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1. Introduction

Understanding the nature of dark matter (DM) is one of the 
most important goals in particle physics today. Experiments at 
particle colliders such as the Large Hadron Collider (LHC) might 
provide sensitivity that complements searches for naturally occur-
ring DM particles or their decay products [1–8] by attempting to 
produce and detect them in the laboratory. The nature of DM par-
ticles remains largely unknown, and there is no obvious candidate 

� E-mail address: atlas .publications @cern .ch.

in the Standard Model (SM) of particle physics. One of the most 
credited hypotheses is that DM candidates are weakly interacting 
massive particles (WIMPs, denoted by the symbol χ ). At hadron 
colliders, searches for WIMP-like DM production rely on one or 
more visible particles being produced in association with the in-
visible DM candidates, whose experimental signature would be the 
missing transverse momentum (Emiss

T ) in the collision event.
Several models have been proposed in the past decades, with 

different assumptions about the DM couplings to SM particles and 
related production processes. As DM particles must be massive, 
searches for physics beyond the SM in which DM couples to the 
Higgs boson are strongly motivated. The Higgs boson was discov-
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Fig. 1. Example Feynman diagrams of the probed processes: (a) associated production of a Higgs boson and a Z boson, where the Higgs boson decays into DM particles, (b) 
production of a Z boson and a mediator from a quark initial state in the simplified DM models, and (c) gg- and (d) bb-initiated 2HDM+a diagrams.

ered in 2012 by the ATLAS and CMS Collaborations at the LHC, 
with a mass of approximately 125 GeV [9,10]. If the DM parti-
cles are in the right mass range, they could even be produced 
in decays of the Higgs boson. The SM branching ratio prediction 
for Higgs boson decays into Z Z → 4ν is only 0.1% [11]. Assuming 
SM production of the Higgs boson, its branching ratio to invisible 
particles, B(H → inv), can be constrained in the absence of a sig-
nificant excess of such events above the expected background.

Searches for an excess in events with two electrons or muons1

and missing transverse momentum (Emiss
T ) are sensitive to Higgs 

boson decays into DM if the Higgs boson is produced in associa-
tion with a Z boson that decays into leptons. The analysis is also 
sensitive to so-far undiscovered heavier scalars produced together 
with the Z boson and decaying into invisible particles.

Searches in the Z + Emiss
T final state can also be used to probe 

simplified DM models [12,13], in which DM is produced through a 
mediator particle that also couples to quarks and as such searches 
for dijet resonances are the most sensitive [14,15]. In the analysis 
presented here, benchmark models are used, and these consider s-
channel production of DM particles through vector or axial-vector 
mediators. The models are defined by five parameters: the medi-
ator and DM particle masses, and the mediator couplings gχ , gq , 
and g� to the DM particles, quarks, and leptons, respectively. Ex-
clusion limits are set in a plane spanning the DM and mediator 
masses, for chosen values of the mediator couplings.

Furthermore, the analysis tests two-Higgs-doublet models
(2HDM) that include an additional pseudoscalar mediator a and 
are called 2HDM+a [16–18]. The two Higgs doublets in the model 
are CP-conserving and of type II [19–22], and the lighter scalar is 
identified as the observed 125 GeV Higgs boson. Four benchmark 
scenarios are probed in various planes as a function of the mass 
of the pseudoscalar Higgs boson, mA ; the mass of the additional 
pseudoscalar, ma; the ratio of the vacuum expectation values of the 
two Higgs doublets, tan β; and sin θ , where θ is the mixing angle 
between the two CP-odd weak spin-0 eigenstates [17]. Example 
Feynman diagrams for all probed models are shown in Fig. 1.

The Z + Emiss
T channel is one of the most sensitive for the 

H → inv search and the most sensitive channel over much of the 
parameter space for 2HDM+a searches.

Previous results in the Z + Emiss
T final state were obtained with 

partial Run-2 datasets by the ATLAS Collaboration. Using 36 fb−1

of data, ATLAS set a 95% confidence level (CL) upper limit of 67% 
on the Higgs boson branching ratio to invisible particles, with an 
expected limit of 39% in the absence of signal [23]. The same 
paper also reported exclusion limits for the simplified DM mod-
els mentioned above. Combining different Higgs boson production 
channels and different LHC runs, including 36 fb−1 from Run 2, 
ATLAS set an upper limit of 26% (17% expected) on the Higgs boson 
branching ratio to invisible particles [24]. The CMS Collaboration 

1 In this Letter, ‘lepton’ or � refers to an electron or muon.

published results in the Z + Emiss
T final state based on 137 fb−1

of Run-2 data, including limits on the branching ratio for invis-
ible decays of the Higgs boson (29% observed vs 25% expected), 
simplified DM models and 2HDM+a models [25]. CMS also com-
bined results from different production modes and LHC runs to set 
an upper limit of 19% (15% expected) on the Higgs boson branch-
ing ratio to invisible particles [26]. Constraints on 2HDM+a models 
were also set by the ATLAS and CMS Collaborations using various 
final states [18,25,27,28].

The analysis strategy is outlined briefly in the following. Using 
the full LHC Run-2 dataset of 139 fb−1 recorded with the ATLAS 
detector, events in this search are required to have two oppositely 
charged electrons or muons, consistent with originating from a Z
boson decay, as well as significant Emiss

T . The same event selection 
is applied in both the Z H → �� + inv search and the other DM 
searches. A boosted decision tree (BDT) is trained so that its output 
is used as the discriminating observable in the search for invisible 
Higgs boson decays, while the searches in the context of simpli-
fied DM models and 2HDM+a models are based on an observable 
representing the transverse mass distribution of the dominant Z Z
background. Background distributions are estimated using simu-
lated samples, and a simultaneous fit is performed in the signal 
region and three background control regions to constrain the sys-
tematic uncertainties and determine the normalisation of some of 
the backgrounds. The sensitivity of the analysis is considerably im-
proved in comparison with a projection of the previous analysis 
scaled to the present integrated luminosity, mainly due to the use 
of the BDT and the simultaneous fit of the signal and background 
control regions.

2. ATLAS detector

The ATLAS experiment [29] at the LHC is a multipurpose parti-
cle detector with a forward–backward symmetric cylindrical geom-
etry and a near 4π coverage in solid angle.2 It consists of an inner 
tracking detector surrounded by a thin superconducting solenoid 
providing a 2 T axial magnetic field, electromagnetic and hadronic 
calorimeters, and a muon spectrometer. The inner tracking detec-
tor covers the pseudorapidity range |η| < 2.5. It consists of silicon 
pixel, silicon microstrip, and transition radiation tracking detec-
tors. Lead/liquid-argon (LAr) sampling calorimeters provide elec-
tromagnetic (EM) energy measurements with high granularity. A 
steel/scintillator-tile hadronic calorimeter covers the central pseu-
dorapidity range (|η| < 1.7). The endcap and forward regions are 

2 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the centre of the detector and the z-axis along the beam 
pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis 
points upwards. Cylindrical coordinates (r, φ) are used in the transverse plane, φ
being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms 
of the polar angle θ as η = − ln tan(θ/2). Angular distance is measured in units of 
�R ≡ √

(�η)2 + (�φ)2.

2
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instrumented with LAr calorimeters for both the EM and hadronic 
energy measurements up to |η| = 4.9. The muon spectrometer 
surrounds the calorimeters and is based on three large supercon-
ducting air-core toroidal magnets with eight coils each. The field 
integral of the toroids ranges between 2.0 and 6.0 T m across most 
of the detector. The muon spectrometer includes a system of pre-
cision chambers for tracking and fast detectors for triggering. A 
two-level trigger system is used to select events [30]. The first-
level trigger is implemented in hardware and uses a subset of the 
detector information to accept events at a rate below 100 kHz. This 
is followed by a software-based trigger that reduces the accepted 
event rate to 1 kHz on average depending on the data-taking con-
ditions. An extensive software suite [31] is used in the reconstruc-
tion and analysis of real and simulated data, in detector operations, 
and in the trigger and data acquisition systems of the experiment.

3. Data and simulated event samples

The presented analysis is performed using data from pp col-
lisions, produced at 

√
s = 13 TeV by the LHC and recorded with 

the ATLAS detector between 2015 and 2018. Data quality require-
ments [32] are applied to ensure that all detector subsystems were 
operational. The data correspond to an integrated luminosity of 
139 fb−1. The data sample was collected using a set of single-
electron [33] and single-muon [34] triggers which require the pres-
ence of an electron (muon) with transverse energy ET (transverse 
momentum pT) above thresholds in the range of 20–26 GeV de-
pending on the lepton flavour and data-taking period [35]. The 
trigger selections also impose object quality and isolation require-
ments. There must be a geometrical match between a trigger lep-
ton and a lepton selected in the offline analysis as described in 
Section 4.

Simulated Monte Carlo (MC) samples are used to optimise the 
analysis selection, to estimate the signal, and as input to the back-
ground estimation. Unless otherwise mentioned, the NNPDF3.0 
parton distribution function (PDF) set [36] was used for the hard 
interaction and the events were passed through the ATLAS detec-
tor response simulation [37] within the Geant4 framework [38]. 
The profiles of the additional inelastic pp interactions (pile-up) 
in the simulation match those of each dataset between 2015 and 
2018, and were obtained by overlaying minimum-bias events, sim-
ulated using the soft QCD processes of Pythia8.186 [39] with 
the NNPDF2.3lo PDF set [40] and a set of parameters called 
the A3 tune [41]. For all samples, except those generated with 
Sherpa [42], the EvtGen 1.2.0 [43] program was used to simulate 
the properties of the b- and c-hadron decays.

Associated production of a Higgs boson and a Z boson was sim-
ulated with Powheg Box v2 [44], including both the qq/qg and 
gg initial states. A Higgs boson mass of 125 GeV was assumed. 
The qq/qg → Z H process was calculated at next-to-leading or-
der (NLO) in QCD, and the MiNLO technique [45] was used to 
merge 0-jet and 1-jet events. The gg → Z H contribution was 
modelled at leading order (LO) in QCD. The parton-level events 
were passed to Pythia 8.212 [46] with the AZNLO tune [47] to 
model the Higgs boson decay into four neutrinos as invisible de-
cays, and also the parton showering, hadronisation, and multiple 
parton interactions (MPI). The samples were normalised to next-to-
next-to-leading order (NNLO) in QCD with electroweak (EW) cor-
rections (for qq/qg → Z H) or to NLO+next-to-leading logarithms 
(NLO+NLL) in QCD (for gg → Z H) [11,48–55]. In addition, param-
eterised EW corrections were applied as a function of the trans-
verse momentum of the Z boson for the qq/qg → Z H process [11]. 
Allowing the Z boson to decay into electron, muon or τ -lepton 
pairs, and assuming a Higgs boson branching ratio to invisible par-
ticles of 100%, the production cross-section times branching ratio is 
77.0 ± 1.5 fb for qq/qg → Z H and 12.4 ± 2.8 fb for gg → Z H [11].

For the simplified DM models, the s-channel process pp →
Z(��)χχ̄ events were simulated with MadGraph5_aMC@NLO 2.2.2 
at NLO in QCD [56], and fed into Pythia 8.212 with the A14 
tune [57]. Vector and axial-vector mediator samples were pro-
duced for various mediator and DM masses, with the mediator 
couplings to DM and quarks set to gχ = 1.0 and gq = 0.25, re-
spectively [12,13]. Only the leptophobic case is probed, i.e. the 
mediator coupling to leptons was set to g� = 0. These samples 
were passed through a faster detector simulation using a parame-
terisation of the calorimeter response [37].

MadGraph 5 was used to generate the 2HDM+a signals, from 
both the gg and bb initial states, at LO in QCD, in combination 
with Pythia 8.244 and the A14 tune. The model contains 14 pa-
rameters, including the DM mass, the masses of the five Higgs 
bosons, the ratio of the vacuum expectation values of the two 
Higgs doublets (tan β), various couplings, and the mixing angles α
and θ between the CP-even and CP-odd weak eigenstates, respec-
tively. The bb-initiated production process is particularly important 
for high values of tan β . Parameters and scanning planes were cho-
sen following the recommendations in Ref. [17].

Diboson and triboson backgrounds were simulated with Sherpa

2.2.2, including the parton showering, hadronisation and MPI, 
based on the default Sherpa tunes. The Z Z → ��νν and Z Z → 4�

events were simulated for both the qq/qg and gg initial states and 
include electrons and muons from τ -lepton decays. The qq/qg →
Z Z matrix elements were calculated at NLO in QCD for up to one 
jet, and at LO for two or three jets, with the Comix [58] and Open-

Loops [59–61] matrix-element generators. The merging with the
Sherpa parton shower [62] was performed using the MEPS@NLO 
prescription [63]. NLO EW corrections [59,64–67] were applied as 
a function of Emiss

T or the pT of one of the Z bosons in the 4�

final state, using the average of additive and multiplicative ap-
proaches [67]. The gg → Z Z process was modelled at LO for up 
to one jet. NLO corrections for the gg → ��νν continuum process 
are calculated using the Matrix package [60,68,69] with improve-
ments in the calculation of the loop amplitudes [70]. The W Z , 
W W (including gg → W W ), and V V V contributions were mod-
elled as well, with the same matrix-element accuracies as the Z Z
contributions. The generation includes off-shell effects, gg → H
contributions and interference between processes [60].

The Z + jets background was modelled with Sherpa 2.2.1, with 
matrix elements calculated at NLO in QCD for up to two jets and at 
LO for three or four jets. Top-quark pair (tt̄) and single top-quark 
(W t , s-channel and t-channel) production was simulated using
Powheg Box v2 (v1 for t-channel production) at NLO in QCD [44,
71–75], interfaced to Pythia 8.230 with the A14 tune. The predic-
tions were normalised to NNLO+next-to-next-to-leading-logarithm 
(NNLO+NNLL) cross-section calculations [76–79]. Associated pro-
duction of a top-quark pair and a W or Z boson, tt̄ + V , was sim-
ulated with MadGraph5_aMC@NLO 2.2.3, and interfaced to Pythia

8.210 with the A14 tune. In this case, predictions were normalised
to NLO cross-section calculations [11,56].

4. Object selection

Selected events are required to contain at least one vertex with 
a minimum of two associated tracks with pT > 500 MeV [80]. The 
primary vertex is chosen to be the vertex reconstructed with the 
largest �p2

T of its associated tracks. The event quality is checked to 
remove events with noise bursts or coherent noise in the calorime-
ters [32].

Electron candidates are reconstructed by matching inner-detec-
tor tracks to clusters of energy deposited in the EM calorimeter. 
Electrons must have pT > 7 GeV and |η| < 2.47. The associated 
track must have |d0|/σd0 < 5 and |z0| sin θ < 0.5 mm, where d0
(z0) is the transverse (longitudinal) impact parameter relative to 

3
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the primary vertex, σd0 is the uncertainty in d0, and θ is the 
polar angle of the track. Candidates are identified with a likeli-
hood method and must satisfy ‘medium’ identification criteria [81], 
while ‘loose’ criteria are used to veto additional electrons in each 
analysis region. The likelihood relies on the shape of the EM 
shower measured in the calorimeter, the quality of the track recon-
struction, and the quality of the match between the track and the 
cluster. The energy of the EM clusters associated with the electrons 
is calibrated in successive steps using a combination of simulation-
based and data-driven correction factors. The electron reconstruc-
tion, identification, and energy calibration algorithms, as well as 
their performance, including the associated systematic uncertain-
ties, are studied in Ref. [81]. Muon candidates are reconstructed in 
the range |η| < 2.5 by combining tracks in the inner detector with 
tracks in the muon spectrometer. All muon candidates must have 
pT > 7 GeV, |d0|/σd0 < 3, and |z0| sin θ < 0.5 mm. In order to im-
prove the momentum resolution, further quality requirements are 
placed on the muons. ‘Medium’ quality requirements [82] are used 
for candidate muons and ‘loose’ criteria are used to veto additional 
muons. The algorithms and efficiency of the muon reconstruction 
and identification, as well as the momentum calibration, including 
the associated systematic uncertainties, are estimated as described 
in Refs. [82,83]. To suppress hadronic and non-prompt lepton back-
ground, electron and muon candidates are required to satisfy the 
particle-flow isolation criteria, which are based on tracking and 
calorimeter measurements [83].

Jets in the range |η| < 4.5 and pT > 20 GeV are reconstructed 
with a particle-flow algorithm, which combines energy deposits in 
the calorimeter with inner-detector tracks [84], using the anti-kt

algorithm [85,86] with a radius parameter R of 0.4. A jet-vertex-
tagging technique based on a multivariate likelihood [87] is applied 
to jets with |η| < 2.4 and pT < 60 GeV to suppress jets that are 
not associated with the primary vertex of the event. Jets are fur-
ther calibrated according to in situ measurements of the jet energy 
scale [88]. Jets in the range |η| < 2.5 are identified as b-jets with 
the MV2c10 algorithm, described in Ref. [89]. The b-jet identifica-
tion efficiency is about 85% with a rejection factor of about 25 for 
light-flavour jets, as measured in a sample of simulated tt̄ events.

Overlaps between reconstructed objects are accounted for with 
a removal procedure that is mainly based on the angular separa-
tion between the different final-state objects. The procedure is the 
same as the one described in Ref. [90].

The �Emiss
T of the event is computed as the negative vectorial 

sum of the transverse momenta of electrons, muons, jets and a 
track-based soft term [91] that accounts for the contribution from 
prompt particles that are not contained in the other objects. The 
Emiss

T significance [92] is defined as S Emiss
T

= Emiss
T /(σL

√
1 − ρ2

LT), 
where the parameters σL and ρLT are calculated from MC simula-
tion and shown to describe the data well; the quantity σL denotes 
the resolution of the pT of the system and ρLT is a correlation 
factor between resolutions of the pT components parallel and per-
pendicular to the Emiss

T vector.
Further related quantities used in the analysis are HT, the scalar 

sum of pT for all leptons and those jets with pT > 30 GeV, and 
fsoft =

∣∣∣1 − |�Emiss
T + ∑ �pjets

T |/p��
T

∣∣∣ , a measure of the fraction of the 

event’s pT carried by the soft term, where 
∑ �pjets

T is the vectorial 
sum of the transverse momenta of all jets in the event with pT >

30 GeV and p��
T is the pT of the �� system.

5. Event selection

Events are selected in a signal region (SR) designed to capture 
as many signal events as possible, and three control regions (CR) 
which are used to constrain the most important background pro-

cesses, and which are expected to have negligible contamination 
from signal events.

Events in the SR are required to have exactly two oppositely 
charged electrons or muons with an invariant mass consistent with 
the mass of the Z boson. The leptons must have p�

T > 20, 30 GeV 
when ordered in increasing pT. The lepton pair is required to 
have an invariant mass m�� in the range 76 < m�� < 106 GeV. 
In order to select events in the SR consistent with invisible par-
ticles recoiling against the Z boson, events are required to have 
Emiss

T > 90 GeV, S Emiss
T

> 9 and a separation of �R�� < 1.8 between 
the leptons.

An eμ CR is defined in exactly the same way as the SR apart 
from requiring the two leptons to have different flavours. This CR 
helps constrain the sum of the non-resonant backgrounds from tt̄ , 
single top-quark, W W and Z → ττ events. The eμ CR is about 
98% pure in non-resonant background.

A CR containing exactly four leptons, the 4� CR, is used to 
constrain the Z Z background. Its events must contain two pairs 
of same-flavour oppositely charged leptons, with the four lep-
tons required to have p�

T > 7, 15, 15, 27 GeV when ordered in 
increasing pT. If all four leptons are of the same flavour, the 
chosen pairing combination is the one minimising the quantity 
|m��1 − mZ | + |m��2 − mZ |, where the indices 1 and 2 denote the 
lepton pairs and mZ is taken to be 91.19 GeV. Both lepton pairs 
must satisfy 76 < m�� < 106 GeV. In order to mimic the SR, the 
quantities Emiss′

T and S
Emiss′

T
are calculated in the same way as Emiss

T

and S Emiss
T

, but one pair of leptons, which is chosen at random, 
is treated as invisible and excluded from the calculation. The se-
lection criteria are the same as for the SR, i.e. Emiss′

T > 90 GeV, 
S

Emiss′
T

> 9 and �R�� < 1.8, where the final requirement is imposed 
on the remaining lepton pair. The 4� CR is almost 100% pure in Z Z
events.

A CR containing exactly three leptons, the 3� CR, is used to 
constrain the W Z background. In order to select the Z boson in 
the event, two of the leptons must have opposite charge, the same 
flavour, p�

T > 20, 30 GeV and 76 < m�� < 106 GeV. If there are two 
combinations that pass these requirements, the one closer in mass 
to mZ is taken. To select events consistent with a W boson decay, 
it is required that the third lepton has p�

T > 20 GeV, the event has 
Emiss

T > 30 GeV and S Emiss
T

> 3, and the transverse mass of the W

boson candidate satisfies mW
T =

√
2p�

T Emiss
T (1 − cos�φ(�, Emiss

T )) >

60 GeV, where �φ(�, Emiss
T ) is the azimuthal angle between the 

third lepton and �Emiss
T . The 3� CR is about 93% pure in W Z events.

Events with one or more identified b-jets are removed in all 
regions to suppress events containing top quarks.

Considering all signal events in which the Z boson decays 
into an electron, muon or τ -lepton pair, the SR selection has 
an acceptance times efficiency of ∼8% (∼19%) for quark-induced 
(gluon-induced) Z H → �� + inv, resulting in an expectation of 
120 events for B(H → inv) = 10%. For an example signal point 
in the simplified DM model (mχ = 1 GeV, mmed = 900 GeV), the 
acceptance times efficiency is ∼20% with 145 events expected. 
For a gg-induced 2HDM+a signal point (tanβ = 1.0, sin θ = 0.7, 
mA = 600 GeV, ma = 400 GeV, mχ = 10 GeV), it is ∼32% with 182 
events expected. For all signal models the acceptance times effi-
ciency is very similar for the dielectron and dimuon selections.

6. Background estimates and signal extraction

The signal and all backgrounds are estimated through simulta-
neous likelihood fits in the signal and control regions, using MC 
simulation as input. The dominant background in the SR is the 
Z Z background, followed by W Z , Z + jets, and the non-resonant 
backgrounds (W W , tt̄ , single top-quark and Z → ττ ), which are 
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treated together. Small contributions arising from triboson pro-
duction, tt̄ + V and Z Z → 4�, where two of the leptons are not 
reconstructed, are referred to as ‘Other’ in the following. The Z Z
and non-resonant backgrounds have the same topology as the sig-
nal (two leptons and Emiss

T ). The SM Higgs boson decay Z Z → 4ν
is included as part of the signal, while other decays are estimated 
to be small and neglected. The W Z background enters the SR if 
one of the leptons is not reconstructed. In most of the Z + jets
background, significant Emiss

T arises through mismeasurement of 
the energy of the jets or is due to neutrinos or muons that are 
missed by the reconstruction, coming from semileptonic heavy-
flavour decays. The normalisation of the MC simulation prediction 
for Z + jets was cross-checked using events with S Emiss

T
< 9, which 

has a high purity for this process. A sample of γ + jets events, 
which has similar production diagrams to Z + jets, was used to 
check how well the MC simulation described the shape of the 
data. In both cases the MC simulation prediction and data were 
observed to agree within the statistical and systematic errors.

The data are compared with expectation by performing si-
multaneous maximum-likelihood fits, using the HistFitter frame-
work [93], to distributions in the signal and control regions. A 
separate fit is performed for each signal hypothesis. Confidence 
intervals are based on a profile-likelihood-ratio test statistic [94], 
assuming asymptotic distributions for the test statistic. The CLs
method [94] is used to set exclusion limits. The systematic uncer-
tainties affecting the signal and background distribution normali-
sations and shapes across categories are parameterised by making 
the likelihood function depend on dedicated nuisance parameters, 
constrained by additional Gaussian probability terms, which are 
correlated between the regions. The normalisations of the signal, of 
the W Z background and of the sum of non-resonant backgrounds 
are allowed to float in the fits, as their respective CRs have large 
numbers of events. The individual components of the non-resonant 
background are allowed to vary independently within their sys-
tematic uncertainties. As the 4� CR has low statistics the normali-
sation of the Z Z background, like those of the other backgrounds 
(Z + jets, triboson production, tt̄ + V , Z Z → 4�), can vary only 
within the systematic uncertainties.

The sensitivity of the H → inv search is increased by using a 
BDT that is coded in the TMVA package [95] to improve the sep-
aration between signal and background events. The BDT uses a 
set of kinematic distributions that are selected because they have 
a different shape for signal and background. These are combined 
into a single output variable that provides better signal/background 
separation than any of the individual inputs alone. Eight variables 
are used: Emiss

T /HT, S Emiss
T

, HT, fsoft, m�� , �R�� , y�� (the rapidity 

of the �� system), and �φ(��, �Emiss
T ) (the azimuthal angle be-

tween the pT of the �� system and �Emiss
T ). Other variables were 

considered but they did not improve the sensitivity significantly. 
The BDT was trained in the SR using simulated events for the 
Z H → �� + inv signal and for the sum of all backgrounds. The BDT 
output distribution is used in the profile likelihood fit for the SR 
and eμ CR. The Emiss

T distribution is used for the 3� and 4� CRs as 
the shapes of many of the BDT input variables for the background 
processes differ significantly between the CRs and SR. Example 
post-fit distributions in the CRs are shown in Figs. 2(a)–2(c), af-
ter the Z H → �� + inv simultaneous fit to the SR and CRs. It can 
be seen that the data are well described by the expectation. The 
fit uses the same binning as shown in these plots.

For the searches considering the simplified DM models or 
2HDM+a models, the transverse mass distribution is used in the 
maximum-likelihood fits for the SR and the eμ CR. The quantity

mT =
√[√

m2
Z + (p��

T )2 +
√

m2
Z + (Emiss

T )2

]2

−
[
�p��

T + �Emiss
T

]2

is the transverse mass of the dominant Z Z background, and gives 
good separation between signal and background for the majority of 
the DM and 2HDM+a signals considered in this analysis. BDTs were 
not used for the DM and 2HDM+a searches, due to the complexity 
of training over many mass points. It was found that the mT dis-
tribution provides better sensitivity over much of the probed pa-
rameter space than a BDT trained for one signal point. The mT dis-
tribution is only used in the fit for mT > 200 GeV. Fig. 2(d) shows 
that the background estimate is in good agreement with the data 
for the mT distribution in the eμ CR after a simultaneous fit to 
the signal and control regions in the context of the simplified DM 
models (axial-vector signal with (mχ , mmed) = (150, 900) GeV). As 
in the H → inv search, the Emiss

T distribution is used for the 3� and 
4� CRs.

7. Systematic uncertainties

Signal and background expectations are subject to statistical, 
detector-related and theoretical uncertainties. The shapes of the 
observable distributions, the acceptances in signal and control re-
gions, and the overall background sample normalisations that are 
not free to float in the fit can be affected when varying the 
simulation to estimate the impact of systematic uncertainties. As 
discussed in Section 6, the uncertainties are treated as nuisance 
parameters in the fits and correlated between signal and control 
regions, which helps to constrain many of them, and reduces their 
impact. The post-fit impact of the systematic uncertainties can be 
found in Section 8.

Among the systematic uncertainties, the uncertainties in mod-
elling the backgrounds, especially the dominant Z Z → ��νν back-
ground, have the largest impact. Uncertainties in the factorisation
of NLO EW corrections and higher-order QCD corrections to the 
Z Z → ��νν background [59,64–66] are taken from the deviation of 
the additive and multiplicative approaches from their average [67]. 
For all diboson backgrounds, uncertainties due to missing higher 
orders in the QCD calculation are estimated by varying the renor-
malisation and factorisation scales by a factor of two, either in-
dependently or correlated and taking the largest variation as the 
uncertainty, while the effects of PDF and αs uncertainties are cal-
culated using the PDF4LHC prescription [96]. The impact of the 
choice of parton shower and hadronisation model is evaluated by 
comparing the samples from the nominal generator set-up with 
samples produced with varied resummation and CKKW matching 
procedure [97,98], and a different recoil scheme tuned in Sherpa.

The effects of QCD uncertainties on the Z + jets background are 
also non-negligible. They are estimated by varying the renormali-
sation and factorisation scales by a factor of two. PDF uncertainties 
are also included. Modelling uncertainties in the tt̄ and single-top-
quark backgrounds are subdominant; their estimation is performed 
by varying the generator used for the hard scatter, as well as the 
renormalisation and factorisation scales, the parton shower model, 
αs , and the PDF sets. The modelling uncertainties of the remain-
ing background processes are also evaluated but have no impact 
on the final result.

For the Z H → �� + inv signal, the uncertainty due to missing 
higher orders in QCD is estimated in bins of the kinematic ob-
servables using a scheme similar to the one discussed in Ref. [99]. 
The PDF uncertainties are evaluated using the PDF4LHC prescrip-
tion [96]. To estimate the impact of using a different parton shower 
model, the default Pythia 8 parton shower algorithm is replaced 
with Herwig 7 [100]. Uncertainties due to the EW corrections are 
estimated by taking the difference between the additive and multi-
plicative corrections. The effects of QCD scale uncertainties for the 
simplified DM model and the 2HDM+a prediction are evaluated by 
varying the scales as described for the diboson backgrounds. The 
parton shower uncertainty is estimated with the eigenvariations 
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Fig. 2. Distributions in data compared with simulated events in the different CRs after (a, b, c) the simultaneous Z H → �� + inv fit and (d) a fit in the context of the simplified 
DM models (axial-vector signal with (mχ , mmed) = (150, 900) GeV): (a) Emiss

T distribution in the 3� CR, (b) Emiss′
T distribution in the 4� CR, (c) BDT distribution in the eμ

CR, (d) mT distribution in the eμ CR. As defined in the text, ‘Non-res.’ includes W W , tt̄ , single-top and Z → ττ processes, while ‘Other’ stands for triboson, tt̄ + V , and 
Z Z → 4� production. Events recorded below (above) the x-range of the BDT plot are included in the first (last) bin shown. The bottom panel in each figure shows the ratio 
of the observed data to the predicted yields. The shaded bands in top and bottom panels represent the total statistical and systematic error of the background.

of the A14 tune. The PDF uncertainty includes variations of the 
NNPDF 3.0 set, as well as a comparison with two alternative PDF 
sets.

The detector-related uncertainties affecting signal and back-
ground predictions are dominated by jet reconstruction uncertain-
ties. Uncertainties in the jet energy scale (JES) [88] arise from the 
calibration and are derived as function of the jet pT and η. Fur-
ther contributions emerge from the jet flavour composition and 
the pile-up conditions. Uncertainties in the jet energy resolution 
(JER) depend on the jet pT and η and arise both from the method 

used to derive the resolution and from the difference between 
simulation and data [88]. Uncertainties in the lepton identification 
and lepton energy/momentum scale and resolution are included in 
the fits. These are derived using simulated and measured events 
with Z → ��, J/ψ → �� and W → �ν decays [81,83]. The un-
certainties in the lepton and jet energy scales are propagated to 
the uncertainty in the Emiss

T [91]. Additionally, the uncertainties 
from the momentum scale and resolution of the track-based soft 
term are included. The uncertainty in the combined 2015–2018 
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Fig. 3. (a) BDT and (b) mT distributions in the signal region, after the respective simultaneous fits. The H → inv signal, with a branching ratio of B = 100%, is shown in (a) 
and an example DM axial-vector signal with (mχ , mmed) = (150, 900) GeV is shown in (b). As defined in the text, ‘Non-res.’ includes W W , tt̄ , single top-quark and Z → ττ
processes, while ‘Other’ stands for triboson, tt̄ + V , and Z Z → 4� production. Events recorded below (above) the x-range of the BDT plot are included in the first (last) 
bin shown. The bottom panel in each figure shows the ratio of the observed data to the predicted yields. The shaded bands in top and bottom panels represent the total 
statistical and systematic error of the background.

Table 1
Summary of signal and control region yields after the simultaneous fit for the Z H → �� + inv signal. Also given is the total post-fit 
uncertainty of each number. As defined in the text, ‘Non-resonant’ includes W W , tt̄ , single top-quark and Z → ττ processes. Note 
the uncertainty on the total expectation does not equal the sum of the uncertainties of individual contributions added in quadrature, 
due to correlations between the uncertainties.

SR eμ CR 3� CR 4� CR

Observed events 6382 891 11622 314

Expected yields after fit 6385 ± 81 895 ± 29 11620 ± 110 296 ± 11

Z H → �� + inv 4 ± 110 - - -
Z Z → ��νν 2681 ± 110 0.763 ± 0.064 2.61 ± 0.18 -
W Z 1595 ± 34 11.6 ± 1.1 10623 ± 150 -
Z + jets 1111 ± 100 0.79 ± 0.30 235 ± 89 -
Non-resonant 881 ± 39 876 ± 29 220 ± 31 -
Z Z → 4� 85.8 ± 5.5 0.621 ± 0.056 443 ± 40 295 ± 11
tt̄ + V 12.7 ± 2.8 1.76 ± 0.41 53 ± 12 -
Triboson 13.0 ± 6.2 3.1 ± 1.4 44 ± 20 0.48 ± 0.23

integrated luminosity is 1.7% [101], obtained using the LUCID-2 de-
tector [102].

8. Results

Fig. 3 shows the BDT and mT distributions of the selected 
data events, compared with the estimated backgrounds after the 
simultaneous fits described in Section 6 are performed. For the 
Z H → �� + inv case, Table 1 gives the number of observed events 
as well as the signal and background expectations after the simul-
taneous fit. The numbers for the DM fits are very similar, with 
some differences in the eμ CR as the mT distribution is only used 
in the fit for mT > 200 GeV.

The data are in good agreement with the background expecta-
tion. Assuming SM Higgs production cross-sections and their un-
certainties, the best-fit branching ratio of Higgs boson decays into 
invisible particles is B(H → inv) = (0.3 ±9.0)%, which corresponds 
to an observed 95% CL upper limit of 19%. The corresponding ex-
pected upper limit is 19%. The analysis improvements and reduced 
systematic uncertainties lead to this limit being 45% lower than a 

projection of the previous expected limit [23] scaled to the present 
integrated luminosity. The observed normalisation factors for the 
W Z and eμ backgrounds are 0.971 ± 0.060 and 0.92 ± 0.10 re-
spectively. Table 2 shows the contributions of the statistical and 
systematic uncertainties to the total uncertainty of the best-fit 
B(H → inv). As discussed in Section 7, the dominant uncertainty 
is due to the Z Z modelling. Uncertainties in the jet reconstruction 
are important as well.

Fig. 4 shows the exclusion limits for the simplified DM mod-
els assuming either an axial-vector or vector mediator, with the 
chosen mediator couplings gχ = 1.0, gq = 0.25, and g� = 0. The 
bottom-left region inside the solid black contour is excluded at the 
95% CL. The dashed red line labelled ‘Relic density’ corresponds to 
combinations of DM and mediator mass values that are consistent 
with a DM density of �h2 = 0.118 and a standard thermal history, 
as computed in Ref. [13]. The dashed magenta line indicates the 
previous ATLAS result from a 36.1 fb−1 dataset [23]. The present 
analysis enlarges the excluded area significantly. Axial-vector and 
vector mediators with masses of up to 950 GeV are excluded now, 
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Fig. 4. Exclusion limits for simplified DM models with gχ = 1.0, gq = 0.25, and g� = 0, when assuming (a) an axial-vector mediator or (b) a vector mediator. The region 
below the solid black line is excluded at the 95% CL. The dashed black line indicates the expected limit in the absence of signal, and the yellow band the corresponding 
±1σ uncertainty band. The dashed red line labelled ‘Relic density’ corresponds to combinations of DM and mediator mass values that are consistent with a DM density of 
�h2 = 0.118 and a standard thermal history, as computed in Ref. [13]. Below the line, annihilation processes described by the simplified model mostly predict too high a 
relic density while regions with too low a relic density are mostly found for mmed closer to the DM mass. The dashed magenta line indicates the previous ATLAS result from 
a 36.1 fb−1 dataset [23].

Table 2
Summary of the uncertainties �B on the best-fit B(H → inv), obtained by fix-
ing the corresponding nuisance parameters to their best-fit values, and subtracting 
the square of the resulting uncertainty from the square of the total uncertainty to 
evaluate (�B)2. The statistical uncertainty component is obtained by fixing all nui-
sance parameters to their best-fit values. Note the total uncertainty does not equal 
the sum of the individual contributions added in quadrature due to correlations be-
tween the systematic uncertainties.

Uncertainty source �B [%]

Statistical uncertainty 5.1

Systematic uncertainties 7.4
Theory uncertainties 4.9

Signal modelling 0.4
Z Z modelling 4.4
Non-Z Z background modelling 2.1

Experimental uncertainties (excl. MC stat.) 4.6
Luminosity, pile-up 1.5
Jets, Emiss

T 4.0
Flavour tagging 0.4
Electrons, muons 1.2

MC statistical uncertainty 1.6

Total uncertainty 9.0

while DM masses of up to 250 GeV are excluded in the axial-vector 
case and up to 350 GeV in the case of a vector mediator.

Eight scans are produced for the 2HDM+a models, following 
the recommendations in Ref. [17], including the requirement mA =
mH = mH± . They are shown in Figs. 5 and 6. The hashed red area 
indicates that the width of one of the Higgs bosons is larger than 
20% of its mass [16]. The experimental exclusion in those areas is 
subject to additional theoretical uncertainties, as the dependence 
of the width on the virtuality of the additional Higgs bosons could 
significantly alter the inclusive production cross-sections (one of 
the limitations of the models). For all presented scans, the exclu-
sion limit is stronger for a mixing parameter value of sin θ = 0.7
because the cross-sections are larger than for sin θ = 0.35.

Figs. 5(a) and 5(b) show tan β vs ma limit contours with mA =
600 GeV, while Figs. 5(c) and 5(d) show tan β vs mA contours for 
ma = 250 GeV. Compared to previous limits shown by the dashed 
magenta line [18] in Fig. 5(a), the contours now extend upwards 
beyond tan β = 3 due to the inclusion of bb-induced signal con-
tributions (see Fig. 1(d) for an example diagram). The interplay 

between those and the gg-fusion processes (Fig. 1(c)) affects the 
shapes, as the tan β dependence of the coupling of H /A/a to top 
quarks (present in gg-fusion) differs from that to bottom quarks. 
The relative difference between mA and ma also affects the shape 
through the H → Z + a process.

The (mA, ma) exclusion limits are shown in Figs. 5(e) and 5(f). 
Compared to the 36.1 fb−1 exclusion limit shown by the dashed 
magenta line [18] in Fig. 5(e), the highest excluded mA has im-
proved from 1 TeV to ∼1.4 TeV for ma = 100 GeV, and the high-
est excluded ma has increased from 340 GeV to 480 GeV for 
mA ∼ 1.05 TeV. Sensitivity is lost when ma + mZ > mH , as parti-
cles are not produced on-shell anymore. For the scan in Fig. 5(f), 
points in parameter space evaluated with signal samples that un-
derwent the simulation of the ATLAS detector response were aug-
mented by points obtained through a reweighting of these samples 
based on generator-level distributions of key observables, namely 
p Z

T (the transverse momentum of the Z boson), pχχ
T (the trans-

verse momentum of the χχ system), and �φ(Z , χχ) (the az-
imuthal angle between the Z boson and χχ system), similar to 
the procedure used in Ref. [103]. Fig. 6 shows upper limits on 
the signal strength, μ95%

upper, as a function of sin θ for models with 
(mA, ma) = (600, 200) GeV and (1000, 350) GeV. Any sin θ value 
for which μ95%

upper < 1 is excluded.3 The dashed red line indicates 
the limit from the previous analysis [18].

Within the context of appropriate models, both the B(H → inv)

limit and the limits on the simplified DM model (Fig. 4) can be 
compared with limits from direct-detection DM experiments. For 
consistent comparisons, the 90% CL is used, which corresponds to 
B(H → inv) = 16%. The translation of the H → inv result into a 
WIMP–nucleon scattering cross-section σWIMP-N in the Higgs por-
tal model [104] relies on an effective field theory approach and 
assumes that Higgs boson decays into a pair of DM particles are 
kinematically possible and that the DM particle is a scalar or a 
Majorana fermion [105–107]. In this translation, the nuclear form 
factor f N = 0.308 ± 0.018 [108] is used. The simplified models 
with an axial-vector mediator can be translated to spin-dependent 

3 μ95%
upper can be interpreted as σ 95%

upper/σtheory , where σ 95%
upper is the upper limit on 

the cross-section of the signal model, and σtheory is the nominal cross-section of the 
signal model.
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Fig. 5. Exclusion limits within the context of 2HDM+a models with different parameter choices and in various planes [17]. Subfigures (a, b) show the tan β vs ma exclusion 
limits with mA = 600 GeV, (c, d) the tanβ vs mA exclusion limits with ma = 250 GeV, and (e, f) the mA vs ma exclusion limit with tanβ = 1.0. The region contained by the 
solid black line and the hashed black contour is excluded at the 95% CL. The solid blue line indicates the expected limit in the absence of signal, and the dashed blue lines 
the corresponding ±1σ uncertainty band. Subfigures (a, c, e) assume sin θ = 0.35, while (b, d, f) assume sin θ = 0.7. Where included, the dashed magenta lines represent the 
36.1 fb−1 results from Ref. [18]. The hashed red area indicates that the width of one of the Higgs bosons is larger than 20% of its mass.

WIMP–proton scattering, while the vector mediator induces spin-
independent WIMP–nucleon interactions [12]. Figs. 7 and 8 show 
the complementarity of the collider and direct-detection experi-
ments: the limits obtained in this analysis are particularly com-
petitive for low DM masses, where experiments relying on recoil 
measurements have limited sensitivity.

9. Conclusion

This article presents a search for invisible decays of the Higgs 
boson as well as searches for dark matter candidates, produced to-
gether with a leptonically decaying Z boson. The analysis was per-
formed using proton−proton collisions at a centre-of-mass energy 
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Fig. 6. sin θ exclusion limits for 2HDM+a signals with tan β = 1.0 and mχ = 10 GeV. The solid black line shows the observed limit, while the dashed black line indicates the 
expected limit in the absence of signal, with the corresponding 1σ and 2σ uncertainty bands in green and yellow. The dashed red line shows the result from the 36 fb−1

analysis [18]. The region below μ95%
upper = 1 is excluded at the 95% CL. In (a), mA = 600 GeV and ma = 200 GeV, while in (b) mA = 1000 GeV and ma = 350 GeV.

Fig. 7. Comparison between the 90% CL upper limits on the spin-independent WIMP–nucleon scattering cross-section from direct-detection experiments [1–5] and a reinter-
pretation of the B(H → inv) limit obtained in this analysis, as a function of the WIMP mass. Higgs portal scenarios are assumed, where the 125 GeV Higgs boson decays 
into a pair of DM particles [104] that are either scalars or Majorana fermions. The uncertainties from the nuclear form factor are indicated by the hatched band. The regions 
above the limit contours are excluded in the σWIMP-N range shown in the plot.

Fig. 8. Comparison of the upper limits at 90% CL from direct-detection experiments [1–8] with the exclusion obtained in the simplified DM models in the plane of the dark 
matter mass and (a) the spin-dependent WIMP–proton scattering cross-section or (b) the spin-independent WIMP–nucleon scattering cross-section [12]. The area within the 
shaded lines is excluded by this analysis in the context of the simplified models.
10



The ATLAS Collaboration Physics Letters B 829 (2022) 137066

of 13 TeV, delivered by the LHC, corresponding to an integrated 
luminosity of 139 fb−1 and recorded by the ATLAS experiment. 
Assuming Standard Model cross-sections for Z H production, the 
upper limit in the branching ratio of the Higgs boson to invisible 
particles was constrained to 19%, at the 95% confidence level. The 
corresponding expected limit of 19% represents an improvement of 
about 45% in comparison with a projection of the previous analysis 
scaled to the present integrated luminosity. Exclusion limits were 
also set for simplified dark matter models and 2HDM+a models 
for a number of benchmark parameters, improving on previously 
set combined constraints obtained with a 36 fb−1 dataset.
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M. Michetti 17, R.P. Middleton 139, L. Mijović 48, G. Mikenberg 175, M. Mikestikova 136, M. Mikuž 89, 
H. Mildner 145, A. Milic 162, C.D. Milke 40, D.W. Miller 35, L.S. Miller 32, A. Milov 175, D.A. Milstead 43a,43b, 
T. Min 13c, A.A. Minaenko 118, I.A. Minashvili 155b, L. Mince 55, A.I. Mincer 121, B. Mindur 81a, M. Mineev 77, 
Y. Minegishi 159, Y. Mino 83, L.M. Mir 12, M. Miralles Lopez 169, M. Mironova 130, T. Mitani 174, 
V.A. Mitsou 169, M. Mittal 58c, O. Miu 162, P.S. Miyagawa 90, Y. Miyazaki 85, A. Mizukami 79, 
J.U. Mjörnmark 94, T. Mkrtchyan 59a, M. Mlynarikova 116, T. Moa 43a,43b, S. Mobius 51, K. Mochizuki 106, 
P. Moder 44, P. Mogg 110, A.F. Mohammed 13a, S. Mohapatra 37, G. Mokgatitswane 31f, B. Mondal 147, 
S. Mondal 137, K. Mönig 44, E. Monnier 98, L. Monsonis Romero 169, A. Montalbano 148, 
J. Montejo Berlingen 34, M. Montella 123, F. Monticelli 86, N. Morange 62, A.L. Moreira De Carvalho 135a, 
M. Moreno Llácer 169, C. Moreno Martinez 12, P. Morettini 53b, S. Morgenstern 173, D. Mori 148, M. Morii 57, 
M. Morinaga 159, V. Morisbak 129, A.K. Morley 34, A.P. Morris 92, L. Morvaj 34, P. Moschovakos 34, 
B. Moser 115, M. Mosidze 155b, T. Moskalets 50, P. Moskvitina 114, J. Moss 29,n, E.J.W. Moyse 99, 

18



The ATLAS Collaboration Physics Letters B 829 (2022) 137066

S. Muanza 98, J. Mueller 134, R. Mueller 18, D. Muenstermann 87, G.A. Mullier 94, J.J. Mullin 132, 
D.P. Mungo 66a,66b, J.L. Munoz Martinez 12, F.J. Munoz Sanchez 97, M. Murin 97, P. Murin 26b, 
W.J. Murray 173,139, A. Murrone 66a,66b, J.M. Muse 124, M. Muškinja 16, C. Mwewa 27, A.G. Myagkov 118,ae, 
A.J. Myers 7, A.A. Myers 134, G. Myers 63, M. Myska 137, B.P. Nachman 16, O. Nackenhorst 45, A. Nag Nag 46, 
K. Nagai 130, K. Nagano 79, J.L. Nagle 27, E. Nagy 98, A.M. Nairz 34, Y. Nakahama 112, K. Nakamura 79, 
H. Nanjo 128, F. Napolitano 59a, R. Narayan 40, E.A. Narayanan 113, I. Naryshkin 133, M. Naseri 32, C. Nass 22, 
T. Naumann 44, G. Navarro 20a, J. Navarro-Gonzalez 169, R. Nayak 157, P.Y. Nechaeva 107, F. Nechansky 44, 
T.J. Neep 19, A. Negri 68a,68b, M. Negrini 21b, C. Nellist 114, C. Nelson 100, K. Nelson 102, S. Nemecek 136, 
M. Nessi 34,f , M.S. Neubauer 168, F. Neuhaus 96, J. Neundorf 44, R. Newhouse 170, P.R. Newman 19, 
C.W. Ng 134, Y.S. Ng 17, Y.W.Y. Ng 166, B. Ngair 33e, H.D.N. Nguyen 106, R.B. Nickerson 130, R. Nicolaidou 140, 
D.S. Nielsen 38, J. Nielsen 141, M. Niemeyer 51, N. Nikiforou 10, V. Nikolaenko 118,ae, I. Nikolic-Audit 131, 
K. Nikolopoulos 19, P. Nilsson 27, H.R. Nindhito 52, A. Nisati 70a, N. Nishu 2, R. Nisius 111, T. Nitta 174, 
T. Nobe 159, D.L. Noel 30, Y. Noguchi 83, I. Nomidis 131, M.A. Nomura 27, M.B. Norfolk 145, R.R.B. Norisam 92, 
J. Novak 89, T. Novak 44, O. Novgorodova 46, L. Novotny 137, R. Novotny 113, L. Nozka 126, K. Ntekas 166, 
E. Nurse 92, F.G. Oakham 32,aj, J. Ocariz 131, A. Ochi 80, I. Ochoa 135a, J.P. Ochoa-Ricoux 142a, S. Oda 85, 
S. Odaka 79, S. Oerdek 167, A. Ogrodnik 81a, A. Oh 97, C.C. Ohm 150, H. Oide 160, R. Oishi 159, M.L. Ojeda 44, 
Y. Okazaki 83, M.W. O’Keefe 88, Y. Okumura 159, A. Olariu 25b, L.F. Oleiro Seabra 135a, S.A. Olivares Pino 142d, 
D. Oliveira Damazio 27, D. Oliveira Goncalves 78a, J.L. Oliver 166, M.J.R. Olsson 166, A. Olszewski 82, 
J. Olszowska 82, Ö.O. Öncel 22, D.C. O’Neil 148, A.P. O’neill 130, A. Onofre 135a,135e, P.U.E. Onyisi 10, 
R.G. Oreamuno Madriz 116, M.J. Oreglia 35, G.E. Orellana 86, D. Orestano 72a,72b, N. Orlando 12, R.S. Orr 162, 
V. O’Shea 55, R. Ospanov 58a, G. Otero y Garzon 28, H. Otono 85, P.S. Ott 59a, G.J. Ottino 16, M. Ouchrif 33d, 
J. Ouellette 27, F. Ould-Saada 129, A. Ouraou 140,∗, Q. Ouyang 13a, M. Owen 55, R.E. Owen 139, 
K.Y. Oyulmaz 11c, V.E. Ozcan 11c, N. Ozturk 7, S. Ozturk 11c, J. Pacalt 126, H.A. Pacey 30, K. Pachal 47, 
A. Pacheco Pages 12, C. Padilla Aranda 12, S. Pagan Griso 16, G. Palacino 63, S. Palazzo 48, S. Palestini 34, 
M. Palka 81b, P. Palni 81a, D.K. Panchal 10, C.E. Pandini 52, J.G. Panduro Vazquez 91, P. Pani 44, 
G. Panizzo 64a,64c, L. Paolozzi 52, C. Papadatos 106, S. Parajuli 40, A. Paramonov 5, C. Paraskevopoulos 9, 
D. Paredes Hernandez 60b, S.R. Paredes Saenz 130, B. Parida 175, T.H. Park 162, A.J. Parker 29, M.A. Parker 30, 
F. Parodi 53b,53a, E.W. Parrish 116, J.A. Parsons 37, U. Parzefall 50, L. Pascual Dominguez 157, V.R. Pascuzzi 16, 
F. Pasquali 115, E. Pasqualucci 70a, S. Passaggio 53b, F. Pastore 91, P. Pasuwan 43a,43b, J.R. Pater 97, 
A. Pathak 176, J. Patton 88, T. Pauly 34, J. Pearkes 149, M. Pedersen 129, L. Pedraza Diaz 114, R. Pedro 135a, 
T. Peiffer 51, S.V. Peleganchuk 117b,117a, O. Penc 136, C. Peng 60b, H. Peng 58a, M. Penzin 161, B.S. Peralva 78a, 
A.P. Pereira Peixoto 135a, L. Pereira Sanchez 43a,43b, D.V. Perepelitsa 27, E. Perez Codina 163a, M. Perganti 9, 
L. Perini 66a,66b, H. Pernegger 34, S. Perrella 34, A. Perrevoort 115, K. Peters 44, R.F.Y. Peters 97, 
B.A. Petersen 34, T.C. Petersen 38, E. Petit 98, V. Petousis 137, C. Petridou 158, P. Petroff 62, F. Petrucci 72a,72b, 
A. Petrukhin 147, M. Pettee 178, N.E. Pettersson 34, K. Petukhova 138, A. Peyaud 140, R. Pezoa 142e, 
L. Pezzotti 34, G. Pezzullo 178, T. Pham 101, P.W. Phillips 139, M.W. Phipps 168, G. Piacquadio 151, 
E. Pianori 16, F. Piazza 66a,66b, A. Picazio 99, R. Piegaia 28, D. Pietreanu 25b, J.E. Pilcher 35, A.D. Pilkington 97, 
M. Pinamonti 64a,64c, J.L. Pinfold 2, C. Pitman Donaldson 92, D.A. Pizzi 32, L. Pizzimento 71a,71b, 
A. Pizzini 115, M.-A. Pleier 27, V. Plesanovs 50, V. Pleskot 138, E. Plotnikova 77, P. Podberezko 117b,117a, 
R. Poettgen 94, R. Poggi 52, L. Poggioli 131, I. Pogrebnyak 103, D. Pohl 22, I. Pokharel 51, G. Polesello 68a, 
A. Poley 148,163a, A. Policicchio 70a,70b, R. Polifka 138, A. Polini 21b, C.S. Pollard 130, Z.B. Pollock 123, 
V. Polychronakos 27, D. Ponomarenko 108, L. Pontecorvo 34, S. Popa 25a, G.A. Popeneciu 25d, L. Portales 4, 
D.M. Portillo Quintero 163a, S. Pospisil 137, P. Postolache 25c, K. Potamianos 130, I.N. Potrap 77, C.J. Potter 30, 
H. Potti 1, T. Poulsen 44, J. Poveda 169, T.D. Powell 145, G. Pownall 44, M.E. Pozo Astigarraga 34, 
A. Prades Ibanez 169, P. Pralavorio 98, M.M. Prapa 42, S. Prell 76, D. Price 97, M. Primavera 65a, 
M.A. Principe Martin 95, M.L. Proffitt 144, N. Proklova 108, K. Prokofiev 60c, F. Prokoshin 77, 
S. Protopopescu 27, J. Proudfoot 5, M. Przybycien 81a, D. Pudzha 133, P. Puzo 62, D. Pyatiizbyantseva 108, 
J. Qian 102, Y. Qin 97, T. Qiu 90, A. Quadt 51, M. Queitsch-Maitland 34, G. Rabanal Bolanos 57, 
F. Ragusa 66a,66b, J.A. Raine 52, S. Rajagopalan 27, K. Ran 13a,13d, D.F. Rassloff 59a, D.M. Rauch 44, S. Rave 96, 
B. Ravina 55, I. Ravinovich 175, M. Raymond 34, A.L. Read 129, N.P. Readioff 145, D.M. Rebuzzi 68a,68b, 
G. Redlinger 27, K. Reeves 41, D. Reikher 157, A. Reiss 96, A. Rej 147, C. Rembser 34, A. Renardi 44, 
M. Renda 25b, M.B. Rendel 111, A.G. Rennie 55, S. Resconi 66a, M. Ressegotti 53b,53a, E.D. Resseguie 16, 
S. Rettie 92, B. Reynolds 123, E. Reynolds 19, M. Rezaei Estabragh 177, O.L. Rezanova 117b,117a, 

19



The ATLAS Collaboration Physics Letters B 829 (2022) 137066

P. Reznicek 138, E. Ricci 73a,73b, R. Richter 111, S. Richter 44, E. Richter-Was 81b, M. Ridel 131, P. Rieck 111, 
P. Riedler 34, O. Rifki 44, M. Rijssenbeek 151, A. Rimoldi 68a,68b, M. Rimoldi 44, L. Rinaldi 21b,21a, 
T.T. Rinn 168, M.P. Rinnagel 110, G. Ripellino 150, I. Riu 12, P. Rivadeneira 44, J.C. Rivera Vergara 171, 
F. Rizatdinova 125, E. Rizvi 90, C. Rizzi 52, B.A. Roberts 173, B.R. Roberts 16, S.H. Robertson 100,y, M. Robin 44, 
D. Robinson 30, C.M. Robles Gajardo 142e, M. Robles Manzano 96, A. Robson 55, A. Rocchi 71a,71b, 
C. Roda 69a,69b, S. Rodriguez Bosca 59a, A. Rodriguez Rodriguez 50, A.M. Rodríguez Vera 163b, S. Roe 34, 
A.R. Roepe 124, J. Roggel 177, O. Røhne 129, R.A. Rojas 171, B. Roland 50, C.P.A. Roland 63, J. Roloff 27, 
A. Romaniouk 108, M. Romano 21b, A.C. Romero Hernandez 168, N. Rompotis 88, M. Ronzani 121, L. Roos 131, 
S. Rosati 70a, B.J. Rosser 132, E. Rossi 162, E. Rossi 4, E. Rossi 67a,67b, L.P. Rossi 53b, L. Rossini 44, R. Rosten 123, 
M. Rotaru 25b, B. Rottler 50, D. Rousseau 62, D. Rousso 30, G. Rovelli 68a,68b, A. Roy 10, A. Rozanov 98, 
Y. Rozen 156, X. Ruan 31f, A.J. Ruby 88, T.A. Ruggeri 1, F. Rühr 50, A. Ruiz-Martinez 169, A. Rummler 34, 
Z. Rurikova 50, N.A. Rusakovich 77, H.L. Russell 34, L. Rustige 36, J.P. Rutherfoord 6, E.M. Rüttinger 145, 
M. Rybar 138, E.B. Rye 129, A. Ryzhov 118, J.A. Sabater Iglesias 44, P. Sabatini 169, L. Sabetta 70a,70b, 
H.F-W. Sadrozinski 141, R. Sadykov 77, F. Safai Tehrani 70a, B. Safarzadeh Samani 152, M. Safdari 149, 
S. Saha 100, M. Sahinsoy 111, A. Sahu 177, M. Saimpert 140, M. Saito 159, T. Saito 159, D. Salamani 34, 
G. Salamanna 72a,72b, A. Salnikov 149, J. Salt 169, A. Salvador Salas 12, D. Salvatore 39b,39a, F. Salvatore 152, 
A. Salzburger 34, D. Sammel 50, D. Sampsonidis 158, D. Sampsonidou 58d,58c, J. Sánchez 169, 
A. Sanchez Pineda 4, V. Sanchez Sebastian 169, H. Sandaker 129, C.O. Sander 44, I.G. Sanderswood 87, 
J.A. Sandesara 99, M. Sandhoff 177, C. Sandoval 20b, D.P.C. Sankey 139, M. Sannino 53b,53a, A. Sansoni 49, 
C. Santoni 36, H. Santos 135a,135b, S.N. Santpur 16, A. Santra 175, K.A. Saoucha 145, A. Sapronov 77, 
J.G. Saraiva 135a,135d, J. Sardain 98, O. Sasaki 79, K. Sato 164, C. Sauer 59b, F. Sauerburger 50, E. Sauvan 4, 
P. Savard 162,aj, R. Sawada 159, C. Sawyer 139, L. Sawyer 93, I. Sayago Galvan 169, C. Sbarra 21b, 
A. Sbrizzi 21b,21a, T. Scanlon 92, J. Schaarschmidt 144, P. Schacht 111, D. Schaefer 35, U. Schäfer 96, 
A.C. Schaffer 62, D. Schaile 110, R.D. Schamberger 151, E. Schanet 110, C. Scharf 17, N. Scharmberg 97, 
V.A. Schegelsky 133, D. Scheirich 138, F. Schenck 17, M. Schernau 166, C. Schiavi 53b,53a, L.K. Schildgen 22, 
Z.M. Schillaci 24, E.J. Schioppa 65a,65b, M. Schioppa 39b,39a, B. Schlag 96, K.E. Schleicher 50, S. Schlenker 34, 
K. Schmieden 96, C. Schmitt 96, S. Schmitt 44, L. Schoeffel 140, A. Schoening 59b, P.G. Scholer 50, 
E. Schopf 130, M. Schott 96, J. Schovancova 34, S. Schramm 52, F. Schroeder 177, H-C. Schultz-Coulon 59a, 
M. Schumacher 50, B.A. Schumm 141, Ph. Schune 140, A. Schwartzman 149, T.A. Schwarz 102, 
Ph. Schwemling 140, R. Schwienhorst 103, A. Sciandra 141, G. Sciolla 24, F. Scuri 69a, F. Scutti 101, 
C.D. Sebastiani 88, K. Sedlaczek 45, P. Seema 17, S.C. Seidel 113, A. Seiden 141, B.D. Seidlitz 27, T. Seiss 35, 
C. Seitz 44, J.M. Seixas 78b, G. Sekhniaidze 67a, S.J. Sekula 40, L. Selem 4, N. Semprini-Cesari 21b,21a, S. Sen 47, 
C. Serfon 27, L. Serin 62, L. Serkin 64a,64b, M. Sessa 72a,72b, H. Severini 124, S. Sevova 149, F. Sforza 53b,53a, 
A. Sfyrla 52, E. Shabalina 51, R. Shaheen 150, J.D. Shahinian 132, N.W. Shaikh 43a,43b, D. Shaked Renous 175, 
L.Y. Shan 13a, M. Shapiro 16, A. Sharma 34, A.S. Sharma 1, S. Sharma 44, P.B. Shatalov 119, K. Shaw 152, 
S.M. Shaw 97, P. Sherwood 92, L. Shi 92, C.O. Shimmin 178, Y. Shimogama 174, J.D. Shinner 91, 
I.P.J. Shipsey 130, S. Shirabe 52, M. Shiyakova 77, J. Shlomi 175, M.J. Shochet 35, J. Shojaii 101, D.R. Shope 150, 
S. Shrestha 123, E.M. Shrif 31f, M.J. Shroff 171, E. Shulga 175, P. Sicho 136, A.M. Sickles 168, 
E. Sideras Haddad 31f, O. Sidiropoulou 34, A. Sidoti 21b, F. Siegert 46, Dj. Sijacki 14, J.M. Silva 19, 
M.V. Silva Oliveira 34, S.B. Silverstein 43a, S. Simion 62, R. Simoniello 34, N.D. Simpson 94, S. Simsek 11b, 
P. Sinervo 162, V. Sinetckii 109, S. Singh 148, S. Singh 162, S. Sinha 44, S. Sinha 31f, M. Sioli 21b,21a, I. Siral 127, 
S.Yu. Sivoklokov 109, J. Sjölin 43a,43b, A. Skaf 51, E. Skorda 94, P. Skubic 124, M. Slawinska 82, K. Sliwa 165, 
V. Smakhtin 175, B.H. Smart 139, J. Smiesko 138, S.Yu. Smirnov 108, Y. Smirnov 108, L.N. Smirnova 109,r , 
O. Smirnova 94, E.A. Smith 35, H.A. Smith 130, M. Smizanska 87, K. Smolek 137, A. Smykiewicz 82, 
A.A. Snesarev 107, H.L. Snoek 115, S. Snyder 27, R. Sobie 171,y, A. Soffer 157, F. Sohns 51, 
C.A. Solans Sanchez 34, E.Yu. Soldatov 108, U. Soldevila 169, A.A. Solodkov 118, S. Solomon 50, 
A. Soloshenko 77, O.V. Solovyanov 118, V. Solovyev 133, P. Sommer 145, H. Son 165, A. Sonay 12, 
W.Y. Song 163b, A. Sopczak 137, A.L. Sopio 92, F. Sopkova 26b, S. Sottocornola 68a,68b, R. Soualah 64a,64c, 
A.M. Soukharev 117b,117a, Z. Soumaimi 33e, D. South 44, S. Spagnolo 65a,65b, M. Spalla 111, 
M. Spangenberg 173, F. Spanò 91, D. Sperlich 50, T.M. Spieker 59a, G. Spigo 34, M. Spina 152, D.P. Spiteri 55, 
M. Spousta 138, A. Stabile 66a,66b, R. Stamen 59a, M. Stamenkovic 115, A. Stampekis 19, M. Standke 22, 
E. Stanecka 82, B. Stanislaus 34, M.M. Stanitzki 44, M. Stankaityte 130, B. Stapf 44, E.A. Starchenko 118, 
G.H. Stark 141, J. Stark 98, D.M. Starko 163b, P. Staroba 136, P. Starovoitov 59a, S. Stärz 100, R. Staszewski 82, 

20



The ATLAS Collaboration Physics Letters B 829 (2022) 137066

G. Stavropoulos 42, P. Steinberg 27, A.L. Steinhebel 127, B. Stelzer 148,163a, H.J. Stelzer 134, 
O. Stelzer-Chilton 163a, H. Stenzel 54, T.J. Stevenson 152, G.A. Stewart 34, M.C. Stockton 34, G. Stoicea 25b, 
M. Stolarski 135a, S. Stonjek 111, A. Straessner 46, J. Strandberg 150, S. Strandberg 43a,43b, M. Strauss 124, 
T. Strebler 98, P. Strizenec 26b, R. Ströhmer 172, D.M. Strom 127, L.R. Strom 44, R. Stroynowski 40, 
A. Strubig 43a,43b, S.A. Stucci 27, B. Stugu 15, J. Stupak 124, N.A. Styles 44, D. Su 149, S. Su 58a, 
W. Su 58d,144,58c, X. Su 58a, K. Sugizaki 159, V.V. Sulin 107, M.J. Sullivan 88, D.M.S. Sultan 52, 
L. Sultanaliyeva 107, S. Sultansoy 3c, T. Sumida 83, S. Sun 102, S. Sun 176, X. Sun 97, 
O. Sunneborn Gudnadottir 167, C.J.E. Suster 153, M.R. Sutton 152, M. Svatos 136, M. Swiatlowski 163a, 
T. Swirski 172, I. Sykora 26a, M. Sykora 138, T. Sykora 138, D. Ta 96, K. Tackmann 44,w, A. Taffard 166, 
R. Tafirout 163a, R.H.M. Taibah 131, R. Takashima 84, K. Takeda 80, T. Takeshita 146, E.P. Takeva 48, 
Y. Takubo 79, M. Talby 98, A.A. Talyshev 117b,117a, K.C. Tam 60b, N.M. Tamir 157, A. Tanaka 159, J. Tanaka 159, 
R. Tanaka 62, J. Tang 58c, Z. Tao 170, S. Tapia Araya 76, S. Tapprogge 96, A. Tarek Abouelfadl Mohamed 103, 
S. Tarem 156, K. Tariq 58b, G. Tarna 25b, G.F. Tartarelli 66a, P. Tas 138, M. Tasevsky 136, E. Tassi 39b,39a, 
G. Tateno 159, Y. Tayalati 33e, G.N. Taylor 101, W. Taylor 163b, H. Teagle 88, A.S. Tee 176, 
R. Teixeira De Lima 149, P. Teixeira-Dias 91, H. Ten Kate 34, J.J. Teoh 115, K. Terashi 159, J. Terron 95, 
S. Terzo 12, M. Testa 49, R.J. Teuscher 162,y, N. Themistokleous 48, T. Theveneaux-Pelzer 17, 
O. Thielmann 177, D.W. Thomas 91, J.P. Thomas 19, E.A. Thompson 44, P.D. Thompson 19, E. Thomson 132, 
E.J. Thorpe 90, Y. Tian 51, V.O. Tikhomirov 107,af , Yu.A. Tikhonov 117b,117a, S. Timoshenko 108, P. Tipton 178, 
S. Tisserant 98, S.H. Tlou 31f, A. Tnourji 36, K. Todome 21b,21a, S. Todorova-Nova 138, S. Todt 46, 
M. Togawa 79, J. Tojo 85, S. Tokár 26a, K. Tokushuku 79, E. Tolley 123, R. Tombs 30, M. Tomoto 79,112, 
L. Tompkins 149, P. Tornambe 99, E. Torrence 127, H. Torres 46, E. Torró Pastor 169, M. Toscani 28, 
C. Tosciri 35, J. Toth 98,x, D.R. Tovey 145, A. Traeet 15, C.J. Treado 121, T. Trefzger 172, A. Tricoli 27, 
I.M. Trigger 163a, S. Trincaz-Duvoid 131, D.A. Trischuk 170, W. Trischuk 162, B. Trocmé 56, A. Trofymov 62, 
C. Troncon 66a, F. Trovato 152, L. Truong 31c, M. Trzebinski 82, A. Trzupek 82, F. Tsai 151, A. Tsiamis 158, 
P.V. Tsiareshka 104,ad, A. Tsirigotis 158,u, V. Tsiskaridze 151, E.G. Tskhadadze 155a, M. Tsopoulou 158, 
Y. Tsujikawa 83, I.I. Tsukerman 119, V. Tsulaia 16, S. Tsuno 79, O. Tsur 156, D. Tsybychev 151, Y. Tu 60b, 
A. Tudorache 25b, V. Tudorache 25b, A.N. Tuna 34, S. Turchikhin 77, I. Turk Cakir 3a, R.J. Turner 19, 
R. Turra 66a, P.M. Tuts 37, S. Tzamarias 158, P. Tzanis 9, E. Tzovara 96, K. Uchida 159, F. Ukegawa 164, 
P.A. Ulloa Poblete 142c, G. Unal 34, M. Unal 10, A. Undrus 27, G. Unel 166, F.C. Ungaro 101, K. Uno 159, 
J. Urban 26b, P. Urquijo 101, G. Usai 7, R. Ushioda 160, M. Usman 106, Z. Uysal 11d, V. Vacek 137, 
B. Vachon 100, K.O.H. Vadla 129, T. Vafeiadis 34, C. Valderanis 110, E. Valdes Santurio 43a,43b, M. Valente 163a, 
S. Valentinetti 21b,21a, A. Valero 169, R.A. Vallance 19, A. Vallier 98, J.A. Valls Ferrer 169, T.R. Van Daalen 144, 
P. Van Gemmeren 5, S. Van Stroud 92, I. Van Vulpen 115, M. Vanadia 71a,71b, W. Vandelli 34, 
M. Vandenbroucke 140, E.R. Vandewall 125, D. Vannicola 157, L. Vannoli 53b,53a, R. Vari 70a, E.W. Varnes 6, 
C. Varni 16, T. Varol 154, D. Varouchas 62, K.E. Varvell 153, M.E. Vasile 25b, L. Vaslin 36, G.A. Vasquez 171, 
F. Vazeille 36, D. Vazquez Furelos 12, T. Vazquez Schroeder 34, J. Veatch 51, V. Vecchio 97, M.J. Veen 115, 
I. Veliscek 130, L.M. Veloce 162, F. Veloso 135a,135c, S. Veneziano 70a, A. Ventura 65a,65b, A. Verbytskyi 111, 
M. Verducci 69a,69b, C. Vergis 22, M. Verissimo De Araujo 78b, W. Verkerke 115, A.T. Vermeulen 115, 
J.C. Vermeulen 115, C. Vernieri 149, P.J. Verschuuren 91, M. Vessella 99, M.L. Vesterbacka 121, 
M.C. Vetterli 148,aj, A. Vgenopoulos 158, N. Viaux Maira 142e, T. Vickey 145, O.E. Vickey Boeriu 145, 
G.H.A. Viehhauser 130, L. Vigani 59b, M. Villa 21b,21a, M. Villaplana Perez 169, E.M. Villhauer 48, 
E. Vilucchi 49, M.G. Vincter 32, G.S. Virdee 19, A. Vishwakarma 48, C. Vittori 21b,21a, I. Vivarelli 152, 
V. Vladimirov 173, E. Voevodina 111, M. Vogel 177, P. Vokac 137, J. Von Ahnen 44, E. Von Toerne 22, 
V. Vorobel 138, K. Vorobev 108, M. Vos 169, J.H. Vossebeld 88, M. Vozak 97, L. Vozdecky 90, N. Vranjes 14, 
M. Vranjes Milosavljevic 14, V. Vrba 137,∗, M. Vreeswijk 115, N.K. Vu 98, R. Vuillermet 34, O.V. Vujinovic 96, 
I. Vukotic 35, S. Wada 164, C. Wagner 99, W. Wagner 177, S. Wahdan 177, H. Wahlberg 86, R. Wakasa 164, 
M. Wakida 112, V.M. Walbrecht 111, J. Walder 139, R. Walker 110, S.D. Walker 91, W. Walkowiak 147, 
A.M. Wang 57, A.Z. Wang 176, C. Wang 58a, C. Wang 58c, H. Wang 16, J. Wang 60a, P. Wang 40, R.-J. Wang 96, 
R. Wang 57, R. Wang 116, S.M. Wang 154, S. Wang 58b, T. Wang 58a, W.T. Wang 75, W.X. Wang 58a, 
X. Wang 13c, X. Wang 168, X. Wang 58c, Y. Wang 58a, Z. Wang 102, C. Wanotayaroj 34, A. Warburton 100, 
C.P. Ward 30, R.J. Ward 19, N. Warrack 55, A.T. Watson 19, M.F. Watson 19, G. Watts 144, B.M. Waugh 92, 
A.F. Webb 10, C. Weber 27, M.S. Weber 18, S.A. Weber 32, S.M. Weber 59a, C. Wei 58a, Y. Wei 130, 
A.R. Weidberg 130, J. Weingarten 45, M. Weirich 96, C. Weiser 50, T. Wenaus 27, B. Wendland 45, 

21



The ATLAS Collaboration Physics Letters B 829 (2022) 137066

T. Wengler 34, S. Wenig 34, N. Wermes 22, M. Wessels 59a, K. Whalen 127, A.M. Wharton 87, A.S. White 57, 
A. White 7, M.J. White 1, D. Whiteson 166, L. Wickremasinghe 128, W. Wiedenmann 176, C. Wiel 46, 
M. Wielers 139, N. Wieseotte 96, C. Wiglesworth 38, L.A.M. Wiik-Fuchs 50, D.J. Wilbern 124, H.G. Wilkens 34, 
L.J. Wilkins 91, D.M. Williams 37, H.H. Williams 132, S. Williams 30, S. Willocq 99, P.J. Windischhofer 130, 
I. Wingerter-Seez 4, F. Winklmeier 127, B.T. Winter 50, M. Wittgen 149, M. Wobisch 93, A. Wolf 96, 
R. Wölker 130, J. Wollrath 166, M.W. Wolter 82, H. Wolters 135a,135c, V.W.S. Wong 170, A.F. Wongel 44, 
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