs boson mass
being negligible for kinematic distributions.
The production of tt̄H events was modeled using the

POWHEG BOX2 [23–25,66,67] generator at NLO with the
NNPDF3.0NLO [50] PDF set. The events were interfaced to
PYTHIA8.230 using the A14 tune [68]. The prediction is

2When higher orders (NLO and NNLO) are specified, QCD
is implied if not explicitly stated.

3The rapidity is defined in terms of a particle’s energy E and
momentum in the direction of the beam pipe pz as y ¼ 1

2
ln Eþpz

E−pz
.
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normalized to the cross section computed at NLO QCD and
NLO EW accuracy [11]. The sample is inclusive in Higgs
decay modes, and the cross section is computed assuming a
Higgs boson mass of 125.09 GeV.
To model the SM background, quark-initiated produc-

tion of WW, WZ, Vγ�, and ZZ involving the strong
interaction was simulated with the Sherpa2.2.2 [69] generator.
Fully leptonic final states were generated using matrix
elements at NLO accuracy in QCD for up to one additional
parton and at leading-order (LO) accuracy for up to three
additional parton emissions. For Vγ�, the γ� mass was
generated with a lower bound of 4 GeV. Samples for the
loop-induced processes gg→ WW and ZZ were generated
using LO-accurate matrix elements for up to one additional
parton emission.
For the quark-initiated WW background, systematic

uncerainties are evaluated via samples simulated with
alternative settings of the Sherpa2.2.2 generator. The uncer-
tainty in the matching procedure is assessed by varying
the parameter Qcut, which determines the transition
between the matrix-element and parton-shower domain
[70]. Specifically, alternative samples with Qcut ¼ 15 and
30 GeV instead of the nominal value of Qcut ¼ 20 GeV are
considered. The uncertainties in the shower model are
estimated via samples, in which either the resummation
scale, μq, is increased or decreased by a factor of 2 or the
alternative recoil scheme described in Refs. [71,72] is used.
The production of Vγ final states was simulated with the

Sherpa2.2.8 [69] generator. Matrix elements are at NLO QCD
accuracy for up to one additional parton and at LO accuracy
for up to three additional parton emissions.
Triboson production (VVV) was simulated with the

Sherpa2.2.2 generator using factorized gauge-boson decays.
The matrix elements are accurate to NLO for the inclusive
process and to LO for up to two additional parton
emissions.
For all nominal multiboson samples generated with

Sherpa, the matrix-element calculations were matched and
merged with the Sherpa parton shower based on Catani-
Seymour dipole factorization [71,73] using the MEPS@NLO

prescription [70,74–76]. The virtual QCD corrections
were provided by the OpenLoops library [77,78]. The
NNPDF3.0NNLO [50] set of PDFs was used, along with
the dedicated set of tuned parton-shower parameters
developed by the Sherpa authors.
ElectroweakWW production in association with two jets

(WWjj) was generated by MG5_aMC@NLO with LO matrix
elements using the NNPDF3.0NLO PDF set. For the nominal
sample, MG5_aMC@NLO was interfaced with PYTHIA8.244,
using the A14 tune to model the parton shower, hadroni-
zation, and underlying event. An alternative sample is
utilized to evaluate the shower model uncertainty, for which
MG5_aMC@NLO was instead interfaced with Herwig7.
The quark- or gluon-initiated production of Z=γ� þ jets

was simulated with the Sherpa2.2.1 [69] generator using NLO

matrix elements for up to two partons and LO matrix
elements for up to four partons, calculated with the COMIX

and OpenLoops libraries. They were matched with the Sherpa

parton shower [71] using the MEPS@NLO prescription. The
NNPDF3.0NNLO set of PDFs was used, and the samples are
normalized to a NNLO prediction [79].
An additional sample of Z=γ� þ jets events was made

with the MG5_aMC@NLO generator to evaluate the matching
uncertainty. The matrix elements are accurate to LO for up
to four final-state partons. The NNPDF2.3LO [80] PDF set
was used. Events were interfaced to PYTHIA8.186 [81] with
the A14 tune to model the parton shower, hadronization,
and underlying event.
Electroweak production of lljj final states was simu-

lated with Sherpa2.2.1, but using LO matrix elements with up
to two additional parton emissions.
The production of tt̄ events was modeled using the

POWHEG BOX2 generator at NLO with the NNPDF3.0NLO

PDF set and the hdamp parameter4 set to 1.5 ×mtop [82]. In
order to correct for a known mismodeling of the leading-
lepton pT due to missing higher-order corrections, a NNLO
reweighting was applied to the sample [83]. The events
were interfaced to PYTHIA8.230 to model the parton shower,
hadronization, and underlying event, with parameters set
according to the A14 tune and using the NNPDF2.3LO set
of PDFs.
The associated production of top quarks and W bosons

(mainly Wt) was modeled using the POWHEG BOX2

generator at NLO in QCD using the five-flavor scheme
and the NNPDF3.0NLO set of PDFs. The diagram removal
scheme [84] was used to remove interference and overlap
with tt̄ production. The events were interfaced to
PYTHIA8.230 using the A14 tune and the NNPDF2.3LO set
of PDFs. In all samples generated with POWHEG BOX2, the
decays of bottom and charm hadrons were performed by
EvtGen1.6.0 [85].
The W þ jets and multijet backgrounds are estimated

from data. Generated samples of W þ jets and Z þ jets
events are used to validate the estimate and to determine the
flavor composition uncertainties. These MC samples were
generated using POWHEG BOX interfaced with PYTHIA8.186

with Sherpa2.2.1 and with MG5_aMC@NLO [49,86] interfaced
with PYTHIA8.186.
The MC generators, PDFs, and programs used for the

underlying event and parton shower (UEPS) are summa-
rized in Table I. The alternative generators or UEPS models
used to estimate systematic uncertainties are also listed in
parentheses. Finally, the orders of the perturbative predic-
tion for each sample are reported.

4The hdamp parameter is a resummation damping factor and
one of the parameters that controls the matching of POWHEG

matrix elements to the parton shower and thus effectively
regulates the high-pT radiation against which the tt̄ system
recoils.
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For all MC samples, the events were processed through
the ATLAS detector simulation [101] based on GEANT4

[102]. The effect of pileup was modeled by overlaying the
hard-scattering event with simulated inelastic pp events
generated with PYTHIA8.186 using the NNPDF2.3LO set of
PDFs and the A3 tune [103].

IV. EVENT RECONSTRUCTION

Primary vertices in the event are reconstructed from
tracks in the ID with pT > 500 MeV. Events are required
to have at least one primary vertex with at least two
associated tracks. The hard-scatter vertex is selected as the
vertex with the highest

P

p2
T, where the sum is over all the

tracks associated with that particular vertex.
Electron candidates are reconstructed by matching

energy clusters in the electromagnetic calorimeter to
well-reconstructed tracks that are extrapolated to the
calorimeter [104]. All candidate electron tracks are fitted
using a Gaussian sum filter [105] to account for brems-
strahlung energy losses. Electron candidates are required to
satisfy jηj < 2.47, excluding the transition region 1.37 <
jηj < 1.52 between the barrel and end caps of the LAr

calorimeter. Muon candidates are reconstructed from a
global fit of matching tracks from the inner detector and
muon spectrometer [106]. They are required to satisfy
jηj < 2.5. In order to reject particles misidentified as
prompt leptons, several identification requirements as well
as isolation and impact parameter criteria [104,106] are
applied. For electrons, a likelihood-based identification
method [104] is employed, which takes into account a
number of discriminating variables such as electromagnetic
shower shapes, track properties, transition radiation
response, and the quality of the cluster-to-track matching.
Electron candidates with 15 GeV < ET < 25 GeV must
satisfy the “tight” likelihood working point, which has
an efficiency of approximately 70% for these electrons.
For ET > 25 GeV, where misidentification backgrounds
(discussed further in Sec. VI D) are less important,
electron candidates must satisfy the “medium” likelihood
working point, which has an efficiency of approximately
85% for an electron with pT ∼ 40 GeV. For muons, a
cut-based identification method [106] is employed, using
the tight working point with an efficiency of ∼95% so as
to maximize the sample purity. The impact parameter
requirements are jz0 sin θj < 0.5 mm and jd0j=σd0 < 5ð3Þ

TABLE I. Overview of simulation tools used to generate signal and background processes, as well as to model the UEPS. The PDF
sets are also summarized. Alternative event generators or quantities varied to estimate systematic uncertainties are shown in parentheses.

Process
Matrix element
(alternative) PDF set

UEPS model
(alternative model)

Prediction order for
total cross section

ggF H POWHEG BOX2 [23–27] PDF4LHC15NNLO [57] PYTHIA8 [28] N3LO QCD þ NLO EW
[11,33–42]NNLOPS [26,30,43]

(MG5_aMC@NLO) [49,86] (Herwig7) [48]
VBF H POWHEG BOX2 [23–25,43] PDF4LHC15NLO PYTHIA8 NNLO QCD þ NLO EW

[44–46](MG5_aMC@NLO) (Herwig7)
VH excluding gg → ZH POWHEG BOX2 PDF4LHC15NLO PYTHIA8 NNLO QCD þ NLO EW

[52–56]
tt̄H POWHEG BOX2 NNPDF3.0NLO PYTHIA8 NLO [11]
gg → ZH POWHEG BOX2 PDF4LHC15NLO PYTHIA8 NNLO QCD þ NLO EW

[87,88]
qq → WW Sherpa2.2.2 [69] NNPDF3.0NNLO [50] Sherpa2.2.2

[70,71,73–76]
NLO [77,78,89]

(Qcut) (Sherpa2.2.2 [71,72]; μq)
qq → WWqq MG5_aMC@NLO [49] NNPDF3.0NLO PYTHIA8 LO

(Herwig7)
gg → WW=ZZ Sherpa2.2.2 NNPDF3.0NNLO Sherpa2.2.2 NLO [90]
WZ=Vγ�=ZZ Sherpa2.2.2 NNPDF3.0NNLO Sherpa2.2.2 NLO [91]
Vγ Sherpa2.2.8 [69] NNPDF3.0NNLO Sherpa2.2.8 NLO [91]
VVV Sherpa2.2.2 NNPDF3.0NNLO Sherpa2.2.2 NLO
tt̄ POWHEG BOX2 NNPDF3.0NLO PYTHIA8 NNLOþ NNLL [92–98]

(MG5_aMC@NLO) (Herwig7)
Wt POWHEG BOX2 NNPDF3.0NLO PYTHIA8 NNLO [99,100]

(MG5_aMC@NLO) (Herwig7)
Z=γ� Sherpa2.2.1 NNPDF3.0NNLO Sherpa2.2.1 NNLO [79]

(MG5_aMC@NLO)
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for electrons (muons).5 Leptons are required to be isolated
from other activity in the event by placing upper bounds
on both other transverse energy (using topological clusters
in the calorimeter) within a cone of size ΔR ¼ 0.2 around
the lepton and other pT (using tracks) within a cone of
variable size no larger than ΔR ¼ 0.2 (0.3) for electrons
(muons). At least one of the offline reconstructed leptons
must be matched to an online object that triggered the
recording of the event. In the case where the e–μ trigger is
solely responsible for the event being recorded, each
lepton must correspond to one of the trigger objects.
This trigger matching scheme also requires the pT of
the lepton to be at least 1 GeV above the trigger-level
threshold.
Jets are reconstructed using the anti-kt algorithm with a

radius parameter of R ¼ 0.4 and particle-flow objects as
input [107–109]. The four-momentum of the jets is
corrected for the response of the noncompensating calo-
rimeter, signal losses due to noise threshold effects, energy
loss in inactive material, and contamination from pileup
(defined as additional pp interactions in the same and
neighboring bunch crossings) [110]. For jets entering the
analysis, a kinematic selection of pT > 20 GeV and jηj <
4.5 is applied. In the context of event categorization, only
jets with pT > 30 GeV are considered for jet counting.
Furthermore, a jet-vertex-tagger multivariate discriminant
selection that reduces contamination from pileup [111] is
applied to jets with 20 < pT < 60 GeV and jηj < 2.4,
utilizing calorimeter and tracking information to separate
hard-scatter jets from pileup jets. Jets with pT > 20 GeV
and jηj < 2.5 containing b-hadrons (b-jets) are identified
using a neural-network discriminant based on a number of
lower-level taggers which utilize relevant quantities such as
the associated track impact parameters and information
from secondary vertices. The working point that is adopted
has an average 85% b-jet tagging efficiency, as estimated
from simulated tt̄ events [112,113].
The following procedure is adopted in the case of

overlapping objects. If two electrons share an ID track,
the lower-ET electron is removed. If a muon shares an ID
track with an electron, the electron is removed. For
electrons and jets, the jet is removed if ΔRðjet; eÞ < 0.2,
and the jet is not tagged as a b-jet. For any surviving jets,
the electron is removed if ΔRðjet; eÞ < 0.4. For muons and
jets, the jet is removed if ΔRðjet; μÞ < 0.2, the jet has less
than three associated tracks with pT > 500 MeV, and the
jet is not tagged as a b-jet. For any surviving jets, the muon
is removed if ΔRðjet; μÞ < 0.4.
The quantity Emiss

T is calculated as the negative vector
sum of the pT of all the selected leptons and jets, together

with reconstructed tracks that are not associated with these
objects but are consistent with originating from the primary
pp collision [114]. A second definition of missing trans-
verse momentum (in this case denoted by pmiss

T ) uses tracks
for the hadronic hard term as well, replacing the calorim-
eter-measured jets with their associated tracks instead. The
pmiss
T observable is used directly in the selection of events

because of its ability to discriminate better against the
Z=γ� → ττ background, while the Emiss

T observable is used
to build signal-sensitive variables such as mT due to its
superior resolution.

V. EVENT SELECTION AND CATEGORIZATION

The initial sample of events is required to satisfy the data
quality and trigger criteria, as well as to contain exactly two
leptons identified as discussed in the previous section, with
different flavor and opposite charge. In addition, the higher-
pT (leading) lepton is required to have pT > 22 GeV, and
the subleading lepton is required to have pT > 15 GeV.
Di-τ-lepton backgrounds from low-mass Drell-Yan (DY)
production and meson resonances are removed by requiring
a dilepton invariant mass mll > 10 GeV. In the analysis
categories targeting the ggF production mode, a pmiss

T >

20 GeV selection is applied, which significantly reduces
both the Z=γ� → ττ background and the multijet back-
grounds with misidentified leptons. The above criteria
define the event preselection. Figure 1 shows the jet

FIG. 1. Jet multiplicity distribution, for jets with pT > 30 GeV
and jηj < 4.5, after applying the preselection criteria (prefit
normalizations). The hatched band shows the normalization
component of the total prefit uncertainty, assuming SM Higgs
boson production. The various background components are
discussed in more detail in Sec. VI.

5
z0 and d0 are the longitudinal and transverse impact param-

eters, respectively. d0 is defined by the point of closest approach
of the track to the beamline in the r-ϕ plane, while z0 is the
longitudinal distance to the hard-scatter primary vertex from this
point.
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multiplicity distribution at the preselection level. All histo-
grams in this paper include underflow and overflow events
unless otherwise stated. The different background compo-
sitions as a function of jet multiplicity motivate the division
of the data sample into separate Njet categories. Four main
analysis categories are defined: the Njet¼0 category target-
ing the ggF production mode as described in Sec. VA, the
Njet ¼ 1 category targeting the ggF production mode as
described in Sec. V B, the Njet ≥ 2 category targeting the
VBF production mode as described in Sec. V C, and the
Njet ≥ 2 category targeting the ggF production mode as
described in Sec. V D. To reject background from top-quark
production, events containing b-jets with pT > 20 GeV are
vetoed in all analysis categories. The remaining selections
used to define the analysis SRs are described separately for
each category of events below, while Table II provides a
summary of the full set of SR selections.

A. Njet = 0 category

Events with a significant mismeasurement of the missing
transverse momentum are suppressed by requiring Emiss

T to
point away from the dilepton transverse momentum
(Δϕll;Emiss

T
> π=2). In the absence of a jet to balance the

dilepton system, the magnitude of the dilepton momentum
pllT is expected to be small in DYevents. A requirement of
pllT > 30 GeV further reduces the DY contribution while
retaining the majority of the signal events.
Continuum WW production and resonant Higgs boson

production can be separated by exploiting the spin-0
property of the Higgs boson, which, when combined with
the V − A nature of the W boson decay, leads to a small
opening angle between the charged leptons. A requirement

of mll < 55 GeV, which combines the small lepton open-
ing angle with the kinematics of a low-mass Higgs boson
(mH ¼ 125 GeV), significantly reduces both the WW and
DY backgrounds. A requirement of Δϕll < 1.8 signifi-
cantly reduces the remaining DY background while retain-
ing most of the signal. The mll and Δϕll selections in the
Njet ¼ 0 category are indicated by dashed lines in Figs. 2(a)
and 2(b), with an arrow at the top pointing to the region
retained. The Njet ¼ 0 SR is further split into four sub-
regions with boundaries in mll at mll ≤ 30 GeV and
mll > 30 GeV as well as in the pT of the subleading lepton
at psublead

T ≤ 20 GeV and psublead
T > 20 GeV.

B. Njet = 1 category

A requirement is applied to the maximum transverse
mass defined as the maximum value of m

li

T , maxðml

TÞ,
where

m
li

T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2p
li

T · Emiss
T · ð1 − cosΔϕðli; Emiss

T ÞÞ
q

;

and li can be either the leading or the subleading lepton.
This quantity tends to have small values for the DY
background and large values for the signal process. It also
has small values for multijet production, where misidenti-
fied leptons are frequently measured with energy lower
than the jets from which they originate. Therefore, these
backgrounds are substantially reduced with a requirement
of maxðml

TÞ > 50 GeV. The one-jet requirement improves
the rejection of Z → ττ background. Using the direction
and magnitude of the measured missing transverse momen-
tum and projecting it along the directions defined by the two

TABLE II. Event selection criteria used to define the SRs in the H → WW�
→ eνμν analysis. The definitions of the variables can be

found in the text of this paper.

Category Njet;ðpT>30 GeVÞ ¼ 0 ggF Njet;ðpT>30 GeVÞ ¼ 1 ggF Njet;ðpT>30 GeVÞ ≥ 2 ggF Njet;ðpT>30 GeVÞ ≥ 2 VBF

Preselection Two isolated, different-flavor leptons (l ¼ e, μ) with opposite charge
plead
T > 22 GeV, psublead

T > 15 GeV
mll > 10 GeV

pmiss
T > 20 GeV

Background rejection Nb-jet;ðpT>20 GeVÞ ¼ 0

Δϕll;Emiss
T

> π=2 mττ < mZ − 25 GeV

pll

T > 30 GeV maxðml

TÞ > 50 GeV

H → WW�
→ eνμν

topology
mll < 55 GeV
Δϕll < 1.8

Fail central jet veto or
fail outside lepton veto

Central jet veto
outside lepton veto
mjj > 120 GeVjmjj − 85j > 15 GeV

or Δyjj > 1.2

Discriminating
fit variable

mT DNN
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reconstructed charged leptons, the mass of the leptonically
decaying τ-lepton pair, mττ, can be reconstructed using the
so-called collinear approximation [115]. A requirement of
mττ <mZ−25GeV6 significantly reduces the remaining
DY contribution and is applied in all categories with
Njet≥1. The same Δϕll and mll selections as described

in Sec. VA are also applied in the Njet ¼ 1 category and are
illustrated in Figs. 2(c) and 2(d), respectively. The Njet ¼ 1

SR is further split into four subregions with the same
boundaries as defined for the Njet ¼ 0 category.

C. VBF-enriched Njet ≥ 2 category

The VBF process is characterized by the kinematics of
the two leading jets in the event, which are predominantly

(a) (b)

(c) (d)

FIG. 2. Distributions of (a) mll and (b) Δϕll in the Njet ¼ 0 category as well as (c) mll and (d) Δϕll in the Njet ¼ 1 category, after
the preselection and background rejection steps, and also after the selection on mll for the Δϕll plots. The dashed lines indicate where
the selection on the observable is made. The distributions are normalized to their nominal yields, before the final fit to all SRs and CRs
(prefit normalizations). The hatched band shows the normalization component of the total prefit uncertainty, assuming SM Higgs boson
production. The bottom panels show the normalized distributions for the signal and backgrounds, from which it can be inferred which
background processes are primarily removed by the indicated selections.

6For this selection, mZ is set to 91.1876 GeV.
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emitted in the forward region, and by the relatively low
levels of hadronic activity between them due to the
mediating weak bosons that do not exchange color. In
order to construct a SR enriched in this VBF topology,
events are rejected if they contain additional jets with pT >
30 GeV that lie in the pseudorapidity gap between the two
leading jets (central jet veto) or if either lepton lies outside
the pseudorapidity gap between the two leading jets (out-
side lepton veto). Furthermore, the invariant mass of the
two leading jets, mjj, is required to be above 120 GeV to
ensure orthogonality to analyses targeting the Vð→ qqÞH
production mode.
The events in this category are analyzed using a DNN

that is implemented through Keras [116] and TensorFlow [117],
considering VBF Higgs boson production as signal and the
other processes as background (including ggF Higgs boson
production). The hyperparameters are optimized to find the
best-performing set. The architecture of the DNN exhibits
seven dense hidden layers, with the first hidden layer
consisting of 256 nodes and each successive layer decreas-
ing in size. Nodes in the hidden layers use rectified linear
units as activation functions, while the output node utilizes
a sigmoid activation function. Cross-entropy is used to
calculate the loss, and dropout is used as a regularization
method to prevent overtraining. A total of 15 kinematic
variables built from the leptons (l), jets (j), and Emiss

T in the
event are used as inputs to the DNN. The following
variables are chosen to provide discrimination based on
the VBF topology: mjj; the difference between the two jet
rapidities (Δyjj); the lepton η-centrality (

P

l
Cl, where

Cl ¼ j2ηl −
P

ηjj=Δηjj), which quantifies the positions

of the leptons relative to the leading jets in pseudorapidity
[118]; the pT of the three leading jets (pj1

T , p
j2
T , p

j3
T , where

p
j3
T is set to 0 GeV if there is no third jet in the event); and

the invariant masses of all four possible lepton-jet pairs
between the leptons and the two leading jets (ml1j1

, ml1j2
,

ml2j1
, ml2j2

). The variables mll, Δϕll, and mT are also
utilized, targeting the features of the H → WW� decay.
Two additional variables are also included: the total trans-
verse momentum (ptot

T ), defined as the magnitude of the
vectorial sum of the pT of all selected objects, and the Emiss

T
significance, which provides separation between events
with real undetected high-pT particles and events where the
Emiss
T is the result of resolution effects [119]. The observ-

ables providing the best discrimination between signal and
background are mjj and Δyjj, and their distributions in the
Njet ≥ 2 VBF SR are shown in Fig. 3. The DNN output
reflects how “VBF-like” the event’s kinematics are, and thus
is used as a classifier, with the signal purity improving as the
output value increases. The DNN bin boundaries in the
VBF-sensitive range are chosen with an algorithm that aims
to make the bins as narrow as possible, while also requiring
at least ten expected signal and background events each per
bin as well as at most 20% statistical uncertainty in the
background. This method helps tomitigate the risk of strong
statistical fluctuations in the fit, and yields narrower bins on
average for larger values of theDNNoutput, giving a total of
seven bins: [0–0.25, 0.25–0.52, 0.52–0.68, 0.68–0.77, 0.77–
0.83, 0.83–0.87, 0.87–1.00]. In the bin with the highest
DNN output, the expected VBF signal-to-background ratio
is approximately 2 to 1.

(a) (b)

FIG. 3. Distributions of (a) mjj and (b) Δyjj in the Njet ≥ 2 VBF SR. The solid line shows the expected VBF signal scaled by a factor
of 50. The signal and background yields are normalized to the output from the final fit to all SRs and CRs. The hatched band shows the
normalization component of the total postfit uncertainty, assuming SM Higgs boson production. The last bin of each distribution is
inclusive (includes the overflow).
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D. ggF-enriched Njet ≥ 2 category

The ggF-enriched Njet ≥ 2 category is forced to be
mutually exclusive to the VBF-enriched Njet ≥ 2 category
by requiring events to fail either the central jet veto or
outside lepton veto. Furthermore, Vð→ qqÞH production is
suppressed by rejecting events in a region defined by jmjj −

85j ≤ 15 GeV and Δyjj ≤ 1.2. The same Δϕll and mll

selections as described in Sec. VA are also applied in the

ggF-enriched Njet ≥ 2 category and are shown in Figs. 4(a)
and 4(b), respectively, together with the mττ selection in
Fig. 4(c). The ggF-enriched Njet ≥ 2 SR is further split into
two subregions with a boundary at mll ¼ 30 GeV.

E. STXS categorization

In order to optimize the measurements in bins aligned
with those of the Stage-1.2 STXS framework, several

(a) (b)

(c)

FIG. 4. Distributions of (a) Δϕll, (b) mll, and (c) mττ in the ggF-enriched Njet ≥ 2 category, after requiring all selections up to the
corresponding observable. Underflow and overflow events are not included in (c). The dashed lines indicate where the selection on the
observable is made. The distributions are normalized to their nominal yields, before the final fit to all SRs and CRs (prefit
normalizations). The hatched band shows the normalization component of the total prefit uncertainty, assuming SM Higgs boson
production. The bottom panels show the normalized distributions for the signal and backgrounds, from which it can be inferred which
background processes are primarily removed by the indicated selections.
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STXS kinematic fiducial regions are merged, and the
separation of the selected events into SRs differs slightly
from the description above. The STXS bin merging
strategy, referred to as Reduced Stage-1.2, and the recon-
structed SRs are illustrated in Fig. 5. For the exclusive
Njet ¼ 0 ggH category, only a single STXS cross section is
measured, with the same SR splitting as defined in Sec. VA
and applying a pH

T < 200 GeV selection. For the exclusive
Njet ¼ 1 ggH category, all three Stage-1.2 measurements
are retained, with the SR split along the same pH

T bin
boundaries. For the exclusive Njet ≥ 2 ggH category with
pH
T < 200 GeV, only a single STXS cross section is

measured, with the same SR splitting as defined in
Sec. V D but also including a pH

T < 200 GeV selection.
For the Njet inclusive ggH category with pH

T ≥ 200 GeV,
only a single STXS cross section is measured, using both
the Njet ¼ 1 SR with an added pH

T ≥ 200 GeV selection
and the same ggF-enriched Njet ≥ 2 SR with splitting as
defined in Sec. V D but also including a pH

T ≥ 200 GeV
selection. No events with Njet ¼ 0 at the event-generation
level are reconstructed in the region with pH

T ≥ 200 GeV.

For the exclusive Njet ≥ 2 EW qqH categories targeting
VBF production, the bins separated by pT

Hjj value7 are
merged, and so are the bins separated by mjj for
pH
T ≥ 200 GeV, resulting in a total of five measured cross

sections. The same SR described in Sec. V C is used, but
split into five subregions with the same boundaries that
define the measured EW qqH STXS cross sections. In
addition, the same DNN and training is used for the final
fit’s discriminating variable. The exclusive Njet ≥ 2 EW
qqH category withmjj < 350 GeV that targets Vð→ qq̄ÞH
production and also the Vð→ leptonsÞH and tt̄H categories
to which this analysis is not sensitive are fixed to their
expected yields in the fit. Figure 6 shows the relative
contributions of the different merged STXS bins in all
reconstructed SRs. In each case, the target categories
provide the largest contribution in the corresponding
SRs which aim to select them.

FIG. 5. Two sets (Production Mode Stage and Reduced Stage 1.2) of exclusive phase-space regions (production bins) defined at parton
level for the measurement of the Higgs boson production cross sections (left and middle-left shaded panels) and the corresponding
reconstructed signal regions (right panel). The description of the production bins as well as the corresponding reconstructed signal
regions is given in Sec. V E. The colors of each reconstructed signal region box indicate the STXS bin which provides the largest relative
contribution.

7
p
Hjj
T is defined at the reconstruction level as the transverse

momentum of the system composed of the two leptons + Emiss
T +

two leading jets in the event.
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VI. BACKGROUND ESTIMATION

The background contamination in the SRs originates
from various processes: nonresonant WW, top-quark pair

(tt̄) and single-top-quark (Wt), diboson (WZ, ZZ, Wγ,
Wγ�, and Zγ), and Drell-Yan (mainly Z → ττ, hereafter
denoted by Z=γ�) production. Other background

FIG. 6. Relative SM signal composition in terms of the measured STXS bin for each reconstructed signal region.

TABLE III. Event selection criteria used to define the control regions in the H → WW�
→ eνμν analysis. Every control region

selection starts from the selection labeled “Preselection” in Table II, and Nb-jet;ð20<pT<30 GeVÞ represents the number of b-jets with
20 < pT < 30 GeV.

CR Njet;ðpT>30 GeVÞ ¼ 0 ggF Njet;ðpT>30 GeVÞ ¼ 1 ggF Njet;ðpT>30 GeVÞ ≥ 2 ggF Njet;ðpT>30 GeVÞ ≥ 2 VBF

qq → WW Nb-jet;ðpT>20 GeVÞ ¼ 0

Δϕll;Emiss
T

> π=2 mll > 80 GeV

pll

T > 30 GeV jmττ −mZj > 25 GeV mττ < mZ − 25 GeV
55 < mll < 110 GeV maxðml

TÞ > 50 GeV mT2 > 165 GeV
Δϕll < 2.6 Fail central jet veto or

fail outside lepton veto
jmjj − 85j > 15 GeV

or Δyjj > 1.2

tt̄=Wt Nb-jet;ð20<pT<30 GeVÞ > 0 Nb-jet;ðpT>30 GeVÞ ¼ 1 Nb-jet;ðpT>20 GeVÞ ¼ 0 Nb-jet;ðpT>20 GeVÞ ¼ 1

Nb-jet;ð20<pT<30 GeVÞ ¼ 0

Δϕll;Emiss
T

> π=2 mττ < mZ − 25 GeV

pll

T > 30 GeV maxðml

TÞ > 50 GeV mll > 80 GeV
Δϕll < 2.8 Δϕll < 1.8

mT2 < 165 GeV
Fail central jet veto or
fail outside lepton veto

Central jet veto
outside lepton veto

jmjj − 85j > 15 GeV
or Δyjj > 1.2

Z=γ� Nb-jet;ðpT>20 GeVÞ ¼ 0

mll < 80 GeV mll < 55 GeV mll < 70 GeV
no pmiss

T requirement
Δϕll > 2.8 mττ > mZ − 25 GeV jmττ −mZj ≤ 25 GeV

maxðml

TÞ > 50 GeV Fail central jet veto or fail
outside lepton veto

central jet veto
outside lepton veto

jmjj − 85j > 15 GeV or
Δyjj > 1.2
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contributions arise from W þ jets and multijet production
with misidentified leptons, which are either nonprompt
leptons from decays of heavy-flavor hadrons or jets
misidentified as prompt leptons. The backgrounds with
misidentified leptons are estimated using a data-driven
technique. Dedicated data regions with low expected
signal, hereafter called control regions (CRs), are used
to normalize the predictions of the WW, top-quark, and
Z → ττ backgrounds. Table III summarizes the selections
used to define the CRs, which start from the preselection
defined in Table II. The background estimates for the
remaining background processes, most notably the dibo-
son processes other than WW, are obtained from simu-
lated samples normalized to the theoretical cross sections
for these processes.

A. WW background

The nonresonant WW background mainly originates
from the quark-initiated process (labeled qqWW) with a
small additional contribution from the gluon-initiated
process proceeding via a box-diagram (ggWW). The
ggWW process produces approximately 10% of the total
WW background contribution and is estimated from
simulated samples normalized to the theoretical cross
sections. The qqWW process is normalized to the
observed yields in dedicated CRs, defined separately
for each analysis category. The CRs are orthogonal to
the SRs and enriched in the WW process. For the Njet ¼ 0

category, the selected mll region is modified to
55 < mll < 110 GeV, and the Δϕll selection is relaxed
to Δϕll < 2.6 (from Δϕll < 1.8 in the SRs). The upper
bound on the mll selection reduces the contamination
from top-quark processes in the WW CR, whereas the
Δϕll selection removes most of the Z → ττ contamina-
tion. TheWW CR in the Njet ¼ 1 category differs from the
SR by requiring mll>80GeV and jmττ −mZj > 25 GeV.
For the Njet ≥ 2 categories, it is difficult to find a region
with high WW process purity because of the overwhelm-
ing background from top-quark processes. For the
ggF-enriched Njet ≥ 2 category, the qqWW process is
normalized to the yield in the CR, whereas the qqWW
background in the VBF-enriched Njet ≥ 2 category is
estimated from simulated samples normalized to the
theoretical cross section. TheWW CR for the ggF-enriched
Njet ≥ 2 category is defined by requiring mll > 80 GeV
and mT2 > 165 GeV. The mT2 variable [120] is defined as

m2

T2 ¼ min
=p1þ=p2¼=pT

½maxfm2
Tðpa

T; =p1Þ; m2
Tðpb

T; =p2Þg�;

where the minimization is over all possible two-momenta,
=p1;2, such that their sum gives the observed missing
transverse momentum =pT, and where each of pa

T and pb
T

is the combined transverse momentum of a charged lepton
and a jet. ThemT2 selection is indicated by a dashed line in

Fig. 7, with an arrow at the top pointing to the region
retained. For all WW CRs, a b-jet veto is maintained.
The WW CRs have prefit WW process purities of

67% (Njet ¼ 0), 34% (Njet ¼ 1), and 39% (ggF-enriched
Njet ≥ 2). The postfit background normalization factors,
from the fit described in Sec. VIII, are summarized in
Table IV. Figure 8 presents the postfit mT distributions in
the Njet ¼ 0, Njet ¼ 1, and ggF-enriched Njet ≥ 2 CRs.

B. Top-quark backgrounds

The top-quark backgrounds affecting this analysis
are associated with the tt̄ and Wt processes. They are
normalized to the observed combined top yields in CRs,

FIG. 7. Distribution of themT2 variable used in the definition of
the WW CR for the ggF-enriched Njet ≥ 2 category and after the
prior selections summarized in Table III have been applied. The
dashed line indicates where the selection on the observable is
made. The distributions are normalized to their nominal yields,
before the final fit to all SRs and CRs (prefit normalizations). The
hatched band shows the normalization component of the total
prefit uncertainty.

TABLE IV. Postfit normalization factors which scale the
corresponding estimated yields in the relevant signal region;
the dash indicates where a MC-based normalization is used. The
quoted uncertainties include both the statistical and systematic
contributions.

Category WW tt̄=Wt Z=γ�

Njet ¼ 0 ggF 1.02þ0.07
−0.07 0.93þ0.22

−0.17 0.96þ0.07
−0.06

Njet ¼ 1 ggF 0.85þ0.16
−0.15 1.05þ0.19

−0.16 0.98þ0.10
−0.09

Njet ≥ 2 ggF 0.81þ0.34
−0.33 0.96þ0.23

−0.18 0.98þ0.18
−0.17

Njet ≥ 2 VBF 0.92þ0.33
−0.21 0.93þ0.23

−0.19
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defined separately for each analysis category. The uncer-
tainties in the relative contributions of tt̄ and Wt are
accounted for by considering their relevant uncertainties
separately, while their ratios are similar between respective
CRs and SRs. The CRs are orthogonal to the SRs, normally
by inverting the b-jet veto. The exception is in the ggF-
enriched Njet ≥ 2 category, where the top-quark CR is
defined with a b-jet veto and orthogonality to the SR and
WW CR is achieved by requiring mll > 80 GeV and
mT2 < 165 GeV, respectively. This is possible due to the

Njet ≥ 2 categories having high top-quark event purity even
with a b-jet veto, and this definition reduces the uncer-
tainties from the b-jet selection in this category. For the
Njet ¼ 0 category, the top-quark CR requires the presence
of a reconstructed jet with 20 < pT < 30 GeV which is
identified as coming from a b-quark.
The top-quark CRs have prefit top-quark process purities

of 89% (Njet ¼ 0), 98% (Njet ¼ 1), 71% (ggF-enriched
Njet ≥ 2), and 97% (VBF-enriched Njet ≥ 2). The postfit
background normalization factors are summarized in

(a) (b)

(c)

FIG. 8. Postfit mT distributions in the (a) Njet ¼ 0, (b) Njet ¼ 1, and (c) ggF-enriched Njet ≥ 2 WW CRs with signal (normalized to
postfit measurement) and background modeled contributions. The red arrow in the lower panel of (a) indicates that the central value of
the data lies above the window. The last bin of each distribution is inclusive (includes the overflow). The hatched band shows the total
uncertainty, assuming SM Higgs boson production. Some contributions are too small to be visible.
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Table IV. Figure 9 presents the postfit mT distributions in
the Njet ¼ 0, Njet ¼ 1, and ggF-enriched Njet ≥ 2 CRs, as
well as the postfit DNN output distribution in the VBF-
enriched Njet ≥ 2 CR.

C. Z → ττ background

The Z → ττ background is normalized in dedicated CRs,
defined separately for each analysis category. For the

Njet ¼ 0 category, the reconstructed leptons are required
to have a large opening angle,Δϕll > 2.8. For theNjet ¼ 1

and Njet ≥ 2 categories, the main selection that separates
the Z → ττ CR from the SR is that the Z → ττ CR includes
the region in mττ around the nominal Z boson mass. For
all Z → ττ CRs, a b-jet veto is maintained. These CRs
have prefit Z → ττ process purities of 94% (Njet ¼ 0),
76% (Njet ¼ 1), 76% (ggF-enriched Njet ≥ 2), and 77%

(a) (b)

(c) (d)

FIG. 9. PostfitmT distributions in the (a) Njet ¼ 0, (b) Njet ¼ 1, and (c) ggF-enriched Njet ≥ 2 top-quark CRs, as well as (d) the postfit
DNN output distribution in the VBF-enriched Njet ≥ 2 top-quark CR, with signal (normalized to postfit measurement) and background
modeled contributions. The first two bins of the DNN output distribution used in the final fit, [0–0.25, 0.25–0.52], are split here into four
bins, [0–0.1, 0.1–0.25, 0.25–0.4, 0.4–0.52], to illustrate the shape of the steeply falling background. The red arrows in the lower panel of
(c) indicate that the central value of the data lies above the window. The last bin of each mT distribution is inclusive (includes the
overflow). The hatched band shows the total uncertainty, assuming SM Higgs boson production. Some contributions are too small to be
visible.
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(VBF-enriched Njet ≥ 2). The postfit background normali-
zation factors are summarized in Table IV. Figure 10 presents
the postfitmT distributions in theNjet¼0, Njet¼1, and ggF-
enriched Njet ≥ 2 CRs as well as the postfit DNN output
distribution in the VBF-enriched Njet ≥ 2 CR.

D. Backgrounds with misidentified leptons

The backgrounds originating from either one or two
misidentified (Mis-Id) leptons are primarily due toW þ jets

and multijet processes, respectively. They are estimated
using a data-driven technique8 where control samples are
established in which all nominal selections are applied with
the exception that one of the two lepton candidates fails to
meet all of the identification criteria defined in Sec. IV but
satisfies a looser set of identification criteria (referred to as

(a) (b)

(c) (d)

FIG. 10. Postfit mT distributions in the (a) Njet ¼ 0, (b) Njet ¼ 1, and (c) ggF-enriched Njet ≥ 2 Z → ττ CRs, as well as (d) the postfit
DNN output distribution in the VBF-enriched Njet ≥ 2 Z → ττ CR, with signal (normalized to postfit measurement) and background
modeled contributions. The first two bins of the DNN output distribution used in the final fit, [0–0.25, 0.25–0.52], are split here into four
bins, [0–0.1, 0.1–0.25, 0.25–0.4, 0.4–0.52], to illustrate the shape of the steeply falling background. The last bin of eachmT distribution
is inclusive (includes the overflow). The hatched band shows the total uncertainty, assuming SM Higgs boson production. Some
contributions are too small to be visible.

8The method to estimate the Mis-ID backgrounds is based on
previous ggFþ VBF H → WW� analyses by ATLAS [121,122].
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an anti-identified lepton). The expected Mis-Id background
yields in the signal and control regions are extrapolated
from the observed number of events in the corresponding
samples with anti-identified leptons, after subtracting the
expected contribution from processes with two prompt
leptons. The method appropriately accounts for all proc-
esses with misidentified leptons, as long as they are
represented in the sample with one anti-identified lepton
and the extrapolation factor is similar to the nominal value.
The small contribution from multijet processes with two
misidentified leptons is accounted for in the extrapolation
by applying a correction term evaluated in a sample where
both lepton candidates are anti-identified. The correction is
largest in the VBF-enriched Njet ≥ 2 category, for which a
direct pmiss

T selection is not applied. In this case, the multijet
processes constitute approximately 25% of the total mis-
identified lepton yield in the SR.
The extrapolation factor that is used to extrapolate the

expected Mis-Id background yields in the control samples
to the SRs is determined in a sample of Z þ jets-enriched
events, where a three-lepton selection is applied to target
events with a leptonically decaying Z boson plus a
misidentified lepton candidate recoiling against the Z
boson. It is defined as the ratio of the number of events
in which the misidentified lepton candidate is identified to
the number of events in which it is anti-identified and is
measured in bins of lepton pT (and jηj) in the case of
electrons (muons). A correction factor is used to account
for the fact that the sources of misidentified leptons, such as
hadrons, nonprompt leptons from heavy-flavor decays, and
photons, contribute in different ratios to the Z þ jets-
enriched sample in which the extrapolation factor is derived
and the largest source of Mis-Id background in the SR
(W þ jets events). This sample composition correction
factor is determined from the ratio of extrapolation factors
measured in W þ jets and Z þ jets MC simulation.

E. Control regions for the STXS measurements

For the cross-section measurements in the STXS frame-
work, the CRs defined above for the WW, top-quark, and
Z → ττ processes are further split into smaller CRs
corresponding to the various STXS SRs. For the Njet ¼
0 CRs, no further splitting is needed, and identical CRs are
used. For the Njet ¼ 1 category, the CRs for the WW, top-
quark, and Z → ττ processes are each divided into four
regions defined by pH

T < 60 GeV, 60 ≤ pH
T < 120 GeV,

120 ≤ pH
T < 200 GeV, and pH

T ≥ 200 GeV. The CRs for
the WW, top-quark, and Z → ττ processes in the ggF-
enriched Njet ≥ 2 category are further divided into regions
with pH

T < 200 GeV and pH
T ≥ 200 GeV. The pH

T ≥

200 GeV STXS category targeting the ggF production
mode is common to all jet multiplicities. For the VBF-
enriched Njet ≥ 2 category, the top-quark and Z → ττ CRs
are split into three regions each. Two regions are defined

for pH
T < 200 GeV by 350 ≤ mjj < 700 GeV and mjj ≥

700 GeV, while one region is defined for pH
T ≥ 200 GeV.

VII. SYSTEMATIC UNCERTAINTIES

Uncertainties from both experimental and theoretical
sources affect the results of the analysis. This section
describes the estimation of their effects on the signal and
background normalizations as well as, where applicable,
their effects on the shape of the final discriminant. The
relative impacts that various sources of systematic uncer-
tainties have on the measured ggF and VBF cross sections
are obtained from the likelihood fit described in Sec. VIII
and are listed in Table VI.

A. Experimental uncertainties

The uncertainties related to the reconstruction of
the objects used in the analysis are determined using
data-driven methods on high-statistics samples of proc-
esses such as Z → ll. Uncertainties associated with the
selected leptons originate from the reconstruction and
identification efficiency, the energy (or momentum) scale
and resolution, and the isolation efficiency [104,106]. For
jets, uncertainties arise from the jet energy scale and
resolution [110], the jet-vertex tagger’s performance, and
the b-jet identification [113]. Furthermore, uncertainties
due to the trigger selection [18,19] and the soft term in the
reconstruction of Emiss

T [114] are estimated. The uncer-
tainty in the modeling of pileup for simulated samples
is estimated by varying the reweighting to the profile in
data within its uncertainties. The uncertainty in the
combined 2015–2018 integrated luminosity is 1.7% [21],
obtained using the LUCID-2 detector [123] for the
primary luminosity measurements. The integrated lumi-
nosity uncertainty is only applied to the Higgs boson
signal and to background processes that are normalized to
theoretical predictions.
Three sources of uncertainty related to the extrapolation

factor used in the data-driven Mis-Id background estimate
are considered: the statistical uncertainty of the extrapola-
tion factor itself, an uncertainty related to the subtraction of
processes with two prompt leptons from the Z þ jets-
enriched sample used to derive the extrapolation factor,
and an uncertainty in the sample composition correction
factor. Together, they amount to a total uncertainty on the
electron (muon) extrapolation factor ranging from 10%
(12%) at low pT to 35% (75%) at high pT where there are a
small number of Mis-Id leptons.
The largest experimental uncertainties affecting the ggF

measurement come from the b-jet identification, the
pileup modeling, the jet energy resolution, and the Mis-
Id background estimate. For the VBF measurement, the
largest experimental uncertainty comes from the Emiss

T
reconstruction.
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B. Theoretical uncertainties

Uncertainties from the renormalization and factoriza-
tion scale choices, underlying-event modeling, and choice
of PDF are estimated for all processes. For signal, top, and
Z=γ� processes, the uncertainties from the parton shower
and the matrix-element matching are estimated by com-
paring predictions from the nominal and alternative

generators that are described in Sec. III B. For the

prediction of qqWW and of WZ, ZZ, and Vγ� production

(VV), variations of the matching scale and nonperturba-
tive effects are considered instead of an alternative
program for estimating the matrix-element matching
uncertainties. The uncertainty from the resummation scale
is estimated for the Sherpa samples.
For signal processes, the approach described in

Refs. [11,124] is used to estimate the variations due to
the impact of higher-order contributions not included in the
calculations and of migration effects on the Njet ggF cross
sections. In particular, the uncertainties from the choice of
factorization and renormalization scales, the choice of
resummation scales, and the ggF migrations between the
0-jet and 1-jet phase-space bins or between the 1-jet and
≥ 2-jet bins are considered [11,125–128].
The ggWW process is simulated at LO precision for up to

one additional parton emission. Therefore, a conservative
−50%=þ 100% normalization uncertainty is assigned to
this process for the Njet ≥ 2 categories and to the STXS
measurement in the region with pH

T ≥ 200 GeV targeting
the ggF production mode. A similar −50%=þ 100%

normalization uncertainty is also assigned to the Vγ
sample, due to a mismodeling of the γ → e misidentifica-
tion rate which primarily affects events with mT ≲ 80 GeV
and can be seen in Fig. 11(a). The EWWW process, which
contributes most significantly in the highest VBF DNN
bin, is assigned an additional normalization uncertainty of
15% due to NLO EW corrections, as calculated using the
leading-log approximation [129,130]. For Wt, an addi-
tional uncertainty estimated by comparing samples with
different diagram removal schemes [84] is applied. A
normalization uncertainty of 12%, as estimated in the
sample with a three-lepton selection described in
Sec. VI D, is also applied to the non-WW and VVV
backgrounds. For backgrounds which are normalized to
CR yields, uncertainties are estimated for the CR-to-SR
extrapolation factors. Only uncertainties that change the
ratios of SR yields to CR yields affect the extrapolation.
The uncertainties in the extrapolation factors are treated as
uncorrelated between different jet multiplicities and
between the CRs for the STXS measurement.
The uncertainties in the STXS measurements are

estimated for each SR separately, where the 11 STXS
bins are treated as different processes, and cover the
migration of events between STXS SRs. Merged SRs are
used to determine the uncertainties when only a small

number of events are available in the simulated samples in
a particular SR.
The largest theoretical uncertainties affecting the ggF

signal come from the measurement of exclusive jet
multiplicities and from the parton shower. For the VBF
signal, the comparisons of different event generators for
the matrix-element matching and for the parton shower
result in the largest uncertainties in the measurement. For
background processes, the theoretical uncertainties in the
WW and top-quark backgrounds result in the largest
contributions to the overall uncertainty.

VIII. FIT PROCEDURE

Results are obtained from a profile likelihood fit [131]
to data in the signal and control regions. Uncertainties
enter the fit as nuisance parameters in the likelihood
function. Theoretical uncertainties affecting the signal
and the experimental uncertainties affecting both signal
and background are in general correlated between
signal and control regions in all analysis categories.
Theoretical uncertainties in the backgrounds and the
background normalization factors are uncorrelated
between different analysis categories.
ThemT distribution is used as the final fit discriminant in

each of four regions defined by mll and subleading lepton
pT in both theNjet ¼ 0 andNjet ¼ 1 categories, as described
in Secs. VA and V B. The same binning of the mT
distribution is used in all regions: [0–90, 90–100, 100–
110, 110–120, 120–130, 130–∞]. The SR in the ggF-
enriched Njet ≥ 2 category is split into two bins of mll,
but there is no split in subleading lepton pT. In both regions,
the mT distribution is divided into six bins with the same
boundaries as for the Njet ¼ 0 and Njet ¼ 1 categories. For
theVBF-enrichedNjet ≥ 2 category, theDNNoutput is used
as the discriminating fit variable. The distribution is divided
into seven bins with the boundaries defined in Sec. V C.
For the STXS measurements, two modifications are

made: the four STXS regions in the Njet ¼ 1 category
are no longer split into bins defined by mll and subleading
lepton pT, while the STXS measurements targeting the
VBF production mode define four bins for the DNN output
with boundaries [0–0.5, 0.5–0.7, 0.7–0.84, 0.84–1.00].
The cross sections for the ggF and VBF production

modes are determined in a simultaneous fit to all nominal
SRs and CRs in the Njet ¼ 0, Njet ¼ 1, and Njet ≥ 2

categories. The ggF and VBF cross sections are the two
unconstrained POIs in this fit. A second fit is performed
using these same regions, but measuring a single POI for
the combined ggF and VBF yield. In both fits, the other
Higgs boson production modes are fixed to their expected
yields. A third fit is made to all the STXS regions, where
the 11 cross sections measured are POIs. No nuisance
parameters are significantly pulled or constrained in any of
the fits.
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(a) (b)

(c) (d)

FIG. 11. Postfit mT distributions with the signal and the background modeled contributions in the (a) Njet ¼ 0, (b) Njet ¼ 1,
(c) ggF-enriched Njet ≥ 2, and (d) combined ggF signal regions. Underflow and overflow events are not included. The hatched band
shows the total uncertainty, assuming SM Higgs boson production. The middle panel shows the ratio of the data to the sum of the fitted
signal and background. The bottom panel displays the difference between the data and the estimated background compared to the
simulated signal distribution, where the hatched band indicates the combined statistical and systematic uncertainty for the fitted signal
and background.
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IX. SIGNAL REGION YIELDS AND RESULTS

Table V shows the postfit SR yields for all of the four
analysis categories defined in Sec. V. The uncertainty in the
total expected yield reflects incomplete knowledge of the
observed yield in each analysis category and is not indicative
of the precision of the analysis. Furthermore, the relative
error in the yields of the background processes for which
dedicated CRs are defined is in many cases less than the
relative error in the corresponding normalization factor
displayed in Table IV due to effects of anticorrelation with
some nuisance parameters modeling theory uncertainties.
The mT distributions for the separate Njet ¼ 0, Njet ¼ 1,

and ggF-enriched Njet ≥ 2 SRs, as well as the combination
of ggF SRs, are shown in Fig. 11. The bottom panels of
Fig. 11 display the difference between the data and the total
estimated background compared to the mT distribution of a
SM Higgs boson with mH ¼ 125.09 GeV. The total signal
observed in all categories (see Table V) is about 4000
events and agrees, in both shape and rate, with the expected
SM signal. The observed (expected) signal yield in the ggF-
enrichedNjet ≥ 2 category, with the VBF contribution fixed
to the Standard Model prediction, reaches a significance of
2.2σ (1.6σ) above the background expectation.
The VBF DNN output distribution in the final signal

region is presented in Fig. 12. The observed (expected)
VBF signal reaches a significance of 5.8σ (6.2σ) above the
background expectation.
Figure 13 shows the best-fit values and uncertainties of

theH → WW� cross section for the ggF and VBF processes
and their combination, normalized to the corresponding
SM prediction. The cross sections times branching ratio for
the ggF and VBF production modes for a Higgs boson with
mass mH ¼ 125.09 GeV in the H → WW� decay channel,
σggF · BH→WW� and σVBF · BH→WW� , are simultaneously
measured to be

TABLE V. Postfit MC and data yields in the ggF and VBF SRs. Yields in the bin with the highest VBF DNN output are also presented.
The quoted uncertainties correspond to the statistical uncertainties, together with the experimental and theory modeling systematic
uncertainties. The sum of all the contributions may differ from the total value due to rounding. Moreover, the uncertainty in the total
yield differs from the sum in quadrature of the single-process uncertainties due to the effect of anticorrelations between the sources of
their systematic uncertainties, which are larger than their MC statistical uncertainties.

Njet ≥ 2 VBF

Process Njet ¼ 0 ggF Njet ¼ 1 ggF Njet ≥ 2 ggF Inclusive DNN: [0.87, 1.0]

HggF 2100� 220 1100� 130 440� 90 209� 40 2.6� 0.9
HVBF 23� 9 103� 30 46� 12 180� 40 28.8� 5.5

Other Higgs 40� 20 55� 28 55þ 27 29� 15 0.04� 0.02
WW 9700� 350 3500� 410 1500� 470 2100� 340 4.6� 1.2
tt̄=Wt 2200� 210 5300� 340 6100� 500 7600� 370 2.6� 0.8
Z=γ� 140� 50 280� 40 930� 70 1300� 300 0.6� 0.1
Other VV 1400� 130 840� 100 470� 90 380� 80 0.6� 0.1
Mis-Id 1200� 130 720� 90 470� 50 330� 40 1.7� 0.2

Total 16770� 130 11940� 110 10030� 100 12200� 180 42.0� 5.1
Observed 16726 11917 9982 12189 38

FIG. 12. Postfit distribution of the DNN output in the VBF
signal region. The hatched band shows the total uncertainty,
assuming SM Higgs boson production. The middle panel shows
the ratio of the data to the sum of the fitted signal and
background. The bottom panel displays the signal-to-background
ratio, where the hatched band indicates the combined statistical
and systematic uncertainty for the fitted signal and background.
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σggF · BH→WW� ¼ 12.0� 1.4 pb

¼ 12.0� 0.6ðstatÞþ0.9
−0.8ðexp systÞ þ0.6

−0.5

× ðsig theoÞ � 0.8ðbkg theoÞ pb
σVBF · BH→WW� ¼ 0.75 þ0.19

−0.16 pb

¼ 0.75� 0.11ðstatÞ þ0.07
−0.06ðexp systÞ þ0.12

−0.08

× ðsig theoÞ þ0.07
−0.06ðbkg theoÞ pb;

compared to the SM predicted values of 10.4� 0.5
and 0.81� 0.02 pb for ggF and VBF [11],9 respectively.
The combined cross section times branching ratio,
σggFþVBF · BH→WW� , obtained from fitting a single POI,
is measured to be

σggFþVBF ·BH→WW� ¼ 12.3�1.3 pb

¼ 12.3�0.6ðstatÞþ0.8
−0.7ðexp systÞ

�0.6ðsig theoÞ�0.7ðbkg theoÞ pb;

compared to the SM predicted value of 11.3� 0.5 pb.
Table VI shows the relative impact of the main uncer-

tainties on the measured values for σggFþVBF · BH→WW�,
σggF · BH→WW� , and σVBF · BH→WW� . The measurements are
dominated by systematic uncertainties. For the ggF meas-
urement, uncertainties from experimental and theoretical

sources are comparable. For the VBF measurement, signal
theory uncertainties make up the largest contribution, and
the dominant ones are those related to the modeling of
potential jets in addition to the tagging jets.
The 68% and 95% confidence level two-dimensional

contours of σggF · BH→WW� and σVBF · BH→WW� are shown
in Fig. 14 and are consistent with the SM predictions.
Figure 15 shows a summary of the H → WW� cross

sections measured in each of the 11 STXS bins, normalized
to the corresponding SM prediction. The correlation matrix
for the measured cross sections is shown in Fig. 16. The
largest correlations between the measured cross sections
are around 30% and are primarily caused by the migration

FIG. 13. Best-fit values and uncertainties of the H → WW�

cross section for the ggF and VBF processes and their combi-
nation, normalized to the corresponding SM prediction. The
black error bars, green boxes, and tan boxes show the total,
systematic, and statistical uncertainties in the measurements,
respectively. The gray bands represent the theory uncertainty of
the corresponding Higgs production mode.

TABLE VI. Breakdown of the main contributions to
the total uncertainty in σggFþVBF · BH→WW� , σggF · BH→WW� ,
and σVBF · BH→WW� , relative to the measured value. The
individual sources of systematic uncertainties are grouped to-
gether. The sum in quadrature of the individual components
differs from the total uncertainty due to correlations between the
components.

Source

ΔσggFþVBF·BH→WW�
σggFþVBF ·BH→WW�

½%�

ΔσggF ·BH→WW�
σggF ·BH→WW�

½%�

ΔσVBF·BH→WW�
σVBF ·BH→WW�

½%�
Data statistical
uncertainties

4.6 5.1 15

Total systematic
uncertainties

9.5 11 18

MC statistical
uncertainties

3.0 3.8 4.9

Experimental
uncertainties

5.2 6.3 6.7

Flavor tagging 2.3 2.7 1.0
Jet energy scale 0.9 1.1 3.7
Jet energy resolution 2.0 2.4 2.1
Emiss
T 0.7 2.2 4.9

Muons 1.8 2.1 0.8
Electrons 1.3 1.6 0.4
Mis-Id extrapolation
factors

2.1 2.4 0.8

Pileup 2.4 2.5 1.3
Luminosity 2.1 2.0 2.2

Theoretical uncertainties 6.8 7.8 16
ggF 3.8 4.3 4.6
VBF 3.2 0.7 12
WW 3.5 4.2 5.5
Top 2.9 3.8 6.4
Zττ 1.8 2.3 1.0
Other VV 2.3 2.9 1.5
Other Higgs 0.9 0.4 0.4

Background
normalizations

3.6 4.5 4.9

WW 2.2 2.8 0.6
Top 1.9 2.3 3.4
Zττ 2.7 3.1 3.4

Total 10 12 23

9The uncertainties in the predicted cross sections include the
uncertainty in the Higgs boson mass.
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of signal events between STXS bins and reconstructed
signal regions. The measured cross sections for the five
STXS bins targeting EW qqH production are on average
lower than the VBF cross section measured in the two-POI
fit. Events with highmjj or high pH

T carry a larger statistical
weight than events at low mjj in the two-POI fit, and in
these STXS bins, the measured value is close to 1.

Table VII provides the central value and uncertainties of
each of the measured STXS cross sections, together with
the SM predictions. The results are compatible with the
Standard Model predictions, with a p-value of 53%.

X. CONCLUSIONS

The H → WW�
→ eνμν decay channel was used to

measure Higgs boson production by gluon-gluon fusion
and vector-boson fusion. The measurements are based
on a dataset of proton-proton collisions with an integrated
luminosity of 139 fb−1 recorded with the ATLAS
detector at the LHC in 2015–2018 at a center-of-mass
energy of 13 TeV. The ggF and VBF cross sections times
the H → WW� branching ratio are simultaneously mea-
sured to be 12.0� 0.6ðstatÞþ0.9

−0.8ðexp systÞ þ0.6
−0.5ðsig theoÞ �

0.8ðbkg theoÞ pb and 0.75� 0.11ðstatÞ þ0.07
−0.06ðexp systÞ×

þ0.12
−0.08ðsig theoÞ þ0.07

−0.06ðbkg theoÞ pb, in agreement with the
StandardModel predictions of 10.4�0.6 and 0.81�0.02pb,
respectively. These measurements are significantly more
precise than the previous Higgs boson cross sections times
H → WW� branching ratio results from ATLAS because of
several improvements to the analysis in addition to the larger
dataset, most notably the inclusion of a dedicated signal
region for the ggF production mode in conjunction with two
or more reconstructed jets. Higgs boson production in the
H → WW� decay channel is further characterized through
STXS measurements in a total of 11 categories. The STXS
results are compatible with the Standard Model predictions,
with a p-value of 53%.

FIG. 14. 68% and 95% confidence level (CL) two-dimensional
contours of σggF · BH→WW� vs σVBF · BH→WW� , compared to the
SM prediction shown by the red marker. The 68% CL contour for
the SM predictions of the ggF and VBF cross sections times
branching ratio [11] is indicated by the red ellipse.

FIG. 15. Best-fit value and uncertainties for the H → WW� cross section measured in each of the STXS bins, normalized to the
corresponding SM prediction. The black error bars, green boxes, and tan boxes show the total, systematic, and statistical uncertainties in
the measurements, respectively. The gray bands represent the theory uncertainty of the signal yield in the corresponding STXS bin.
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FIG. 16. Correlations between the cross-section measurements in the 11 STXS bins for the H → WW�
→ eνμν analysis.

TABLE VII. Best-fit values and uncertainties for the production cross section timesH → WW� branching ratio ðσi · BH→WW�Þ in each
STXS bin.

Uncertainty (fb)

STXS bin ðσi · BH→WW�Þ
Value
(fb) Total Statistical

Experimental
systematics

Signal
Theory

Background
Theory

SM
prediction (fb)

ggH-0j, low pH
T pH

T < 200 GeV 7100 þ950

−910

þ480

−470

þ570

−530

þ320

−260

þ490

−480
5870� 390

ggH-1j, very low pH
T pH

T < 60 GeV 1140 þ800

−820

þ420

−410

þ380

−380

þ80

−70

þ570

−600
1400� 190

ggH-1j, low pH
T 60 ≤ pH

T < 120 GeV 540 þ470

−470

þ310

−310

þ230

−230

þ42

−47

þ270

−280
970� 150

ggH-1j, medium pH
T 120 ≤ pH

T < 200 GeV 230 þ130

−120

þ100

−100

þ60

−60

þ10

−10

þ50

−50
160� 30

ggH-2j, low pH
T pH

T < 200 GeV 1610 þ900

−890

þ440

−440

þ430

−420

þ300

−150

þ640

−650
1010� 220

ggH, high pH
T pH

T ≥ 200 GeV 260 þ100

−100

þ80

−80

þ40

−40

þ40

−20

þ40

−40
122� 31

EW qqH-2j, low mjj-low pH
T 350≤mjj < 700GeV,

pH
T < 200GeV

6 þ63

−62

þ46

−42

þ31

−34

þ11

−14

þ24

−26
109� 7

EW qqH-2j, medium mjj-low pH
T 700≤mjj < 1000GeV,

pH
T < 200GeV

31 þ35

−33

þ30

−27

þ15

−14

þ8

−7

þ11

−10
56� 4

EW qqH-2j, high mjj-low pH
T 1000≤mjj < 1500GeV,

pH
T < 200GeV

60 þ26

−23

þ23

−21

þ7

−7

þ9

−5

þ5

−5
51� 4

EW qqH-2j, very high mjj-low pH
T mjj ≥ 1500 GeV,

pH
T < 200 GeV

57 þ20

−18

þ18

−17

þ5

−5

þ3

−3

þ4

−4
50� 4

EW qqH-2j, high pH
T mjj ≥ 350 GeV, pH

T ≥ 200 GeV 37 þ16

−14

þ14

−13

þ4

−3

þ4

−3

þ3

−3
32� 1
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M. G. Herrmann ,108 T. Herrmann ,50 G. Herten ,54 R. Hertenberger ,108 L. Hervas ,36 N. P. Hessey ,155a H. Hibi ,83

E. Higón-Rodriguez ,161 S. J. Hillier ,20 I. Hinchliffe ,17a F. Hinterkeuser ,24 M. Hirose ,123 S. Hirose ,156

D. Hirschbuehl ,169 B. Hiti ,92 J. Hobbs ,144 R. Hobincu ,27e N. Hod ,167 M. C. Hodgkinson ,138 B. H. Hodkinson ,32

A. Hoecker ,36 J. Hofer ,48 D. Hohn ,54 T. Holm ,24 M. Holzbock ,109 L. B. A. H. Hommels ,32 B. P. Honan ,100

J. Hong ,62c T. M. Hong ,128 Y. Hong ,55 J. C. Honig ,54 A. Hönle ,109 B. H. Hooberman ,160 W. H. Hopkins ,6

Y. Horii ,110 S. Hou ,147 J. Howarth ,59 J. Hoya ,89 M. Hrabovsky ,121 A. Hrynevich ,37 T. Hryn’ova ,4 P. J. Hsu ,65

S.-C. Hsu ,137 Q. Hu ,41,d Y. F. Hu ,14a,14d,y D. P. Huang ,95 S. Huang ,64b X. Huang ,14c Y. Huang,62a Y. Huang ,14a

Z. Huang ,100 Z. Hubacek ,131 M. Huebner ,24 F. Huegging ,24 T. B. Huffman ,125 M. Huhtinen ,36 S. K. Huiberts ,16

R. Hulsken ,103 N. Huseynov ,12,m J. Huston ,106 J. Huth ,61 R. Hyneman ,142 S. Hyrych ,28a G. Iacobucci ,56

G. Iakovidis ,29 I. Ibragimov ,140 L. Iconomidou-Fayard ,66 P. Iengo ,71a,71b R. Iguchi ,152 T. Iizawa ,56 Y. Ikegami ,82

A. Ilg ,19 N. Ilic ,154 H. Imam ,35a T. Ingebretsen Carlson ,47a,47b G. Introzzi ,72a,72b M. Iodice ,76a V. Ippolito ,74a,74b

M. Ishino ,152 W. Islam ,168 C. Issever ,18,48 S. Istin ,21a,z H. Ito ,166 J. M. Iturbe Ponce ,64a R. Iuppa ,77a,77b

A. Ivina ,167 J. M. Izen ,45 V. Izzo ,71a P. Jacka ,130,131 P. Jackson ,1 R.M. Jacobs ,48 B. P. Jaeger ,141

C. S. Jagfeld ,108 G. Jäkel ,169 K. Jakobs ,54 T. Jakoubek ,167 J. Jamieson ,59 K.W. Janas ,84a G. Jarlskog ,97

A. E. Jaspan ,91 T. Javůrek ,36 M. Javurkova ,102 F. Jeanneau ,134 L. Jeanty ,122 J. Jejelava ,148a,aa P. Jenni ,54,ab
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D. A. Trischuk ,162 B. Trocmé ,60 A. Trofymov ,66 C. Troncon ,70a L. Truong ,33c M. Trzebinski ,85 A. Trzupek ,85

F. Tsai ,144 M. Tsai ,105 A. Tsiamis ,151 P. V. Tsiareshka,37 A. Tsirigotis ,151,ac V. Tsiskaridze ,144 E. G. Tskhadadze,148a

MEASUREMENTS OF HIGGS BOSON PRODUCTION BY GLUON- … PHYS. REV. D 108, 032005 (2023)

032005-35

https://orcid.org/0000-0002-6978-5323
https://orcid.org/0000-0002-1369-9944
https://orcid.org/0000-0003-0628-0579
https://orcid.org/0000-0002-1284-4169
https://orcid.org/0000-0002-2917-7032
https://orcid.org/0000-0001-5239-3609
https://orcid.org/0000-0003-1978-4928
https://orcid.org/0000-0003-1471-690X
https://orcid.org/0000-0001-8387-1853
https://orcid.org/0000-0002-8081-2353
https://orcid.org/0000-0002-4499-7215
https://orcid.org/0000-0003-2882-9796
https://orcid.org/0000-0002-9340-2214
https://orcid.org/0000-0002-4235-7265
https://orcid.org/0000-0003-0016-5246
https://orcid.org/0000-0001-9031-6751
https://orcid.org/0000-0002-7289-1186
https://orcid.org/0000-0002-0860-7240
https://orcid.org/0000-0002-1733-8388
https://orcid.org/0000-0002-5394-0317
https://orcid.org/0000-0002-3971-9595
https://orcid.org/0000-0002-6680-8366
https://orcid.org/0000-0001-5660-2690
https://orcid.org/0000-0003-0989-5675
https://orcid.org/0000-0001-6348-5410
https://orcid.org/0000-0001-7163-501X
https://orcid.org/0000-0002-8482-1775
https://orcid.org/0000-0001-9569-3089
https://orcid.org/0000-0003-1073-035X
https://orcid.org/0000-0003-2052-2386
https://orcid.org/0000-0002-3727-5636
https://orcid.org/0000-0002-1181-3061
https://orcid.org/0000-0003-4311-8597
https://orcid.org/0000-0002-4703-000X
https://orcid.org/0000-0003-0810-240X
https://orcid.org/0000-0003-4622-6091
https://orcid.org/0000-0001-5148-7363
https://orcid.org/0000-0002-4116-5309
https://orcid.org/0000-0002-3199-4699
https://orcid.org/0000-0002-8739-8554
https://orcid.org/0000-0002-3946-377X
https://orcid.org/0000-0003-1240-9586
https://orcid.org/0000-0001-9783-8878
https://orcid.org/0000-0003-3238-5382
https://orcid.org/0000-0003-4749-5250
https://orcid.org/0000-0002-1402-7525
https://orcid.org/0000-0003-3316-846X
https://orcid.org/0000-0001-6785-1334
https://orcid.org/0000-0002-4065-7352
https://orcid.org/0000-0002-3003-9905
https://orcid.org/0000-0003-4849-556X
https://orcid.org/0000-0002-2673-8527
https://orcid.org/0000-0002-1325-3432
https://orcid.org/0000-0001-9358-3505
https://orcid.org/0000-0002-5376-1546
https://orcid.org/0000-0001-9134-5925
https://orcid.org/0000-0001-8540-9654
https://orcid.org/0000-0002-5211-7177
https://orcid.org/0000-0003-2250-4181
https://orcid.org/0000-0002-3454-9558
https://orcid.org/0000-0002-0190-7558
https://orcid.org/0000-0001-7530-4162
https://orcid.org/0000-0001-9182-0634
https://orcid.org/0000-0002-8958-7826
https://orcid.org/0000-0002-6621-4111
https://orcid.org/0000-0001-9532-5075
https://orcid.org/0000-0002-2228-2251
https://orcid.org/0000-0003-3066-2788
https://orcid.org/0000-0002-3523-390X
https://orcid.org/0000-0003-4050-6420
https://orcid.org/0000-0002-3191-0061
https://orcid.org/0000-0002-4775-9669
https://orcid.org/0000-0002-2628-3470
https://orcid.org/0000-0002-3017-826X
https://orcid.org/0000-0002-9449-0412
https://orcid.org/0000-0002-9453-9415
https://orcid.org/0000-0001-7249-7456
https://orcid.org/0000-0001-8352-7227
https://orcid.org/0000-0002-0456-786X
https://orcid.org/0000-0002-5428-813X
https://orcid.org/0000-0002-3246-0330
https://orcid.org/0000-0002-3206-395X
https://orcid.org/0000-0002-1285-1350
https://orcid.org/0000-0002-3277-1999
https://orcid.org/0000-0002-2893-6412
https://orcid.org/0000-0002-5809-9424
https://orcid.org/0000-0001-5185-2367
https://orcid.org/0000-0001-6035-8109
https://orcid.org/0000-0002-5987-2984
https://orcid.org/0000-0003-2285-478X
https://orcid.org/0000-0001-7734-7617
https://orcid.org/0000-0003-2042-6394
https://orcid.org/0000-0002-9899-7413
https://orcid.org/0000-0002-9650-3846
https://orcid.org/0000-0003-1235-5178
https://orcid.org/0000-0002-5128-2373
https://orcid.org/0000-0001-5347-9308
https://orcid.org/0000-0001-5641-5713
https://orcid.org/0000-0002-2438-3785
https://orcid.org/0000-0002-0912-9121
https://orcid.org/0000-0003-4554-1831
https://orcid.org/0000-0003-0868-8164
https://orcid.org/0000-0002-5285-8995
https://orcid.org/0000-0003-3614-026X
https://orcid.org/0000-0003-3973-9382
https://orcid.org/0000-0001-6342-9283
https://orcid.org/0000-0002-9386-9092
https://orcid.org/0000-0002-7192-4097
https://orcid.org/0000-0003-3725-2984
https://orcid.org/0000-0002-6778-073X
https://orcid.org/0000-0002-2891-0781
https://orcid.org/0000-0002-0447-2975
https://orcid.org/0000-0003-2517-531X
https://orcid.org/0000-0001-6480-6829
https://orcid.org/0000-0003-2799-6672
https://orcid.org/0000-0003-4231-6241
https://orcid.org/0000-0002-3777-4734
https://orcid.org/0000-0002-5996-7000
https://orcid.org/0000-0001-6088-7094
https://orcid.org/0000-0002-9067-8362
https://orcid.org/0000-0003-4579-2120
https://orcid.org/0000-0001-8610-8423
https://orcid.org/0000-0001-7430-7599
https://orcid.org/0000-0002-0749-2146
https://orcid.org/0000-0002-0518-4086
https://orcid.org/0000-0003-0694-3272
https://orcid.org/0000-0002-7674-7878
https://orcid.org/0000-0002-2737-8674
https://orcid.org/0000-0002-7378-4454
https://orcid.org/0000-0001-9946-8188
https://orcid.org/0000-0003-2168-9137
https://orcid.org/0000-0002-2598-5657
https://orcid.org/0000-0002-9402-6329
https://orcid.org/0000-0003-1703-7304
https://orcid.org/0000-0003-4435-4962
https://orcid.org/0000-0003-1338-2741
https://orcid.org/0000-0001-6981-0544
https://orcid.org/0000-0001-9116-880X
https://orcid.org/0000-0002-6171-1119
https://orcid.org/0000-0002-1430-5994
https://orcid.org/0000-0003-0124-3410
https://orcid.org/0000-0002-8120-478X
https://orcid.org/0000-0002-0786-6304
https://orcid.org/0000-0001-7482-6348
https://orcid.org/0000-0001-5813-1693
https://orcid.org/0000-0002-6551-1878
https://orcid.org/0000-0003-4454-6999
https://orcid.org/0000-0003-4183-2594
https://orcid.org/0000-0002-0418-4199
https://orcid.org/0000-0001-9469-1583
https://orcid.org/0000-0002-9226-2539
https://orcid.org/0000-0001-5644-9526
https://orcid.org/0000-0002-6719-9726
https://orcid.org/0000-0002-6868-8329
https://orcid.org/0000-0001-7282-949X
https://orcid.org/0000-0003-2251-0610
https://orcid.org/0000-0002-7666-7544
https://orcid.org/0000-0002-2610-9608
https://orcid.org/0000-0003-2546-0516
https://orcid.org/0000-0001-9007-7658
https://orcid.org/0000-0002-7561-1960
https://orcid.org/0000-0002-2224-719X
https://orcid.org/0000-0001-5374-6402
https://orcid.org/0000-0002-8495-0630
https://orcid.org/0000-0001-6616-3433
https://orcid.org/0000-0002-1217-672X
https://orcid.org/0000-0001-6009-6321
https://orcid.org/0000-0003-1990-0992
https://orcid.org/0000-0002-2908-3909
https://orcid.org/0000-0001-7708-9259
https://orcid.org/0000-0002-8549-6855
https://orcid.org/0000-0001-5999-9769
https://orcid.org/0000-0002-5349-8370
https://orcid.org/0000-0002-4080-2919
https://orcid.org/0000-0003-4091-1784
https://orcid.org/0000-0003-0690-8573
https://orcid.org/0000-0002-0791-9728
https://orcid.org/0000-0002-4185-6484
https://orcid.org/0000-0003-2399-8945
https://orcid.org/0000-0003-0182-7088
https://orcid.org/0000-0001-9679-0323
https://orcid.org/0000-0002-7511-4614
https://orcid.org/0000-0003-0276-8059
https://orcid.org/0000-0001-7582-6227
https://orcid.org/0000-0003-2460-6659
https://orcid.org/0000-0002-8913-0981
https://orcid.org/0000-0001-7253-7497
https://orcid.org/0000-0002-0465-5472
https://orcid.org/0000-0002-6972-7473
https://orcid.org/0000-0003-0958-7656
https://orcid.org/0000-0002-0062-2438
https://orcid.org/0000-0002-8302-386X
https://orcid.org/0000-0002-4496-1626
https://orcid.org/0000-0002-7863-3778
https://orcid.org/0000-0002-2382-6951
https://orcid.org/0000-0002-1639-4484
https://orcid.org/0000-0002-1728-9272
https://orcid.org/0000-0001-9610-0783
https://orcid.org/0000-0001-6976-9457
https://orcid.org/0000-0001-6980-0215
https://orcid.org/0000-0002-7356-4961
https://orcid.org/0000-0001-7755-5280
https://orcid.org/0000-0001-9155-3898
https://orcid.org/0000-0003-4364-006X
https://orcid.org/0000-0003-3943-2495
https://orcid.org/0000-0002-4807-6448
https://orcid.org/0000-0003-2925-279X
https://orcid.org/0000-0002-0059-0165
https://orcid.org/0000-0003-2340-748X
https://orcid.org/0000-0002-2685-6187
https://orcid.org/0000-0001-5295-6563
https://orcid.org/0000-0002-6277-1877
https://orcid.org/0000-0003-4893-8041
https://orcid.org/0000-0002-7199-3383
https://orcid.org/0000-0001-7287-0468
https://orcid.org/0000-0002-4679-6767
https://orcid.org/0000-0003-3447-5621
https://orcid.org/0000-0003-4422-6493
https://orcid.org/0000-0001-9585-7215
https://orcid.org/0000-0002-0918-9175
https://orcid.org/0000-0003-3917-3761
https://orcid.org/0000-0002-5800-4798
https://orcid.org/0000-0003-3425-794X
https://orcid.org/0000-0002-0703-4452
https://orcid.org/0000-0001-7002-0590
https://orcid.org/0000-0003-1466-6869
https://orcid.org/0000-0002-2611-8563
https://orcid.org/0000-0003-3142-030X
https://orcid.org/0000-0002-3143-8510
https://orcid.org/0000-0001-9985-6033
https://orcid.org/0000-0001-8560-3756
https://orcid.org/0000-0002-1433-2140
https://orcid.org/0000-0002-9166-7083
https://orcid.org/0000-0001-9994-5802
https://orcid.org/0000-0002-9929-1797
https://orcid.org/0000-0002-6313-4175
https://orcid.org/0000-0003-0362-8795
https://orcid.org/0000-0002-3659-7270
https://orcid.org/0000-0003-1251-3332
https://orcid.org/0000-0002-9252-7605
https://orcid.org/0000-0002-9296-7272
https://orcid.org/0000-0002-0584-8700
https://orcid.org/0000-0002-5060-2208
https://orcid.org/0000-0002-4244-502X
https://orcid.org/0000-0001-5785-7548
https://orcid.org/0000-0002-1535-9732
https://orcid.org/0000-0002-3335-6500
https://orcid.org/0000-0003-1583-2611
https://orcid.org/0000-0003-3348-0234
https://orcid.org/0000-0001-8760-7259
https://orcid.org/0000-0002-1831-4871
https://orcid.org/0000-0002-6596-9125
https://orcid.org/0000-0003-3587-187X
https://orcid.org/0000-0001-5545-6513
https://orcid.org/0000-0001-9977-3836
https://orcid.org/0000-0003-4803-5213
https://orcid.org/0000-0001-6520-8070
https://orcid.org/0000-0003-0132-5723
https://orcid.org/0000-0003-3388-3906
https://orcid.org/0000-0003-1274-8967
https://orcid.org/0000-0002-8768-2272
https://orcid.org/0000-0003-1882-5572
https://orcid.org/0000-0002-9746-4172
https://orcid.org/0000-0001-9454-2481
https://orcid.org/0000-0001-6965-6604
https://orcid.org/0000-0001-7050-8203
https://orcid.org/0000-0002-6239-7715
https://orcid.org/0000-0001-6031-2768
https://orcid.org/0000-0003-1594-9350
https://orcid.org/0000-0001-8739-9250
https://orcid.org/0000-0002-9634-0581
https://orcid.org/0000-0002-8023-6448
https://orcid.org/0000-0002-5886-6339
https://orcid.org/0000-0002-3698-3585
https://orcid.org/0000-0002-0294-6727
https://orcid.org/0000-0002-4934-1661
https://orcid.org/0000-0003-2674-9274
https://orcid.org/0000-0003-2445-1132
https://orcid.org/0000-0003-2433-231X
https://orcid.org/0000-0002-1128-4200
https://orcid.org/0000-0003-4666-3208
https://orcid.org/0000-0001-8777-0590
https://orcid.org/0000-0002-8262-1577
https://orcid.org/0000-0002-1824-034X
https://orcid.org/0000-0002-4603-2070
https://orcid.org/0000-0001-8127-9653
https://orcid.org/0000-0003-1129-9792
https://orcid.org/0000-0003-2911-8910
https://orcid.org/0000-0003-0822-1206
https://orcid.org/0000-0002-5507-7924
https://orcid.org/0000-0001-9898-480X
https://orcid.org/0000-0001-6485-2227
https://orcid.org/0000-0001-5543-6192
https://orcid.org/0000-0003-1094-6409
https://orcid.org/0000-0002-9820-1729
https://orcid.org/0000-0002-8224-6105
https://orcid.org/0000-0002-6127-5847
https://orcid.org/0000-0001-5913-0828
https://orcid.org/0000-0001-6204-4445
https://orcid.org/0000-0001-9500-2487
https://orcid.org/0000-0001-7688-5165
https://orcid.org/0000-0002-7997-8524
https://orcid.org/0000-0001-8249-7150
https://orcid.org/0000-0002-5151-7101
https://orcid.org/0000-0001-6938-5867
https://orcid.org/0000-0001-7878-6435
https://orcid.org/0000-0002-4728-9150
https://orcid.org/0000-0002-8761-4632
https://orcid.org/0000-0002-6632-0440
https://orcid.org/0000-0002-2119-8875


M. Tsopoulou ,151 Y. Tsujikawa ,86 I. I. Tsukerman ,37 V. Tsulaia ,17a S. Tsuno ,82 O. Tsur,149 D. Tsybychev ,144

Y. Tu ,64b A. Tudorache ,27b V. Tudorache ,27b A. N. Tuna ,36 S. Turchikhin ,38 I. Turk Cakir ,3a R. Turra ,70a

P.M. Tuts ,41 S. Tzamarias ,151 P. Tzanis ,10 E. Tzovara ,99 K. Uchida,152 F. Ukegawa ,156 P. A. Ulloa Poblete ,136c

G. Unal ,36 M. Unal ,11 A. Undrus ,29 G. Unel ,158 K. Uno ,152 J. Urban ,28b P. Urquijo ,104 G. Usai ,8

R. Ushioda ,153 M. Usman ,107 Z. Uysal ,21b V. Vacek ,131 B. Vachon ,103 K. O. H. Vadla ,124 T. Vafeiadis ,36

C. Valderanis ,108 E. Valdes Santurio ,47a,47b M. Valente ,155a S. Valentinetti ,23b,23a A. Valero ,161 A. Vallier ,101

J. A. Valls Ferrer ,161 T. R. Van Daalen ,137 P. Van Gemmeren ,6 S. Van Stroud ,95 I. Van Vulpen ,113

M. Vanadia ,75a,75b W. Vandelli ,36 M. Vandenbroucke ,134 E. R. Vandewall ,120 D. Vannicola ,150 L. Vannoli ,57b,57a

R. Vari ,74a E.W. Varnes ,7 C. Varni ,17a T. Varol ,147 D. Varouchas ,66 L. Varriale ,161 K. E. Varvell ,146

M. E. Vasile ,27b L. Vaslin,40 G. A. Vasquez ,163 F. Vazeille ,40 D. Vazquez Furelos ,13 T. Vazquez Schroeder ,36

J. Veatch ,31 V. Vecchio ,100 M. J. Veen ,113 I. Veliscek ,125 L.M. Veloce ,154 F. Veloso ,129a,129c S. Veneziano ,74a

A. Ventura ,69a,69b A. Verbytskyi ,109 M. Verducci ,73a,73b C. Vergis ,24 M. Verissimo De Araujo ,81b W. Verkerke ,113

J. C. Vermeulen ,113 C. Vernieri ,142 P. J. Verschuuren ,94 M. Vessella ,102 M. L. Vesterbacka ,116 M. C. Vetterli ,141,e

A. Vgenopoulos ,151 N. Viaux Maira ,136f T. Vickey ,138 O. E. Vickey Boeriu ,138 G. H. A. Viehhauser ,125

L. Vigani ,63b M. Villa ,23b,23a M. Villaplana Perez ,161 E. M. Villhauer,52 E. Vilucchi ,53 M. G. Vincter ,34

G. S. Virdee ,20 A. Vishwakarma ,52 C. Vittori ,23b,23a I. Vivarelli ,145 V. Vladimirov,165 E. Voevodina ,109 F. Vogel ,108

P. Vokac ,131 J. Von Ahnen ,48 E. Von Toerne ,24 B. Vormwald ,36 V. Vorobel ,132 K. Vorobev ,37 M. Vos ,161

J. H. Vossebeld ,91 M. Vozak ,113 L. Vozdecky ,93 N. Vranjes ,15 M. Vranjes Milosavljevic ,15 M. Vreeswijk ,113

R. Vuillermet ,36 O. Vujinovic ,99 I. Vukotic ,39 S. Wada ,156 C. Wagner,102 W. Wagner ,169 S. Wahdan ,169

H. Wahlberg ,89 R. Wakasa ,156 M. Wakida ,110 V.M. Walbrecht ,109 J. Walder ,133 R. Walker ,108 W. Walkowiak ,140

A.M. Wang ,61 A. Z. Wang ,168 C. Wang,62a C. Wang ,62c H. Wang ,17a J. Wang ,64a P. Wang ,44 R.-J. Wang ,99

R. Wang,61 R. Wang ,6 S. M. Wang ,147 S. Wang ,62b T. Wang ,62a W. T. Wang ,79 W. X. Wang ,62a X. Wang,14c

X. Wang,160 X. Wang ,62c Y. Wang,62d Y. Wang ,14c Z. Wang,105 Z. Wang,62d,51,62c Z. Wang ,105 A. Warburton ,103

R. J. Ward ,20 N. Warrack ,59 A. T. Watson ,20 M. F. Watson ,20 G. Watts ,137 B.M. Waugh ,95 A. F. Webb ,11

C. Weber ,29 M. S. Weber ,19 S. A. Weber ,34 S. M. Weber ,63a C. Wei,62a Y. Wei ,125 A. R. Weidberg ,125

J. Weingarten ,49 M. Weirich ,99 C. Weiser ,54 C. J. Wells ,48 T. Wenaus ,29 B. Wendland ,49 T. Wengler ,36

N. S. Wenke,109 N. Wermes ,24 M. Wessels ,63a K. Whalen ,122 A.M. Wharton ,90 A. S. White ,61 A. White ,8

M. J. White ,1 D. Whiteson ,158 L. Wickremasinghe ,123 W. Wiedenmann ,168 C. Wiel ,50 M. Wielers ,133

N. Wieseotte,99 C. Wiglesworth ,42 L. A. M. Wiik-Fuchs ,54 D. J. Wilbern,119 H. G. Wilkens ,36 D.M. Williams ,41

H. H. Williams,127 S. Williams ,32 S. Willocq ,102 P. J. Windischhofer ,125 F. Winklmeier ,122 B. T. Winter ,54

M. Wittgen,142 M. Wobisch ,96 A. Wolf ,99 R. Wölker ,125 J. Wollrath,158 M.W. Wolter ,85 H. Wolters ,129a,129c

V.W. S. Wong ,162 A. F. Wongel ,48 S. D. Worm ,48 B. K. Wosiek ,85 K.W. Woźniak ,85 K. Wraight ,59 J. Wu ,14a,14d

M. Wu ,64a S. L. Wu ,168 X. Wu ,56 Y. Wu ,62a Z. Wu ,134,62a J. Wuerzinger ,125 T. R. Wyatt ,100 B.M. Wynne ,52

S. Xella ,42 L. Xia ,14c M. Xia,14b J. Xiang ,64c X. Xiao ,105 M. Xie ,62a X. Xie ,62a I. Xiotidis,145 D. Xu ,14a H. Xu,62a

H. Xu ,62a L. Xu ,62a R. Xu ,127 T. Xu ,62a W. Xu ,105 Y. Xu ,14b Z. Xu,62b Z. Xu ,142 B. Yabsley ,146 S. Yacoob ,33a

N. Yamaguchi ,88 Y. Yamaguchi ,153 H. Yamauchi ,156 T. Yamazaki ,17a Y. Yamazaki ,83 J. Yan,62c S. Yan ,125

Z. Yan ,25 H. J. Yang ,62c,62d H. T. Yang ,17a S. Yang ,62a T. Yang ,64c X. Yang,62a X. Yang ,14a Y. Yang ,44

Z. Yang ,62a,105W-M. Yao ,17a Y. C. Yap ,48 H. Ye ,14c J. Ye ,44 S. Ye ,29 X. Ye ,62a I. Yeletskikh ,38 M. R. Yexley ,90

P. Yin ,41 K. Yorita ,166 C. J. S. Young ,54 C. Young ,142 M. Yuan ,105 R. Yuan ,62b,ai X. Yue ,63a M. Zaazoua ,35e

B. Zabinski ,85 E. Zaid,52 T. Zakareishvili ,148b N. Zakharchuk ,34 S. Zambito ,56 J. Zang ,152 D. Zanzi ,54

O. Zaplatilek ,131 S. V. Zeißner ,49 C. Zeitnitz ,169 J. C. Zeng ,160 D. T. Zenger Jr. ,26 O. Zenin ,37 T. Ženiš ,28a

S. Zenz ,93 S. Zerradi ,35a D. Zerwas ,66 B. Zhang ,14c D. F. Zhang ,138 G. Zhang ,14b J. Zhang ,6 K. Zhang ,14a,14d

L. Zhang ,14c R. Zhang ,168 S. Zhang ,105 T. Zhang ,152 X. Zhang,62c X. Zhang ,62b Z. Zhang ,66 H. Zhao ,137

P. Zhao ,51 T. Zhao ,62b Y. Zhao ,135 Z. Zhao ,62a A. Zhemchugov ,38 Z. Zheng ,142 D. Zhong ,160 B. Zhou,105

C. Zhou ,168 H. Zhou ,7 N. Zhou ,62c Y. Zhou,7 C. G. Zhu ,62b C. Zhu ,14a,14d H. L. Zhu ,62a H. Zhu ,14a J. Zhu ,105

Y. Zhu ,62a X. Zhuang ,14a K. Zhukov ,37 V. Zhulanov ,37 N. I. Zimine ,38 J. Zinsser ,63b M. Ziolkowski ,140

L. Živković ,15 A. Zoccoli ,23b,23a K. Zoch ,56 T. G. Zorbas ,138 O. Zormpa ,46 W. Zou ,41 and L. Zwalinski 36

(ATLAS Collaboration)

G. AAD et al. PHYS. REV. D 108, 032005 (2023)

032005-36

https://orcid.org/0000-0002-9104-2884
https://orcid.org/0000-0002-8784-5684
https://orcid.org/0000-0002-8965-6676
https://orcid.org/0000-0001-8157-6711
https://orcid.org/0000-0002-2055-4364
https://orcid.org/0000-0001-8212-6894
https://orcid.org/0000-0002-5865-183X
https://orcid.org/0000-0001-6307-1437
https://orcid.org/0000-0001-5384-3843
https://orcid.org/0000-0002-7672-7754
https://orcid.org/0000-0001-6506-3123
https://orcid.org/0000-0002-0726-5648
https://orcid.org/0000-0001-8740-796X
https://orcid.org/0000-0001-6131-5725
https://orcid.org/0000-0002-8363-1072
https://orcid.org/0000-0001-6828-1599
https://orcid.org/0000-0002-0410-0055
https://orcid.org/0000-0002-9813-7931
https://orcid.org/0000-0002-0789-7581
https://orcid.org/0000-0001-8130-7423
https://orcid.org/0000-0002-1646-0621
https://orcid.org/0000-0002-1384-286X
https://orcid.org/0000-0002-3274-6531
https://orcid.org/0000-0002-2209-8198
https://orcid.org/0000-0002-7633-8441
https://orcid.org/0000-0002-0887-7953
https://orcid.org/0000-0001-5032-7907
https://orcid.org/0000-0002-4241-8937
https://orcid.org/0000-0003-1950-0307
https://orcid.org/0000-0002-7110-8065
https://orcid.org/0000-0001-9584-0392
https://orcid.org/0000-0001-8703-6978
https://orcid.org/0000-0001-6729-1584
https://orcid.org/0000-0003-1492-5007
https://orcid.org/0000-0001-9362-8451
https://orcid.org/0000-0001-9931-2896
https://orcid.org/0000-0002-0486-9569
https://orcid.org/0000-0003-2044-6539
https://orcid.org/0000-0002-9776-5880
https://orcid.org/0000-0002-5496-349X
https://orcid.org/0000-0002-3953-3117
https://orcid.org/0000-0002-2254-125X
https://orcid.org/0000-0002-7227-4006
https://orcid.org/0000-0002-7969-0301
https://orcid.org/0000-0001-7074-5655
https://orcid.org/0000-0003-2684-276X
https://orcid.org/0000-0001-6581-9410
https://orcid.org/0000-0001-9055-4020
https://orcid.org/0000-0003-3453-6156
https://orcid.org/0000-0001-6814-4674
https://orcid.org/0000-0002-9866-6040
https://orcid.org/0000-0002-2814-1337
https://orcid.org/0000-0001-7820-9144
https://orcid.org/0000-0001-6733-4310
https://orcid.org/0000-0002-0697-5808
https://orcid.org/0000-0002-0734-4442
https://orcid.org/0000-0003-4375-5190
https://orcid.org/0000-0003-1017-1295
https://orcid.org/0000-0001-8415-0759
https://orcid.org/0000-0002-3285-7004
https://orcid.org/0000-0003-1631-2714
https://orcid.org/0000-0002-5551-3546
https://orcid.org/0000-0002-9780-099X
https://orcid.org/0000-0003-0855-0958
https://orcid.org/0000-0002-1351-6757
https://orcid.org/0000-0001-5284-2451
https://orcid.org/0000-0003-2432-3309
https://orcid.org/0000-0003-1827-2955
https://orcid.org/0000-0002-5956-4244
https://orcid.org/0000-0002-2598-2659
https://orcid.org/0000-0002-3368-3413
https://orcid.org/0000-0002-3713-8033
https://orcid.org/0000-0001-8209-4757
https://orcid.org/0000-0002-3228-6715
https://orcid.org/0000-0001-8060-2228
https://orcid.org/0000-0001-5468-2025
https://orcid.org/0000-0003-4378-5736
https://orcid.org/0000-0002-0235-1053
https://orcid.org/0000-0002-4233-7563
https://orcid.org/0000-0001-8669-9139
https://orcid.org/0000-0002-6966-5081
https://orcid.org/0000-0002-7223-2965
https://orcid.org/0000-0002-7011-9432
https://orcid.org/0000-0002-5102-9140
https://orcid.org/0000-0002-1596-2611
https://orcid.org/0000-0002-6497-6809
https://orcid.org/0000-0002-0237-292X
https://orcid.org/0000-0002-6270-9176
https://orcid.org/0000-0002-9181-8048
https://orcid.org/0000-0002-0048-4602
https://orcid.org/0000-0002-4839-6281
https://orcid.org/0000-0002-5338-8972
https://orcid.org/0000-0002-6779-5595
https://orcid.org/0000-0001-8832-0313
https://orcid.org/0000-0001-9156-970X
https://orcid.org/0000-0003-0097-123X
https://orcid.org/0000-0003-2987-3772
https://orcid.org/0000-0001-8891-8606
https://orcid.org/0000-0002-3429-4778
https://orcid.org/0000-0003-4032-0079
https://orcid.org/0000-0001-8899-4027
https://orcid.org/0000-0003-2607-7287
https://orcid.org/0000-0001-8757-2180
https://orcid.org/0000-0002-7110-8516
https://orcid.org/0000-0001-8474-5357
https://orcid.org/0000-0001-8178-8503
https://orcid.org/0000-0002-7561-204X
https://orcid.org/0000-0003-2541-4827
https://orcid.org/0000-0001-5415-5225
https://orcid.org/0000-0003-4477-9733
https://orcid.org/0000-0001-8083-0001
https://orcid.org/0000-0003-3208-9209
https://orcid.org/0000-0003-3473-7038
https://orcid.org/0000-0003-0472-3516
https://orcid.org/0000-0002-8600-9799
https://orcid.org/0000-0002-9198-5911
https://orcid.org/0000-0002-6324-8551
https://orcid.org/0000-0003-0616-7330
https://orcid.org/0000-0002-8438-7753
https://orcid.org/0000-0002-5808-6228
https://orcid.org/0000-0002-7385-6139
https://orcid.org/0000-0002-9039-8758
https://orcid.org/0000-0001-8535-4809
https://orcid.org/0000-0002-0385-3784
https://orcid.org/0000-0001-8972-3026
https://orcid.org/0000-0003-2482-711X
https://orcid.org/0000-0002-8487-8480
https://orcid.org/0000-0003-3952-8139
https://orcid.org/0000-0002-5246-5497
https://orcid.org/0000-0002-6730-1524
https://orcid.org/0000-0002-5059-8456
https://orcid.org/0000-0001-8530-6487
https://orcid.org/0000-0002-5821-4875
https://orcid.org/0000-0001-6681-8014
https://orcid.org/0000-0002-1152-2221
https://orcid.org/0000-0002-7184-9891
https://orcid.org/0000-0002-1444-6260
https://orcid.org/0000-0001-5173-2234
https://orcid.org/0000-0003-4693-5365
https://orcid.org/0000-0003-0756-0206
https://orcid.org/0000-0002-2298-7315
https://orcid.org/0000-0001-5530-9919
https://orcid.org/0000-0002-8268-8325
https://orcid.org/0000-0001-7052-7973
https://orcid.org/0000-0002-9724-2684
https://orcid.org/0000-0002-0753-7308
https://orcid.org/0000-0003-0872-8920
https://orcid.org/0000-0002-6700-7608
https://orcid.org/0000-0002-8659-5767
https://orcid.org/0000-0002-2770-9031
https://orcid.org/0000-0003-1710-4298
https://orcid.org/0000-0002-2841-1616
https://orcid.org/0000-0001-9725-2316
https://orcid.org/0000-0002-5158-307X
https://orcid.org/0000-0003-2165-871X
https://orcid.org/0000-0002-5129-872X
https://orcid.org/0000-0002-6456-6834
https://orcid.org/0000-0002-5450-2511
https://orcid.org/0000-0002-8678-893X
https://orcid.org/0000-0003-1623-3899
https://orcid.org/0000-0002-4375-5265
https://orcid.org/0000-0001-9971-0077
https://orcid.org/0000-0002-8192-8999
https://orcid.org/0000-0002-9383-8763
https://orcid.org/0000-0002-9507-1869
https://orcid.org/0000-0003-0714-1466
https://orcid.org/0000-0001-8315-9778
https://orcid.org/0000-0001-5474-4580
https://orcid.org/0000-0002-2005-3113
https://orcid.org/0000-0002-2711-4820
https://orcid.org/0000-0003-3605-3633
https://orcid.org/0000-0003-1995-9185
https://orcid.org/0000-0001-9232-4827
https://orcid.org/0000-0001-6219-8946
https://orcid.org/0000-0002-5035-8102
https://orcid.org/0000-0002-8483-9502
https://orcid.org/0000-0002-5646-1856
https://orcid.org/0000-0001-6174-401X
https://orcid.org/0000-0002-4120-1453
https://orcid.org/0000-0001-5038-1399
https://orcid.org/0000-0001-8290-3200
https://orcid.org/0000-0001-9606-7688
https://orcid.org/0000-0002-0688-3380
https://orcid.org/0000-0002-4368-9202
https://orcid.org/0000-0002-7402-369X
https://orcid.org/0000-0001-9184-2921
https://orcid.org/0000-0002-9588-1773
https://orcid.org/0000-0001-5975-8164
https://orcid.org/0000-0002-6620-6277
https://orcid.org/0000-0002-3865-4996
https://orcid.org/0000-0003-4273-6334
https://orcid.org/0000-0003-1171-0887
https://orcid.org/0000-0002-3298-4900
https://orcid.org/0000-0002-3173-0802
https://orcid.org/0000-0001-5283-4080
https://orcid.org/0000-0001-5866-1504
https://orcid.org/0000-0001-7655-389X
https://orcid.org/0000-0002-1528-4865
https://orcid.org/0000-0002-5392-902X
https://orcid.org/0000-0002-4055-218X
https://orcid.org/0000-0001-9690-2997
https://orcid.org/0000-0001-9895-4475
https://orcid.org/0000-0002-0988-1655
https://orcid.org/0000-0003-3073-3662
https://orcid.org/0000-0002-7684-8257
https://orcid.org/0000-0002-1344-8723
https://orcid.org/0000-0001-6707-5590
https://orcid.org/0000-0001-6473-7886
https://orcid.org/0000-0001-6355-2767
https://orcid.org/0000-0001-6110-2172
https://orcid.org/0000-0001-8997-3199
https://orcid.org/0000-0002-1928-1717
https://orcid.org/0000-0002-0215-6151
https://orcid.org/0000-0001-5661-1917
https://orcid.org/0000-0001-9563-4804
https://orcid.org/0000-0001-9602-4901
https://orcid.org/0000-0002-2680-0474
https://orcid.org/0000-0001-6977-3456
https://orcid.org/0000-0002-6885-282X
https://orcid.org/0000-0002-3725-4800
https://orcid.org/0000-0003-2123-5311
https://orcid.org/0000-0003-0411-3590
https://orcid.org/0000-0003-3710-6995
https://orcid.org/0000-0002-1512-5506
https://orcid.org/0000-0002-2483-4937
https://orcid.org/0000-0001-7367-1380
https://orcid.org/0000-0003-3554-7113
https://orcid.org/0000-0002-0204-984X
https://orcid.org/0000-0002-4996-1924
https://orcid.org/0000-0002-9201-0972
https://orcid.org/0000-0001-8524-1855
https://orcid.org/0000-0002-7374-2334
https://orcid.org/0000-0002-3335-1988
https://orcid.org/0000-0001-8939-666X
https://orcid.org/0000-0002-4886-9851
https://orcid.org/0000-0001-9274-707X
https://orcid.org/0000-0002-7864-4282
https://orcid.org/0000-0002-3245-7676
https://orcid.org/0000-0003-0586-7052
https://orcid.org/0000-0002-1827-9201
https://orcid.org/0000-0003-2174-807X
https://orcid.org/0000-0003-1988-8401
https://orcid.org/0000-0001-5858-6639
https://orcid.org/0000-0003-3268-3486
https://orcid.org/0000-0002-0991-5026
https://orcid.org/0000-0002-8452-0315
https://orcid.org/0000-0001-6956-3205
https://orcid.org/0000-0002-4105-2988
https://orcid.org/0000-0001-5626-0993
https://orcid.org/0000-0001-7909-4772
https://orcid.org/0000-0002-4963-8836
https://orcid.org/0000-0002-4499-2545
https://orcid.org/0000-0003-2770-1387
https://orcid.org/0000-0002-1222-7937
https://orcid.org/0000-0002-4687-3662
https://orcid.org/0000-0002-9037-2152
https://orcid.org/0000-0003-2280-8636
https://orcid.org/0000-0002-2029-2659
https://orcid.org/0000-0002-4867-3138
https://orcid.org/0000-0002-5447-1989
https://orcid.org/0000-0001-8265-6916
https://orcid.org/0000-0002-9720-1794
https://orcid.org/0000-0001-9101-3226
https://orcid.org/0000-0002-4198-3029
https://orcid.org/0000-0002-9726-6707
https://orcid.org/0000-0001-7335-4983
https://orcid.org/0000-0002-5706-7180
https://orcid.org/0000-0002-9907-838X
https://orcid.org/0000-0002-9778-9209
https://orcid.org/0000-0002-9336-9338
https://orcid.org/0000-0002-8265-474X
https://orcid.org/0000-0001-9039-9809
https://orcid.org/0000-0001-7729-085X
https://orcid.org/0000-0003-4341-1603
https://orcid.org/0000-0002-7853-9079
https://orcid.org/0000-0002-6638-847X
https://orcid.org/0000-0003-0054-8749
https://orcid.org/0000-0002-6427-0806
https://orcid.org/0000-0003-0494-6728
https://orcid.org/0000-0001-6758-3974
https://orcid.org/0000-0002-3360-4965
https://orcid.org/0000-0002-8323-7753
https://orcid.org/0000-0001-9377-650X
https://orcid.org/0000-0001-5904-7258
https://orcid.org/0000-0002-7986-9045
https://orcid.org/0000-0002-1775-2511
https://orcid.org/0000-0001-8015-3901
https://orcid.org/0000-0002-5918-9050
https://orcid.org/0000-0001-8479-1345
https://orcid.org/0000-0001-8066-7048
https://orcid.org/0000-0002-5278-2855
https://orcid.org/0000-0002-7306-1053
https://orcid.org/0000-0003-0996-3279
https://orcid.org/0000-0003-2468-9634
https://orcid.org/0000-0002-0306-9199
https://orcid.org/0000-0003-0277-4870
https://orcid.org/0000-0002-5117-4671
https://orcid.org/0000-0002-2891-8812
https://orcid.org/0000-0003-4236-8930
https://orcid.org/0000-0002-0993-6185
https://orcid.org/0000-0003-2138-6187
https://orcid.org/0000-0003-2073-4901
https://orcid.org/0000-0003-3177-903X
https://orcid.org/0000-0002-0779-8815
https://orcid.org/0000-0002-9397-2313


1
Department of Physics, University of Adelaide, Adelaide, Australia

2
Department of Physics, University of Alberta, Edmonton, Alberta, Canada

3a
Department of Physics, Ankara University, Ankara, Türkiye

3b
Division of Physics, TOBB University of Economics and Technology, Ankara, Türkiye

4
LAPP, Univ. Savoie Mont Blanc, CNRS/IN2P3, Annecy, France

5
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IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France
135

Santa Cruz Institute for Particle Physics, University of California Santa Cruz,

Santa Cruz, California, USA
136a

Departamento de Física, Pontificia Universidad Católica de Chile, Santiago, La Serena, Chile
136b

Millennium Institute for Subatomic physics at high energy frontier (SAPHIR), Santiago, Chile
136c

Instituto de Investigación Multidisciplinario en Ciencia y Tecnología, y Departamento de Física,

Universidad de La Serena, Chile
136d

Universidad Andres Bello, Department of Physics, Santiago, Chile
136e

Instituto de Alta Investigación, Universidad de Tarapacá, Arica, Chile
136f
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