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Abstract A search for a heavy neutral Higgs boson, A,
decaying into a Z boson and another heavy Higgs boson,
H , is performed using a data sample corresponding to an
integrated luminosity of 139 fb−1 from proton–proton colli-
sions at

√
s = 13 TeV recorded by the ATLAS detector at

the LHC. The search considers the Z boson decaying into
electrons or muons and the H boson into a pair of b-quarks
or W bosons. The mass range considered is 230–800 GeV
for the A boson and 130–700 GeV for the H boson. The data
are in good agreement with the background predicted by the
Standard Model, and therefore 95% confidence-level upper
limits for σ × B(A → Z H) × B(H → bb or H → W W )

are set. The upper limits are in the range 0.0062–0.380 pb
for the H → bb channel and in the range 0.023–8.9 pb for
the H → W W channel. An interpretation of the results in
the context of two-Higgs-doublet models is also given.

1 Introduction

After the discovery of a Higgs boson at the Large Hadron Col-
lider (LHC) [1,2], detailed measurements of its properties [3–
10] have shown excellent compatibility with the Standard
Model (SM) Higgs boson [11–16]. These results indicate
that the scalar sector of the theory of the electroweak inter-
action contains at least a doublet of complex scalar fields. In
addition, they constrain the possibilities for additional spin-0
field content in the theory and disfavour parts of the parameter
space in models with extended Higgs sectors. These results,
however, still allow several extensions of the Higgs sector,
such as the two-Higgs-doublet model (2HDM) [17,18], in
which large parts of the parameter space are compatible with
the existence of a Higgs boson like the one in the SM. In
the 2HDM, a second complex doublet of the Higgs fields is
added to the single SM Higgs doublet. The model has a weak
decoupling limit [19] in which one of its predicted Higgs
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bosons has couplings to fermions and vector bosons that are
the same as those of the SM Higgs boson at lowest order. In
addition, a Higgs sector structure with two complex doublets
of fields appears in several new physics scenarios, including
supersymmetry [20], dark-matter models [21], axion mod-
els [22], electroweak baryogenesis [23] and neutrino mass
models [24].

The addition of a second Higgs doublet leads to five
Higgs bosons after electroweak symmetry breaking. The phe-
nomenology of such a model is very rich and depends on
many parameters, such as the ratio of the vacuum expecta-
tion values of the two Higgs doublets (tan β) and the Yukawa
couplings of the scalar sector [18]. When CP conservation
is assumed, the model contains two CP-even Higgs bosons,
h and H with m H > mh , one that is CP-odd, A, and
two charged scalars, H±. There have been many searches
for a CP-even Higgs boson at the LHC, in channels that
include H → W W/Z Z [25–30] and H → hh [31,32],
as well as dedicated searches for the heavy CP-odd Higgs
boson, as in the A → Zh channel [33,34]. Some 2HDM
searches are agnostic with respect to whether the heavy Higgs
bosons are CP-even or CP-odd, for example searches in the
A/H → ττ/bb1 channels [35–37]. In the interpretation of
this last category of channels it is usually assumed that both
heavy Higgs bosons are degenerate in mass, a hypothesis that
is motivated in certain supersymmetric models [20]. Finally,
there have been searches for signatures that explicitly assume
different masses for the heavy Higgs bosons, for example
searches in the A → Z H → ℓℓbb/ℓℓττ channels [38–40].

The case in which the heavy Higgs bosons have differ-
ent masses, in addition to being in an allowed part of the
parameter space, is further motivated by electroweak baryo-
genesis scenarios in the context of the 2HDM [41–44]. For
2HDM electroweak baryogenesis to occur, the requirement
m A > m H is favoured [41] for a strong first-order phase tran-

1 To simplify the notation, antiparticles are not explicitly labelled in
this paper.
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Fig. 1 Example lowest-order Feynman diagrams for a gluon–gluon fusion production of A bosons decaying into Z H → ℓℓbb, b b-associated
production of A bosons decaying into Z H → ℓℓbb, and c gluon–gluon fusion production of A boson decaying into Z H → ℓℓW W

sition to take place in the early universe. The A boson mass
is also constrained to be less than approximately 800 GeV,
whereas the lighter CP-even Higgs boson, h, is required to
have properties similar to those of a SM Higgs boson and is
assumed to be the Higgs boson with a mass of 125 GeV that
was discovered at the LHC [41]. Under such conditions and
for large parts of the 2HDM parameter space, the CP-odd
Higgs boson, A, decays into Z H [41,45]. At the LHC, the
production of the A boson in the relevant 2HDM parameter
space proceeds mainly through gluon–gluon fusion and in
association with b-quarks (b-associated production).

This search for A → Z H decays uses proton–proton col-
lision data at

√
s = 13 TeV corresponding to an integrated

luminosity of 139 fb−1 recorded by the ATLAS detector at
the LHC. The search considers Z → ℓℓ, where ℓ = e, µ, to
take advantage of the clean leptonic final state. The H boson
is studied in the H → bb and H → W W decay channels.
The H → bb channel takes advantage of the high branching
ratio in large parts of the 2HDM parameter space, especially
in the weak decoupling limit, where the H boson decays
into weak vector bosons are suppressed. The H → W W

decay channel is considered in the case where both W bosons

decay hadronically. This heavy Higgs boson decay is domi-
nant in parts of the 2HDM parameter space close to, but not
exactly at, the weak decoupling limit [41] and it provides a
new way to look for ℓℓW W resonances in a final state that
has been less explored by other LHC searches. Both final
states considered allow full reconstruction of the A boson’s
decay kinematics. This search considers both the gluon–
gluon fusion (see Fig. 1a) and b-associated production mech-
anisms (see Fig. 1b) for the A → Z H → ℓℓbb channel. The
b-associated production mode of the A → Z H → ℓℓW W

channel is theoretically allowed, but leads to more compli-
cated jet combinatorics and would necessitate changing the
event reconstruction strategy. For this reason, only the gluon–
gluon fusion production mode (see Fig. 1c) is considered
here.

This article is organised as follows. Section 2 introduces
the ATLAS detector. A description of the collision and simu-
lated data samples used in this article is given in Sect. 3. The
algorithms used to reconstruct the objects used in this search
are described in Sect. 4. The event selection and background
estimates for the two channels considered and the modelling
of the signal are discussed in Sects. 5 and 6, respectively.
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Section 7 is devoted to the description of the systematic
uncertainties. The results are discussed in Sect. 8 and the
conclusions are given in Sect. 9.

2 ATLAS detector

The ATLAS experiment [46] at the LHC is a general-
purpose particle detector with cylindrical geometry and
forward–backward symmetry. It includes an inner-detector
tracker surrounded by a 2 T superconducting solenoid,
electromagnetic and hadronic calorimeters, and a muon
spectrometer with a toroidal magnetic field. The inner
detector consists of a high-granularity silicon pixel detec-
tor, including the insertable B-layer [47,48], a silicon
microstrip tracker, and a straw-tube tracker. It provides
precision tracking of charged particles with pseudorapid-
ity |η| < 2.5.2 The calorimeter system covers the pseu-
dorapidity range |η| < 4.9. It is composed of sampling
calorimeters with either lead/liquid-argon, steel/scintillator-
tiles, copper/liquid-argon or tungsten/liquid-argon as the
absorber/sensitive material. The muon spectrometer pro-
vides muon identification and momentum measurement for
|η| < 2.7. A two-level trigger system [49] is employed to
select events to be recorded at an average rate of about 1 kHz
for offline analysis.

3 Data and simulated event samples

The data used in this search were collected between 2015 and
2018 from

√
s = 13 TeV proton–proton collisions and corre-

spond to an integrated luminosity of 139 fb−1 [50–53], which
includes only data-taking periods where all relevant detec-
tor subsystems were operational [54]. The data sample was
collected using a set of single-muon [55] and single-electron
triggers [56]. The single-muon triggers had pT thresholds
in the range of 20–26 GeV for isolated muons and 50 GeV
for muons without any isolation requirement. The single-
electron triggers employed a range of pT thresholds in the
range 24–300 GeV and a combination of quality and isola-
tion requirements depending on the data-taking period and
the pT threshold.

Simulated signal events with A bosons produced by
gluon–gluon fusion were generated at leading order (LO)

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 upward. Cylindrical coordinates (r ,φ)
are used in the transverse plane, φ being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polar angle,
θ , as η = − ln tan(θ/2). Transverse momenta are computed from the
three-momenta, �p, as pT = | �p| sin θ .

with MadGraph5_aMC@NLO 2.3.3 [57,58], using Pythia

8.210 [59] with a set of tuned parameters called the A14
tune [60] for parton showering. The decays of H → bb

and W W were considered. Additionally, in the A →
Z H → ℓℓbb channel, A bosons produced in associa-
tion with b-quarks were generated at next-to-leading-order
(NLO) with MadGraph5_aMC@NLO 2.1.2 [58,61,62] fol-
lowing Ref. [63] together with Pythia 8.212 and the A14
tune for parton showering. The gluon–gluon fusion pro-
duction used NNPDF2.3lo [64] as the parton distribution
functions (PDFs), while the b-associated production used
CT10nlo_nf4 [65]. The signal samples were generated
for A bosons with masses in the range of 230–800 GeV
(300–800 GeV) and widths up to 20% of the A mass, and
for narrow-width H bosons with masses in the range of 130–
700 GeV (200–700 GeV) for the ℓℓbb (ℓℓW W ) channel.

Background events from the production of W and Z

bosons in association with jets were simulated with Sherpa

v2.2.1 [66] using NLO matrix elements (ME) for up to two
partons, and LO matrix elements for up to four partons calcu-
lated with the Comix [67] and OpenLoops [68,69] libraries.
They were matched with the Sherpa parton shower [70]
using the MEPS@NLO prescription [71–74] using the set
of tuned parameters developed by the Sherpa authors. The
NNPDF3.0nnlo set of PDFs [75] was used and the samples
were normalised to a next-to-next-to-leading-order (NNLO)
prediction [76]. Production of W W , Z Z and W Z pairs was
simulated using the same generator and parameters as for the
W and Z boson samples.

The production of t t̄ events was modelled using the
Powheg -BOXv2 [77–80] generator at NLO with the
NNPDF3.0nlo [75] PDF set and the hdamp parameter3 set
to 1.5 mtop [81]. The events were interfaced to Pythia 8.230
to model the parton shower, hadronisation and underly-
ing event, with parameters set according to the A14 tune
and using the NNPDF2.3lo set of PDFs. The decays
of bottom and charm hadrons were performed by Evt-

Gen v1.6.0 [82]. The associated production of a single-top
quark and W boson (tW ) and single-top production in the
s-channel were modelled using the Powheg-BOXv2 [78–
80,83,84] generator at NLO in QCD using the five-flavour
scheme and the NNPDF3.0nlo set of PDFs. The dia-
gram removal scheme [85] was used to remove interfer-
ence and overlap with t t̄ production in the case of tW

production. The production of t t̄V events was modelled
using the MadGraph5_aMC@NLO v2.3.3 generator at
NLO with the NNPDF3.0nlo PDF set. The events were
interfaced to Pythia 8.210 using the A14 tune and the

3 The 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 t t̄ system recoils.
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NNPDF2.3lo PDF set. The decays of bottom and charm
hadrons were simulated using the EvtGen v1.2.0 program.

Finally, SM Higgs boson production in association with a
vector boson was simulated using Powheg [78–80,86] and
interfaced with Pythia 8.186 [87] for parton shower and
non-perturbative effects. The Powheg prediction is accurate
to NLO for the V h boson plus one jet production. The loop-
induced gg → Zh process was generated separately at LO.
The PDF4LHC15 PDF set [88] and the AZNLO tune [89]
of Pythia 8.186 were used. The simulation prediction was
normalised to cross sections calculated at NNLO in QCD
with NLO electroweak corrections for qq̄/qg → V h and
at NLO and next-to-leading-logarithm accuracy in QCD for
gg → Zh [90–96].

The effect of multiple interactions in the same and neigh-
bouring bunch crossings (pile-up) was modelled by overlay-
ing the original hard-scattering event with simulated inelastic
proton–proton events generated with Pythia 8.186 using the
NNPDF2.3lo set of PDFs and the A3 tune [97]. The sim-
ulated events were weighted to reproduce the distribution of
the average number of interactions per bunch crossing (〈µ〉)
observed in the data. The 〈µ〉 value in the simulation was
rescaled by a factor of 1.03 ± 0.07 to improve agreement
between data and simulation in the visible inelastic proton–
proton cross section [98]. All generated background samples
were passed through the Geant4-based [99] detector simu-
lation [100] of the ATLAS detector. The ATLFAST-II simu-
lation [100] was used for the signal samples to allow for the
generation of many different A and H boson masses. The
simulated events were reconstructed in the same way as the
data.

4 Object reconstruction

Selected events are required to contain at least one vertex hav-
ing at least two associated tracks with pT > 500 MeV, and
the primary vertex is chosen to be the vertex reconstructed
with the largest 
p2

T of its associated tracks.
Electrons are reconstructed from energy clusters in the

electromagnetic calorimeter that are matched to tracks in
the inner detector [101]. Electrons are required to have
|η| < 2.47 and pT > 7 GeV. 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 the pri-
mary vertex and σd0 is the error in d0. To distinguish electrons
from jets, isolation and quality requirements are applied. The
quality requirements refer to both the inner detector track and
the calorimeter shower shape. The isolation requirements are
defined using tracking and calorimeter measurements. Elec-
trons used in this search satisfy the ‘Loose’ quality and iso-
lation requirements.

Muons are reconstructed by matching tracks reconstructed
in the inner detector to tracks or track segments in the muon
spectrometer [102]. Muons used for this search must have
|η| < 2.5, pT > 7 GeV, |d0|/σd0 < 3, and |z0| sin θ <

0.5 mm. They are also required to satisfy ‘Loose’ isolation
requirements, similar to those used for electrons, as well as
‘Loose’ quality criteria for tracks in the inner detector and
muon spectrometer [103].

Jets are reconstructed from topological clusters in the
calorimeter system [104], using the anti-kt algorithm [105,
106] with radius parameter R = 0.4. Candidate jets are
required to have pT > 20 GeV (pT > 30 GeV) for
|η| < 2.5 (2.5 < |η| < 4.5) [107]. Low-pT jets from pile-
up are rejected by a multivariate algorithm that uses prop-
erties of the reconstructed tracks in the event for jets with
pT < 60 GeVand |η| < 2.4 [108].

Jets containing b-hadrons are identified using a multivari-
ate tagging algorithm (b-tagging) [109,110], which makes
use of track impact parameters and reconstructed secondary
vertices. The b-tagging algorithm output is used to define a
criterion to select jets originating from b-quark hadronisa-
tion for jets with |η| < 2.5. The jets that are selected in this
way are referred to as b-jets in the following. The criterion in
use has an average efficiency of 70% for jets from b-quarks
in simulated t t̄ events, with rejection factors of 8.9, 36 and
300 for jets initiated by c-quarks, hadronically decaying τ -
leptons and light-flavour quarks or gluons, respectively [110].

Electrons, muons and jets are reconstructed and identified
independently. When those objects are spatially close, these
algorithms can lead to ambiguous identifications. An over-
lap removal procedure [111] is therefore applied to remove
ambiguities.

The missing transverse momentum, whose magnitude is
denoted by Emiss

T , is computed as the negative vectorial sum
of the transverse momenta of calibrated leptons and jets, plus
an additional soft term constructed from all tracks that origi-
nate from the primary vertex but are not associated with any
identified lepton or jet [112,113].

5 Event selection and background estimation

The final states for the A → Z H → ℓℓ bb/W W decays
feature a pair of oppositely charged, same-flavour leptons
and either two b-jets or four mostly light-flavour jets from
the W bosons decays. Three resonances can be formed by
combining the selected objects: (i) the Z boson (ℓℓ), (ii) the
H boson (bb or W W → 4 j), and (iii) the A boson (Z H

system).
Events are required to contain exactly two muons or

two electrons. The two muons must have opposite electric
charges. This requirement is not applied to electrons, since
they have a non-negligible charge misidentification rate due
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Fig. 2 The
√


p2
T/mℓℓbb distributions shown before the requirement

on this variable is applied for events with a exactly two b-jets and
b three or more b-jets. Corrections from a fit to the data are applied
to the simulation, as described in Sects. 5.1 and 8. The signal distri-
bution for (m A, m H ) = (600, 300) GeV is also shown, and is nor-
malised such that the production cross section times the branching
ratios B(A → Z H) and B(H → bb) corresponds to 1 pb. The
signal shown includes only A bosons produced in association with
b-quarks. The lower panel shows the ratio of the data to the back-
ground prediction (black filled circles) and the relative uncertainty,

which includes both statistical and systematic components, in the back-
ground prediction (hatched area). The notations t tV , V V and V h refer
to top-pair production in association with a vector boson, diboson pro-
duction and SM Higgs boson production in association with a vec-
tor boson, respectively. The production of a Z boson in association
with jets is split based on jet flavour. The notation Z+(bb,bc,cc,bl)
refers to the case where the jets originate from heavy flavour, which
includes at least one jet originating from a b-quark or two jets originating
from c-quarks, whereas the notation Z+(cl,l) includes all the remaining
cases

to conversions of bremsstrahlung photons. The highest-pT

lepton must satisfy pT > 27 GeV in the ℓℓbb final state,
to ensure full efficiency of the single-lepton triggers. This
requirement is raised to pT > 30 GeV for the ℓℓW W final
state. The invariant mass of the lepton pair, mℓℓ, must be in
the range of 80–100 GeV to be compatible with the mass of
the Z boson.

Further event selection criteria are channel-specific, and
are described separately in the following sections.

5.1 The ℓℓbb final state

The events that are used for the A → Z H → ℓℓbb search
are required to have at least two b-jets, with at least one of
them having pT > 45 GeV. The two highest-pT b-jets of
the event form the H → bb system candidate. The A boson
candidate is formed by these two b-jets and, in addition, the
two leptons that are matched to the Z boson.

The requirement of a same-flavour lepton pair along with
several b-jets implies that the signal region is contami-
nated by Z boson production in association with jets and
backgrounds including top quarks, like t t̄ production. The
presence of neutrinos in semileptonic top-pair production
provides a handle to reduce this background by requiring

Emiss
T /

√
HT < 3.5 GeV1/2, where HT is the scalar sum of the

pT of all jets and leptons in the event. The Z+jets background

is reduced by requiring
√


p2
T/mℓℓbb > 0.4, where mℓℓbb

is the four-body invariant mass of the two-lepton, two-b-jet
system assigned to the A boson candidate and the summa-
tion is performed over the p2

T of these objects. This discrim-
inating variable is chosen because the signal distributions
are similar across the two production mechanisms and the
m A and m H range used in the search. The requirement is
optimised separately for each signal hypothesis and, subse-
quently, an average value is chosen. The distribution of the
√


p2
T/mℓℓbb variable is shown in Fig. 2 separately for the

cases where exactly two b-jets and three or more b-jets are
present in the event. The distribution is shown before the
√


p2
T/mℓℓbb > 0.4 requirement is applied.

The two signal production mechanisms, gluon–gluon
fusion and b-associated production, differ mainly in the num-
ber of heavy-flavour jets that are produced in association
with the A boson. This motivates a categorisation based on
the number of b-jets present in the event. In particular, two
categories are defined: the nb = 2 category, which contains
events with exactly two b-jets, and the nb ≥ 3 category,
which contains events with three or more b-jets. For gluon–
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Table 1 Summary of the event selection for signal and control regions in the A → Z H → ℓℓbb channel

Single-electron or single-muon trigger
Exactly 2 leptons (e or µ) (pT > 7 GeV) with the leading one having pT > 27 GeV
Opposite electric charge for µµ pairs; 80 GeV < mℓℓ, eµ < 100 GeV, ℓ = e, µ

At least 2 b-jets (pT > 20 GeV) with one of them having pT > 45 GeV

Emiss
T /

√
HT < 3.5 GeV1/2,

√


p2
T/mℓℓbb > 0.4

nb = 2 category nb ≥ 3 category
Exactly 2 b-tagged jets At least 3 b-tagged jets

Signal region ee or µµ pair ee or µµ pair

0.85 · m H − 20 GeV< mbb < m H +20 GeV 0.85 · m H − 25 GeV< mbb < m H + 50 GeV

Z+jets control region ee or µµ pair ee or µµ pair

mbb < 0.85 · m H − 20 GeV mbb < 0.85 · m H − 25 GeV

or mbb > m H + 20 GeV or mbb > m H + 50 GeV

Top control region eµ pair eµ pair

0.85 · m H − 20 GeV< mbb < m H +20 GeV 0.85 · m H − 25 GeV< mbb < m H +50 GeV

gluon fusion production, more than 95% of the events pass-
ing the above selection fall into the nb = 2 category. For
b-associated production, only 25–35% of the selected events
fall into the nb ≥ 3 category, and the others enter the nb = 2
category. This is because of the relatively soft pT spectrum
of the associated b-jets and the geometric acceptance of the
tracker.

Finally, the invariant mass mbb of the b-jets that are
assigned to the H boson must be compatible with the
assumed H boson mass. This is ensured by requiring mbb to
be within optimised boundaries that depend on the assumed
m H : 0.85 · m H − 20 GeV < mbb < m H + 20 GeV for
the nb = 2 category, and 0.85 · m H − 25 GeV < mbb <

m H + 50 GeV for the nb ≥ 3 category. The wider window
for nb ≥ 3 is motivated by a slightly poorer resolution due to
potential b-jet misassignments. The b-jets that are matched
to the H boson are the highest-pT b-jets in the event and,
hence, in the case of b-associated production, where more b-
jets are present, may not be the ones that actually come from
the H → bb decay. In b-associated production, the fraction
of A bosons for which the correct b-jets are chosen is in the
range 50–90% for the nb ≥ 3 category and is at least 65%
for the nb = 2 category.

The signal efficiency in the nb = 2 category after the
mbb window requirement is 5.1–11% (2.5–6.6%) for gluon–
gluon fusion (b-associated) production, depending on the m A

and m H values. Similarly, the efficiency in the nb ≥ 3 cat-
egory after the mbb window requirement is 1.3–3.2% for
b-associated production. The quoted numbers refer to the
efficiencies for A bosons decaying into Z H , with Z →
ee/µµ/ττ and H → bb, to pass the event selection for
each of the categories. The inclusion of Z → ττ in this
definition lowers the quoted signal efficiency because these
decays have a very small efficiency to pass in this selection

(which aims at Z → ee/µµ). The signal region selection is
summarised in Table 1.

The mℓℓbb distribution after the mbb requirement is the
final discriminating variable, which is fitted to obtain the
result of the search in this channel. To improve the mℓℓbb

resolution, the bb system’s four-momentum components are
scaled to match the assumed H boson mass and the ℓℓ sys-
tem’s four-momentum components are scaled to match the Z

boson mass. This procedure, performed after the event selec-
tion, improves the mℓℓbb resolution by a factor of two without
significantly distorting the background distributions, result-
ing in an A boson mass resolution that is at best about 1% and
up to 4% for gluon–gluon fusion, up to 10% for b-associated
production in the nb = 2 category and up to 16% for b-
associated production in the nb ≥ 3 category, depending on
the m A and m H values.

Despite the dedicated selection criteria against Z+jets
and top-quark production, these background processes dom-
inate the signal region: the Z+jets contribution is ∼60–70%
depending on the nb category, while the top-quark contribu-
tion is ∼30–35%. In the nb ≥ 3 category, other processes
(t t̄V , dibosons, V h) contribute up to ∼5% of the total back-
ground, while their contribution to the nb = 2 category is less
than 1%. The accurate determination of Z+jets and top-quark
contributions is paramount for the sensitivity of this search.
Their estimation employs a combination of data-driven cor-
rections to simulated events.

The most abundant background in this channel is from
Z+jets production. The normalisation of this process is con-
strained by a control region defined by inverting the mbb

window criterion for each H boson mass hypothesis (see
also Table 1). The control regions are distinct for the nb = 2
and nb ≥ 3 categories, since the accuracy of the background
simulation depends on the number of b-jets present in the
event. The modelling of the Z+jets simulated events is exam-
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(a) (b)

Fig. 3 The p
T Z

distributions for a the nb = 2 and b the nb ≥ 3 category. The events are required to satisfy all the signal region criteria with the
exception of the mbb window requirement. The same conventions as in Fig. 2 are used

ined extensively in a number of kinematic variables, includ-
ing the pT of the Z boson (p

T Z
), the mbb distribution and

the
√


p2
T/mℓℓbb distribution. The simulated distributions of

these variables are compared against data in a control region
that requires two jets with exactly one of them being a b-
jet, as well as an early selection stage, before the mbb win-

dow and
√


p2
T/mℓℓbb requirements. For this early selection

stage, it was verified that even those signals that were already
excluded in Ref. [39] would be washed out by the background
and would not bias the results. These regions are not used in
the likelihood fit described in Sect. 8 and thus they are not
included in Table 1. As a result of these studies, corrections to

the distributions of p
T Z

, mbb and
√


p2
T/mℓℓbb in the simu-

lated Z+jets events are applied. The corrections are found to
be uncorrelated and they are applied sequentially. The most
significant effect on the sensitivity of this search (see also
Sect. 7) is due to the corrections to the modelling of the
p

T Z
distribution, which range from +5 to −10% for most

of the Z+jets events. As an example, Fig. 3 compares the
p

T Z
distributions in data with the background model after all

corrections used in this search for events that satisfy all the
requirements of the signal region with the exception of the
mbb window requirement, separately for nb = 2 and nb ≥ 3
categories.

Top-quark production is heavily dominated by t t̄ produc-
tion in which both top quarks decay semileptonically. There-
fore, it is possible to define a pure top-quark control region
by keeping the same selection as discussed previously, apart
from an opposite-flavour lepton criterion, i.e. an eµ pair is
required instead of an ee or µµ pair (see also Table 1). This
region is used for top-pair production normalisation, and also

to check that kinematic distributions such as the top-quark
pT spectrum are adequately modelled in simulation. Differ-
ent control regions are used in the nb = 2 and nb ≥ 3
categories. This is because in the nb ≥ 3 category the top-
quark background is dominated by top-quark pair production
in association with jets, which is more difficult to model than
the inclusive top-quark pair production that dominates the
top-quark background in the nb = 2 category. Finally, the
mbb window requirement is also applied to the top-quark
control region, resulting in a separate control region for each
m H hypothesis tested in the search. Good agreement within
uncertainties is observed between data and simulation in the
shape of all variables considered.

Backgrounds from diboson, ’single-top-quark’, and SM
Higgs boson production, as well as t t̄ production in asso-
ciation with a vector boson are minor contributions to the
total background composition. The shapes of their distribu-
tions are taken from simulation, whereas they are normalised
using precise inclusive cross sections calculated from the-
ory. The diboson samples are normalised using NNLO cross
sections [114–117]. Single-top-quark production and top-
quark-pair production in association with vector bosons are
normalised to NLO cross sections from Refs. [118–120] and
Ref. [58], respectively. The normalisation of SM Higgs boson
production in association with a vector boson follows the
recommendations of Ref. [63] using NNLO QCD and NLO
electroweak corrections.

5.2 The ℓℓW W final state

The decay A → Z H → ℓℓW W features a pair of electrons
or muons and four jets from the hadronic W boson decays.
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on this variable is applied. Corrections from a fit to the data are applied
to the simulation, as described in Sects. 5.2 and 8. The notation VV in
the legend corresponds to the production of diboson events. The signal
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normalised such that the production cross section times the branching
ratios B(A → Z H) and B(H → W W ) corresponds to 1 pb. The lower
panel shows the ratio of the data to the background prediction (black
filled circles) and the relative uncertainty, which includes both statistical
and systematic components, in the background prediction (dashed area)

The selected events are required to have at least four jets
with the highest- and second-highest-pT jets satisfying pT >

40 GeV and pT > 30 GeV, respectively. In addition, the
lowest-pT electrons or muons are required to have pT >

15 GeV.
The selection of the correct jet pairs in the reconstruction

of the two W boson candidates is important for improving
the signal resolution and suppressing backgrounds. For this
task, all possible jet pairs that can be formed by consider-
ing up to the five highest-pT jets in the event are taken into
account. A set of requirements on kinematic variables, such
as the angular distances between the jets within a pair, the jet
transverse momenta and the reconstructed masses of the W ,
H and A boson candidates, is optimised to test the various
combinations for compatibility with the signal hypothesis
so that the signal efficiency and background rejection are
maximised. This procedure results in a signal efficiency that
ranges from 50 to 70% depending on m A and m H , whereas
for background processes the efficiency is about 40%. The
fraction of events in which the correct jet pairs are assigned
to the W boson candidates after this procedure is in the range
from 50 to 70%, depending on the m A and m H values.

The main background in this channel is from the produc-
tion of a Z boson in association with jets. A criterion sim-
ilar to that in the ℓℓbb channel is employed to discriminate

against it:
√


p2
T/m2ℓ4q > 0.3, where m2ℓ4q is the six-body

invariant mass of the two-lepton, four-jet system assigned to
the A boson and the summation is performed over the p2

T
of these objects. This discriminating variable is chosen for
the same reasons as in the ℓℓbb channel and it is optimised
following the same considerations. The distribution of this
variable before the requirement is applied is shown in Fig. 4.

Finally, the invariant mass of the four selected jets, m4q ,
must be compatible with the assumed H boson mass. This is
ensured by requiring m4q to be within optimised boundaries
that depend on m H : m H − 53 GeV < m4q < 0.97 · m H +
54 GeV. After this requirement the signal efficiency for A

bosons decaying into Z H with Z → ee/µµ/ττ and H →
W W → qqqq is 6.5–11%, depending on the m A and m H

values. The signal region selection is summarised in Table 2.
The m2ℓ4q distribution after the m4q requirement is the

final discriminating variable, which is fitted to obtain the
results of the search in this channel. To improve the m2ℓ4q res-
olution, the four-jet system’s four-momentum components
are scaled to match the assumed H boson mass and the ℓℓ

system’s four-momentum components are scaled to match
the Z boson mass. The final A boson mass resolution is in
the range from 1% to 17% of m A, depending on the m A and
m H values.

The dominant backgrounds after the event selection
are from Z+jets (∼90% of total background), top-quark
(∼5%), and diboson (∼5%) production. Smaller back-
grounds (W +jets, t t̄h, t t̄V and V h) contribute less than 1% to
the total background and are not included in the background
composition.

The shape of the Z+jets background is taken from sim-
ulation combined with data-driven corrections, and the nor-
malisation is constrained by the control region outside the
m4q mass window of each signal region (see Table 2), using
a procedure similar to that in the ℓℓbb channel. To address
shape differences between distributions of kinematic vari-
ables in data and simulated backgrounds, two corrections
are applied to the pT of the Z boson candidates and to the
leading jet’s pT. Those corrections are derived from a control
region orthogonal to the signal region, obtained by selecting
√


p2
T/m2ℓ4q < 0.3. This region is not used subsequently

in the likelihood fit described in Sect. 8 and therefore it is not
included in Table 2. The corrections are found to be uncorre-
lated and they are applied sequentially. The correction to the
p

T Z
distribution in the simulation is as large as 20% at low

p
T Z

values and it becomes smaller as pT Z increases, whereas
the correction to the leading jet’s pT does not exceed ±10%.
The distributions of the pT of the Z boson candidates and
of the leading jet’s pT, after the reweighting, are shown in
Fig. 5 for events satisfying all requirements for the signal
region with the exception of the m4q window cut.
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Table 2 Summary of the event
selection for signal and control
regions in the
A → Z H → ℓℓW W channel

Single-electron or single-muon trigger
Exactly 2 leptons (e or µ) (pT > 15 GeV) with the leading one having pT > 30 GeV
Opposite electric charge for µµ pairs; 80 GeV < mℓℓ, eµ < 100 GeV, ℓ = e, µ

At least 4 jets (pT > 20 GeV) with leading and second leading jets having pT > 40, 30 GeV
Jets chosen with a dedicated discriminant
√


p2
T/m2ℓ4q > 0.3

Signal region ee or µµ pair

m H − 53 GeV < m4q < 0.97 · m H + 54 GeV

Z+jets control region ee or µµ pair

m4q < m H − 53 GeV

or m4q > 0.97 · m H + 54 GeV

Top control region eµ pair

m H − 53 GeV < m4q < 0.97 · m H + 54 GeV

(a) (b)

Fig. 5 The distributions of a the pT of the Z boson candidates and
b the leading jet’s pT in the ℓℓW W channel. The events are required
to satisfy all the signal region criteria with the exception of the m4q

window requirement. Data-driven corrections are applied, as described
in the text. The same conventions as in Fig. 4 are used

The top-quark background shape is taken from simulated
events. The normalisation is constrained using a high-purity
control region defined by keeping the same selection as for
the signal region, but replacing the electron or muon pairs by
opposite-flavour leptons (eµ pairs), as indicated in Table 2.
The single-top-quark, Z+jets and diboson production contri-
butions in this control region are estimated from simulation.
The diboson background shape and normalisation are taken
from the simulated samples, using the same cross-section
calculation as in the ℓℓbb channel.

6 Signal modelling

This analysis searches for two new particles, with their mass
hypotheses considered in the two-dimensional space m A–
m H , with good mass resolution of the A and H reconstructed

final states. The investigation of the relevant phase space
requires a large number of signal mass hypotheses to be
tested. In addition, various new physics scenarios which are
of interest for this search, like the 2HDM, include A bosons
with natural widths comparable to, or larger than, the experi-
mental mass resolution for large parts of the parameter space
in which this search has sensitivity. The H bosons are consid-
ered to always have negligible natural width, in accordance
with the 2HDM scenarios used to interpret this search (see
Sect. 8). For these reasons, the mℓℓbb and m2ℓ4q distribu-
tions can be simulated only for some (m A, m H ) points and
an interpolation using analytic functions is employed for the
rest, following a procedure similar to that used in Ref. [39].

In the cases where the natural widths of both the A and H

bosons are much smaller than the experimental mass res-
olution, the modelling of the mass distributions uses two
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Fig. 6 Signal mℓℓbb or m2ℓ4q distributions assuming m A = 500 GeV
and m H = 300 GeV for the following cases: ℓℓbb channel: a gluon–
gluon fusion in the nb = 2 category, b b-associated production in the
nb = 2 category, and c b-associated production in the nb ≥ 3 cate-
gory; d ℓℓW W channel. In the upper panels, the black filled circles
correspond to the simulated distributions, which are compared against
the interpolated parameterised signal distributions shown as solid red

curves. Also in the same panels, the shape variations of the interpolated
parameterised signal distributions are shown in dotted blue (+1σ ) and
black (−1σ ) lines. In the lower panels, the black filled circles corre-
spond to the ratio of the simulation to the interpolated parameterised
curve. The dotted blue (black) line corresponds to the ratio of the +1σ

(−1σ ) shape variation of the interpolated curve to the interpolated curve

types of parametric functions. First, an ExpGaussExp (EGE)
function [39,121] provides a good description of gluon–
gluon fusion production of A bosons in the nb = 2 cate-
gory of the ℓℓbb channel. Second, a double-Gaussian Crys-
tal Ball (DSCB) function [39,122] gives a good description
of gluon–gluon fusion production in the ℓℓW W channel and
b-associated production in both the nb = 2 and nb ≥ 3
categories of the ℓℓbb channel.

Both the EGE and DSCB functions have a Gaussian core
but they differ in the way the tails are treated. The tails of
the EGE function are exponential, described by two param-
eters, whereas DSCB has power-law tails described by four
extra parameters. The values of the function parameters are
extracted from unbinned maximum-likelihood fits to the sim-
ulated mℓℓbb and m2ℓ4q distributions. Polynomial functions
are used to interpolate the parameters to mass points that
were not simulated. These interpolated parametric functions
are used to model the signal mass shapes for all the signal
assumptions considered in this search. The fit uncertainties

of the DSCB and EGE function parameters, as well as the
parameters of the polynomial functions used for the interpo-
lation, are used to derive a shape uncertainty for each of the
interpolated distributions.

A typical example of the result of the signal parameterisa-
tion is shown in Fig. 6 for the (m A, m H ) = (500, 300) GeV
mass point. The figure shows a comparison of the simu-
lated mass distribution and the interpolated parametric func-
tion, as well as the shape variation that is taken as an esti-
mate of the systematic uncertainty from the procedure. In
general, the cores of the mℓℓbb and m2ℓ4q distributions are
well-parameterised by the chosen functional forms. There
are some small differences between the function description
and the simulated distribution in the tails of the distributions,
but those have negligible effects on the final results and they
are covered by interpolation uncertainties.

The parameterisation procedure described in the previous
paragraph is modified to allow for cases where the width of
the A boson is comparable to, or larger than, the experimen-
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tal mass resolution. This can be modelled by convolving a
modified Breit–Wigner distribution4 with the EGE or DSCB
function. This procedure is valid as long as the width of the
H boson remains narrow relative to the experimental resolu-
tion, which is the case for the 2HDM scenarios considered in
Sect. 8. Widths of up to approximately 20% of the A boson
mass are considered, which is the range relevant to the sen-
sitive parameter space of the 2HDM scenarios that are of
interest for this search.

Finally, the signal efficiencies for the interpolated mass
points are obtained through separate two-dimensional inter-
polations on the (m A, m H )plane using thin-plate splines [123].

7 Systematic uncertainties

Several sources of systematic uncertainty in the signal and
background estimates are considered, including experimen-
tal and theoretical sources. Experimental uncertainties com-
prise those in the luminosity measurement [124] (obtained
using the LUCID-2 detector [53]), trigger, object identifi-
cation, energy/momentum scale and resolution as well as
underlying-event and pile-up modelling [98,102,103,107].
These uncertainties impact the simulations of signal and
background processes.

The signal and background modelling have associated the-
oretical uncertainties. For the signal modelling, the uncer-
tainties due to the factorisation and renormalisation scale
choice, the initial- and final-state radiation treatment and the
PDF choice are considered. No additional signal modelling
uncertainties related to model-specific cross-section predic-
tions, such as the 2HDM predictions used in Sect. 8, are con-
sidered. The renormalisation and factorisation scales are var-
ied up and down separately by a factor of two, and the largest
deviation from the nominal signal is taken as the estimated
uncertainty. The uncertainties due to initial- and final-state
radiation as well as the multiple parton interaction modelling
are estimated using a subset of A14 tuning variations [60].
PDF uncertainties are computed using the prescription from
PDF4LHC15 [88], which include the envelope of three PDF
sets, namely CT14, MMHT2014 and NNPDF3.0.

Additional systematic uncertainties are assigned to cover
the differences in signal efficiencies and mℓℓbb and mℓℓW W

resolution differences between the interpolations and the sim-
ulations, as shown by the dotted blue and black lines in the
lower panels of Fig. 6.

For the background modelling, the most important sources
of systematic uncertainty are the modelling of shapes of sev-
eral kinematic distributions of Z+jets events. In the ℓℓbb

channel, they arise from the shape corrections for the p
T Z

,

4 The modification is the multiplication of the Breit–Wigner distribu-
tion with a log-normal distribution to account for the distortion due to
the event selection.

√


p2
T/mℓℓbb and mbb variables described in Sect. 5.1. An

uncertainty is estimated by comparing the corrections and the
agreement between the background prediction and the data
for various variables and among various control regions. For
each of the corrections, the applied uncertainty is half the
size of the correction in the nb = 2 category, and the full
size of the correction in the nb ≥ 3 category. In the ℓℓW W

channel, the uncertainties are due to the shapes of the p
T Z

and leading-jet pT distributions (Sect. 5.2). The uncertainty
is estimated similarly to that in the ℓℓbb channel and is half
the size of the correction. For other background processes,
modelling uncertainties are obtained by varying the factori-
sation and renormalisation scales, and the amount of initial-
and final-state radiation.

The effect of these systematic uncertainties on the search is
studied using a signal-strength parameter µ for hypothesised
signal production (see also Sect. 8). The uncertainties found
to have the largest impact depend on the choice of (m A, m H )

signal point. Table 3 shows the relative uncertainties in the
µ value from the leading sources of systematic uncertainty
for two example mass points of gluon–gluon fusion and b-
associated production for the ℓℓbb channel. The uncertainties
are evaluated using an Asimov dataset [125] generated with
the signal cross section set to the expected limits for the par-
ticular (m A, m H ) signal point, considering a narrow-width
A boson. Table 4 shows the same information for the ℓℓW W

channel. The leading sources of systematic uncertainty are
similar for other mass points studied and for larger A boson
widths.

For the ℓℓbb channel, the most relevant sources of sys-
tematic uncertainty are the background modelling, the signal
interpolation, and the jet energy scale and resolution. The
limited size of the simulated samples has a higher impact
at low masses, since at higher masses other sources are
more dominant. Other systematic uncertainties with non-
negligible impact include those associated with b-tagging
and theoretical errors. In the ℓℓW W channel, the most rel-
evant systematic uncertainties are those related to the jet
energy scale and resolution, as expected in a channel with
four jets in the final state. The limited size of the simulated
samples, the background modelling and the signal interpola-
tion also have a non-negligible impact on the signal-strength
parameter. In both channels, the data statistical uncertainties
have lower impact at low masses compared to the systematic
uncertainties. In addition, the search sensitivity is affected at
high masses by the limited size of the data sample, an effect
which is more pronounced in the ℓℓbb channel.

8 Results

The mℓℓbb and m2ℓ4q distributions are expected to exhibit
a resonant structure if signal events are present, while
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Table 3 The effect of the most important sources of uncertainty on the
signal-strength parameter at two example mass points of (m A, m H ) =
(230, 130) GeV and (m A, m H ) = (700, 200) GeV in the ℓℓbb channel,
for both gluon–gluon fusion and b-associated production of a narrow-
width A boson. The signal cross sections are taken to be the expected
median upper limits (see Sect. 8) and they correspond to values that

are shown next to the indicated mass points. JES and JER stand for
jet energy scale and jet energy resolution, ‘Sim. stat.’ for simulation
statistics, ‘Sig. interp.’ for signal interpolation, and ‘Bkg. model.’ for
the background modelling. ‘Theory’ refers to theoretical uncertainties
in the signal samples due to the PDF choice, factorisation and renor-
malisation scales, and initial- and final-state radiation

A → Z H → ℓℓbb

Gluon–gluon fusion production b-associated production
(230, 130) GeV, 0.31 pb (700, 200) GeV, 0.017 pb (230, 130) GeV, 0.16 pb (700, 200) GeV, 0.018 pb

Source �µ/µ [%] Source �µ/µ [%] Source �µ/µ [%] Source �µ/µ [%]

Data stat. 28 Data stat. 45 Data stat. 33 Data stat. 46

Total syst. 36 Total syst. 26 Total syst. 33 Total syst. 25

Sim. stat. 19 Sim. stat. 7.2 Sim. stat. 18 Sim. stat. 7.2

Sig. interp. 9.9 Sig. interp. 8.7 Sig. interp. 13 Sig. interp 13

Bkg. model. 19 Bkg. model. 18 Bkg. model. 15 Bkg. model. 16

JES/JER 20 JES/JER 18 JES/JER 14 JES/JER 16

b-tagging 7.5 b-tagging 12 b-tagging 9.5 b-tagging 12

Theory 7.4 Theory 9.5 Theory 5.0 Theory 7.1

Table 4 The effect of the most important sources of uncertainty on the
signal-strength parameter at two example mass points of (m A, m H ) =
(500, 300) GeV and (m A, m H ) = (700, 200) GeV in the ℓℓW W chan-
nel for gluon–gluon fusion production of a narrow-width A boson. The
same notation as in Table 3 is used

A → Z H → ℓℓW W

Gluon–gluon fusion production
(500, 300) GeV, 0.70 pb (700, 200) GeV, 0.38 pb

Source �µ/µ [%] Source �µ/µ [%]

Data stat. 32 Data stat. 33

Total syst. 42 Total stat. 38

Sim. stat. 24 Sim. stat. 19

Sig. interp. 14 Sig. interp. 12

Bkg. model. 14 Bkg. model. 16

JES/JER 30 JES/JER 23

Theory 6.5 Theory 7.6

background events result in a smoothly falling spectrum.
Therefore, those are chosen as the final variables to dis-
criminate between signal and background. The shape dif-
ferences between the signal and background contribu-
tions in the mℓℓbb and m2ℓ4q distributions are exploited
through binned maximum-likelihood fits of the signal-plus-
background hypotheses to extract potential signal contri-
butions. The fits are based on the statistical framework
described in Refs. [125–127]. For a given mass hypothesis
of (m A, m H ), the likelihood is constructed as the product of
Poisson probabilities for event yields in the mℓℓbb or m2ℓ4q

bins:
L(µ, �α, �θ |m A, m H )

=
∏

i=bins

Poisson

(

Ni

∣

∣

∣

∣

(

µ × Si (m A, m H , �θ) + Bi (�α, �θ)

)

)

· G(�θ),

where Ni is the number of observed events, and Si (m A, m H , �θ)

and Bi (�α, �θ) are the expected number of signal events and
estimated number of background events in bin i . The vec-
tor �α represents free background normalisation scale factors
(described later) and the vector �θ denotes all non-explicitly
listed parameters of the likelihood function such as nuisance
parameters associated with systematic uncertainties. System-
atic uncertainties are incorporated in the likelihood as nui-
sance parameters with either Gaussian or log-normal con-
straint terms, denoted by G(�θ) in the formula above. The
parameter of interest, µ, is a multiplicative factor applied to
the expected signal rate. The mℓℓbb and m2ℓ4q bin widths
are chosen according to the expected detector resolution and
taking into account the statistical uncertainty in the number
of simulated background events. The bin centres are adjusted
such that at least 65% of the test signal is contained in one
bin.

For each bin, Si is calculated from the total integrated
luminosity, the assumed cross section times branching ratio
for the signal and its selection efficiency. The sum of all back-
ground contributions in the bin, Bi , is estimated from simu-
lation, which includes the modelling corrections discussed in
Sects. 5.1 and 5.2. The number of events in the t t̄ and Z+jets
control regions is included in the likelihood calculation to
constrain their normalisation in the signal regions. This is
achieved by introducing two free normalisation scale factors
per channel, represented by �α in the likelihood description
earlier in this section. In the ℓℓbb channel these scale factors
apply to the t t̄ contribution and the heavy-flavour component
of the Z+jets contribution, whereas the rest of the contribu-
tions in the control region are estimated from simulation. In
the ℓℓW W channel the scale factors apply to the t t̄ contri-
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Fig. 7 The mbb distribution before any mbb window cuts for the a

nb = 2 and b nb ≥ 3 categories. The signal distribution for (m A,
m H ) = (600, 300) GeV is also shown, and is normalised such that the

production cross section times the branching ratios B(A → Z H) and
B(H → bb) corresponds to 1 pb. The same conventions as in Fig. 2
are used

bution and the flavour-inclusive Z+jets contribution. Typical
values of the scale factors are close to unity with the excep-
tion of Z+jets in the ℓℓbb channel, which is scaled by a factor
of 1.2, and t t̄ in the ℓℓbb nb ≥ 3 category, which is typically
scaled by a factor of 1.4.

The signals that are fitted in each category are motivated
by signal efficiency considerations and the interpretation of
the search in the context of the 2HDM. In the ℓℓbb channel
the following fits are performed. First, A bosons produced by
gluon–gluon fusion are considered in the nb = 2 category.
Second, a combined fit for the b-associated production mech-
anism in both the nb = 2 and nb ≥ 3 categories is performed.
Finally, there is a combination of the b-associated production
fit with the gluon–gluon fusion fit, which is interpreted in the
context of the 2HDM. In the ℓℓW W channel, only A bosons
produced by gluon–gluon fusion are considered and, hence,
it is the only fit that is considered.

8.1 A → Z H → ℓℓbb results

The mℓℓbb distributions from different mbb mass windows
are scanned for potential excesses beyond the background
expectations through signal-plus-background fits. The scan
is performed in steps of 10 GeV for both the m A range 230–
800 GeV and the m H range 130–700 GeV, such that m A −
m H ≥ 100 GeV. The step sizes are chosen to be compatible
with the detector resolution for mℓℓbb and mbb. In total, there
are 58 mbb windows that are probed for the nb = 2 and
nb ≥ 3 categories. The overall number of (m A, m H ) signal
hypotheses that are tested is 1711 per category.

Figure 7 shows the distribution of the H boson candi-
date mass mbb before the mbb window requirement in each

of the two categories. Typical examples of mℓℓbb distribu-
tions after the application of the mbb window requirement are
shown in Fig. 8a–d. In particular, the mbb window defined
for m H = 300 GeV is shown in Fig. 8a, b for the nb = 2 and
nb ≥ 3 categories, respectively. On the same figures, a signal
distribution is shown as well, which corresponds to gluon–
gluon fusion production in Fig. 8a and b-associated produc-
tion in Fig. 8b, for the (m A, m H ) = (600, 300) GeV signal
point. Similarly, an mbb window defined for m H = 500 GeV
is shown Fig. 8c, d for the nb = 2 and nb ≥ 3 categories,
respectively. The signal distribution for the (m A, m H ) =
(670, 500) GeV signal point is also shown for gluon–gluon
fusion production in Fig. 8c and b-associated production in
Fig. 8d.

In all cases, the data are found to be well described
by the background model. The most significant excess for
the gluon–gluon fusion production signal assumption is at
the (m A, m H ) = (610, 290) GeV signal point, for which
the local (global) significance [128] is 3.1 (1.3) standard
deviations. For b-associated production, the most significant
excess is at the (m A, m H ) = (440, 220) GeV signal point,
for which the local (global) significance is 3.1 (1.3) standard
deviations. The significances are calculated for each produc-
tion process separately, ignoring the contribution from the
other.

In the absence of any statistically significant excess, the
results of the search in this channel are interpreted as upper
limits on the production cross section of an A boson decay-
ing into Z H followed by the H → bb decay, σ × B(A →
Z H) × B(H → bb). The cross-section upper limits con-
sider A bosons that are produced only by a single mecha-
nism, i.e. either gluon–gluon fusion or b-associated produc-
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(a) (b)

(c) (d)

Fig. 8 The mℓℓbb mass distribution for the mbb windows defined
for m H = 300 GeV and m H = 500 GeV for a, c the nb = 2
and b, d the nb ≥ 3 category, respectively. Signal distributions with
(m A, m H ) = (600, 300) GeV and (m A, m H ) = (670, 500) GeV are

also shown for gluon–gluon fusion production in (a, c) and b-associated
production in b, d. The number of entries shown in each bin is the num-
ber of events in that bin divided by the width of the bin. The same
conventions as in Fig. 2 are used

tion. Modified frequentist [129] 95% confidence level (CL)
upper limits on the production cross section of this process
are obtained using the asymptotic approximation [125] for
the various signal hypotheses that are tested. In particular,
expected and observed upper limits for gluon–gluon fusion
production of narrow-width A bosons in the nb = 2 cate-
gory are shown in Fig. 9a, b, respectively. For b-associated
production of narrow-width A bosons, the expected and
observed limits for the combination of the nb = 2 and
nb ≥ 3 categories are shown in Fig. 9c, d, respectively.
The upper limits for gluon–gluon fusion vary from 6.2 fb
for (m A, m H ) = (780, 129) GeV to 380 fb for (m A, m H ) =
(250, 150) GeV. This is to be compared with the correspond-

ing expected limits of 15 fb and 240 fb for these two sig-
nal hypotheses. For b-associated production the upper limit
varies from 6.8 fb for (m A, m H ) = (760, 220) GeV to 210 fb
for (m A, m H ) = (230, 130) GeV, whereas the correspond-
ing expected limits are 15 fb and 160 fb.

Upper limits are also calculated for signal assumptions
where the natural width of the A boson is large in comparison
with the experimental mass resolution, which is needed for
the interpretation of the search in the context of the 2HDM.
The cross-section upper limit decreases as the natural width
of the A boson increases. In particular, a gluon–gluon pro-
duced A boson with a natural width of 10% of its mass
has a cross-section upper limit that is reduced on average
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Fig. 9 Upper bounds at 95% CL on the production cross section times the branching ratio B(A → Z H)× B(H → bb) in pb for a, b gluon–gluon
fusion and c, d b-associated production. The expected upper limits are shown in (a) and (c) and the observed upper limits are shown in b and d

by a factor of approximately 3 from the narrow-width case.
This factor becomes approximately 4 when the natural width
increases to 20%. The A bosons from b-associated produc-
tion have worse experimental mass resolution and the dete-
rioration of the limit is on average smaller: the upper limits
are reduced by a factor of about 1.9 (2.3) for a natural width
of 10% (20%).

The results for A boson natural widths that are compara-
ble to, or larger than, the experimental mass resolution are
used for the interpretation of the search in the context of
the CP-conserving 2HDM. The 2HDM benchmark against
which the search results are compared has three free param-
eters: m A, m H and tan β. In addition, there are four ways
to assign the Yukawa couplings to fermions, defining type-I,
type-II, lepton-specific and flipped 2HDMs. The remaining
parameters are fixed. The mass of the lightest Higgs boson
in the model is fixed to 125 GeV and its couplings are set
to be the same as those of the SM Higgs boson by choosing
cos(β − α) = 0 [19], which is known as the 2HDM weak
decoupling limit. The charged Higgs boson is assumed to
have the same mass as the A boson and the potential param-
eter m2

12 [18] is fixed to m2
A tan β/(1 + tan2 β).

The cross sections for A boson production in the 2HDM
are calculated using corrections at up to NNLO in QCD for

gluon–gluon fusion and b-associated production in the five-
flavour scheme as implemented in SusHi [130–133]. For
b-associated production a cross section in the four-flavour
scheme is also calculated as described in Refs. [134,135]
and the results are combined with the five-flavour scheme
calculation following Ref. [136]. The Higgs boson widths
and branching ratios are calculated using 2HDMC [137].
The procedure for the calculation of the cross sections and
branching ratios, as well as for the choice of 2HDM param-
eters, follows Ref. [63].

The interpretation of the search in the 2HDM is performed
in the (m H , m A) plane, as shown in Fig. 10. In this plot,
colour-shaded areas indicate expected and observed exclu-
sions for various tan β values. There is one plot for each
of the four 2HDM types. For the type-I and lepton-specific
2HDMs, only gluon–gluon fusion production is relevant. The
exclusion region reaches m H � 350 GeV for tan β = 1 and
the sensitivity decreases for larger tan β values. In type-I
2HDM for instance, for tan β = 10 the exclusion reaches
m H � 320 GeV and m A � 500 GeV. The limiting value at
m H ≃ 350 GeV is due to the drop of the H → bb branching
ratio, which competes with H → t t̄ at larger m H values.
The type-II and flipped 2HDMs are dominated by A bosons
from b-associated production as tan β increases, although
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Fig. 10 Observed and expected 95% CL exclusion regions for the ℓℓbb channel in the (m H , m A) plane for various tan β values for the a type-I,
b type-II, c lepton-specific and d flipped 2HDM, with cos(β − α) = 0

gluon–gluon fusion is still important for tan β ≈ 1. Like the
type-I and lepton-specific 2HDMs, the type-II and flipped
2HDMs provide similar constraints because they only differ
in the lepton Yukawa couplings. The contribution from b-
associated signal production increases the sensitivity at large
tan β values, excluding m H � 650 GeV for tan β = 20. The
search sensitivity deteriorates at lower tan β values, exclud-
ing m H � 350 GeV for tan β = 1.

8.2 A → Z H → ℓℓW W results

The m2ℓ4q distributions from different m4q mass windows
are scanned for possible excesses using a procedure similar
to the one in the ℓℓbb channel. The scan is performed in steps
of 10 GeV for both the m A range 300–800 GeV and the m H

range 200–700 GeV, such that m A − m H ≥ 100 GeV. This
gives in total 51 m4q mass windows and the overall number
of (m A, m H ) signal hypotheses that are tested is 1326.

Figure 11 shows the distribution of the H boson candi-
date mass m4q before the m4q window requirement. Typ-
ical examples of m2ℓ4q distributions after the application
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Fig. 11 The m4q distribution before any m4q window cuts. The same
conventions as in Fig. 4 are used

of the m4q window requirement are shown in Fig. 12a, b,
referring to m4q windows defined for m H = 300 GeV and
m H = 500 GeV, respectively. Signal distributions corre-

123



Eur. Phys. J. C           (2021) 81:396 Page 17 of 36   396 

E
v
e
n
ts

 /
 G

e
V

1−10

1

10

210

310

410

510
Data

 llWW→ ZH→A

Z+jets

Top quark

VV

Uncertainty

ATLAS
-1

 = 13 TeV, 139 fbs

gluon-gluon fusion produced A

=300 GeV
H

=600 GeV, mAm

 [GeV]
2l4q

m

400 500 600 700 800

D
a
ta

/P
re

d
.

0.9
1

1.1

(a)

E
v
e
n
ts

 /
 G

e
V

1−10

1

10

210

310
Data

 llWW→ ZH→A

Z+jets

Top quark

VV

Uncertainty

ATLAS
-1

 = 13 TeV, 139 fbs

gluon-gluon fusion produced A

=500 GeV
H

=670 GeV, mAm

 [GeV]
2l4q

m

600 650 700 750 800 850

D
a
ta

/P
re

d
.

0.9
1

1.1

(b)

Fig. 12 The m2ℓ4q mass distribution for the m4q windows defined
for a m H = 300 GeV and b m H = 500 GeV. Signal distributions
are also shown with (m A, m H ) = (600, 300) GeV and (m A, m H ) =

(670, 500) GeV. The number of entries shown in each bin is the num-
ber of events in that bin divided by the width of the bin. The same
conventions as in Fig. 4 are used
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Fig. 13 Expected (a) and observed (b) upper bounds at 95% CL on the production cross section times the branching ratio B(A → Z H)× B(H →
W W ) in pb

sponding to the (m A, m H ) = (600, 300) GeV signal point
for Fig. 12a and the (m A, m H ) = (670, 500) GeV signal
point for Fig. 12b are also shown.

In all cases, the data are found to be well described by
the background model. The most significant excess is at the
(m A, m H ) = (440, 310) GeV signal point, for which the
local (global) significance is 2.9 (0.82) standard deviations.

Using the same method as for the ℓℓbb channel, con-
straints on the production of A → Z H followed by H →
W W decay are derived. The 95% CL upper limits are shown
in Fig. 13 for a narrow-width A boson produced via gluon–
gluon fusion. The upper limit varies from 0.023 pb for the
(m A, m H ) = (770, 660) GeV signal point to 8.9 pb for the
(m A, m H ) = (340, 220) GeV signal point. This is to be com-
pared with the corresponding expected limits of 0.041 pb and
3.6 pb for these two signal points. The upper limits deteri-

orate when the natural width of the A boson is comparable
to, or larger than, the experimental mass resolution. In par-
ticular, for a natural width that is 10% of m A the upper limits
decrease on average by a factor of 3. This factor becomes
approximately 5 when the natural width increases to 20%.

The sensitivity of the ℓℓW W channel in the context of
the CP-conserving 2HDM was examined. The same 2HDM
calculations as in the ℓℓbb channel are used and the only
differences are related to the parameter space of the model
that is probed. In particular, because only A bosons produced
by gluon–gluon fusion are studied in this search, only type-I
and lepton-specific 2HDMs are considered. In addition, the
partial width Ŵ(H → W W ) vanishes when cos(β − α) = 0
and is maximal at | cos(β − α)| = 1, whereas for the partial
width Ŵ(A → Z H) the opposite is true, i.e. it vanishes when
| cos(β − α)| = 1 and it is maximal when cos(β − α) = 0.
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Fig. 14 Observed and expected 95% CL exclusion regions in the (cos(β − α), m A) plane for various tan β values for a, b m H = 200 GeV and c,
d m H = 240 GeV in the context of type-I 2HDM for the ℓℓW W channel

These observations imply that this channel should be most
sensitive between these two extreme values of | cos(β − α)|.

The interpretation of the observed and expected upper
limits on the cross section times branching ratio in the con-
text of the type-I and lepton-specific 2HDM scenarios show
that the ℓℓW W channel has little sensitivity in regions that
are not already excluded by the 125 GeV Higgs boson cou-
pling measurements [3], an analysis that also provides sim-
ilar limits in this parameter space. In particular, for the m A

range considered in this channel, there is sensitivity up to
m H < 250 GeV and for tan β < 4. Some examples of
95% CL excluded regions in the plane defined by m A and
cos(β − α) for m H = 200 GeV and m H = 240 GeV are
shown in Fig. 14 for the type-I 2HDM. The results are very
similar for the lepton-specific 2HDM, since the only differ-
ence between the two 2HDM types is the lepton Yukawa
couplings, which only affect the total width.

9 Conclusion

Data recorded by the ATLAS experiment at the LHC, cor-
responding to an integrated luminosity of 139 fb−1 from
proton–proton collisions at a centre-of-mass energy 13 TeV,

are used to search for a heavy Higgs boson, A, decaying into
Z H , where H denotes another heavy Higgs boson with mass
m H > 125 GeV. Two final states were considered, where the
H boson decays into a pair of b-quarks or W bosons, and in
both cases the Z boson decays into a pair of electrons or
muons. In the ℓℓbb channel, the A boson is assumed to be
produced via either gluon–gluon fusion or b-associated pro-
duction. In the ℓℓW W channel, only gluon–gluon fusion pro-
duction is considered. No significant deviation from the SM
background predictions is observed in the Z H → ℓℓbb and
Z H → ℓℓW W → ℓℓqqqq final states that are considered
in this search. Considering each channel and each production
process separately, upper limits are set at the 95% confidence
level for σ×B(A → Z H)×B(H → bb or H → W W ). For
ℓℓbb, upper limits are set in the range 6.2–380 fb for gluon–
gluon fusion and 6.8–210 fb for b-associated production of a
narrow A boson in the mass range 230–800 GeV, assuming
the H boson is in the mass range 130–700 GeV. For ℓℓW W ,
the observed upper limits are in the range 0.023–8.9 pb for
gluon–gluon fusion production of a narrow A boson in the
mass range 300–800 GeV, assuming the H boson is in the
mass range 200–700 GeV. Taking into account both produc-
tion processes, the ℓℓbb search tightens the constraints on the
2HDM scenario in the case of large mass splittings between
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its heavier neutral Higgs bosons. The ℓℓW W channel has not
been explored previously at the LHC, and this search explic-
itly demonstrates its potential to constrain 2HDM parameters
away from the weak decoupling limit.

Acknowledgements We thank CERN for the very successful oper-
ation of the LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently. We acknowl-
edge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC,
Australia; BMWFW and FWF, Austria; ANAS, Azerbaijan; SSTC,
Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and CFI, Canada;
CERN; ANID, Chile; CAS, MOST and NSFC, China; COLCIEN-
CIAS, Colombia; MSMT CR, MPO CR and VSC CR, Czech Republic;
DNRF and DNSRC, Denmark; IN2P3-CNRS and CEA-DRF/IRFU,
France; SRNSFG, Georgia; BMBF, HGF and MPG, Germany; GSRT,
Greece; RGC and Hong Kong SAR, China; ISF and Benoziyo Center,
Israel; INFN, Italy; MEXT and JSPS, Japan; CNRST, Morocco; NWO,
Netherlands; RCN, Norway; MNiSW and NCN, Poland; FCT, Portugal;
MNE/IFA, Romania; JINR; MES of Russia and NRC KI, Russian Fed-
eration; MESTD, Serbia; MSSR, Slovakia; ARRS and MIZŠ, Slovenia;
DST/NRF, South Africa; MICINN, Spain; SRC and Wallenberg Foun-
dation, Sweden; SERI, SNSF and Cantons of Bern and Geneva, Switzer-
land; MOST, Taiwan; TAEK, Turkey; STFC, United Kingdom; DOE
and NSF, United States of America. In addition, individual groups and
members have received support from BCKDF, CANARIE, Compute
Canada, CRC and IVADO, Canada; Beijing Municipal Science & Tech-
nology Commission, China; COST, ERC, ERDF, Horizon 2020 and
Marie Skłodowska-Curie Actions, European Union; Investissements
d’Avenir Labex, Investissements d’Avenir Idex and ANR, France; DFG
and AvH Foundation, Germany; Herakleitos, Thales and Aristeia pro-
grammes co-financed by EU-ESF and the Greek NSRF, Greece; BSF-
NSF and GIF, Israel; La Caixa Banking Foundation, CERCA Pro-
gramme Generalitat de Catalunya and PROMETEO and GenT Pro-
grammes Generalitat Valenciana, Spain; Göran Gustafssons Stiftelse,
Sweden; The Royal Society and Leverhulme Trust, United Kingdom.
The crucial computing support from all WLCG partners is acknowl-
edged gratefully, in particular from CERN, the ATLAS Tier-1 facili-
ties at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden), CC-
IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy), NL-
T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK) and BNL
(USA), the Tier-23407 facilities worldwide and large non-WLCG
resource providers. Major contributors of computing resources are listed
in.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: ”All ATLAS sci-
entific output is published in journals, and preliminary results are made
available in Conference Notes. All are openly available, without restric-
tion on use by external parties beyond copyright law and the standard
conditions agreed by CERN. Data associated with journal publications
are also made available: tables and data from plots (e.g. cross section
values, likelihood profiles, selection efficiencies, cross section limits,
...) are stored in appropriate repositories such as HEPDATA (http://
hepdata.cedar.ac.uk/). ATLAS also strives to make additional material
related to the paper available that allows a reinterpretation of the data
in the context of new theoretical models. For example, an extended
encapsulation of the analysis is often provided for measurements in the
framework of RIVET (http://rivet.hepforge.org/). This information is
taken from the ATLAS Data Access Policy, which is a public docu-
ment that can be downloaded from http://opendata.cern.ch/record/413
[opendata.cern.ch].]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you

give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3.

References

1. ATLAS Collaboration, Observation of a new particle in the search
for the Standard Model Higgs boson with the ATLAS detector at
the LHC. Phys. Lett. B 716, 1 (2012). arXiv:1207.7214 [hep-ex]

2. CMS Collaboration, Observation of a new boson at a mass of 125
GeV with the CMS experiment at the LHC. Phys. Lett. B 716, 30
(2012). arXiv:1207.7235 [hep-ex])

3. ATLAS Collaboration, Combined measurements of Higgs boson
production and decay using up to 80fb−1 of proton-proton colli-
sion data at

√
s = 13 T eV collected with the ATLAS experiment.

Phys. Rev. D 101, 012002 (2020). arXiv:1909.02845 [hep-ex]
4. ATLAS Collaboration, CP Properties of Higgs boson interactions

with top quarks in the t t̄ H and tH processes using H → γ γ

with the ATLAS detector. Phys. Rev. Lett. 125, 061802 (2020).
arXiv:2004.04545 [hep-ex]

5. ATLAS Collaboration, Test of CP invariance in vector-boson
fusion production of the Higgs boson in the H → ττ channel
in proton-proton collisions at

√
s = 13 T eV with the ATLAS

detector. Phys. Lett. B 805, 135426 (2020). arXiv:2002.05315
[hep-ex]

6. ATLAS Collaboration, Study of the spin and parity of the Higgs
boson in diboson decays with the ATLAS detector. Eur. Phys. J. C
75, 476 (2015). arXiv:1506.05669 [hep-ex]. [Erratum: Eur. Phys.
J. C 76, 152 (2016)]

7. CMS Collaboration, Measurement and interpretation of differen-
tial cross sections for Higgs boson production at

√
s = 13 T eV .

Phys. Lett. B 792, 369 (2019). arXiv:1812.06504 [hep-ex]
8. CMS Collaboration, Combined measurements of Higgs boson

couplings in proton-proton collisions at
√

s = 13 T eV . Eur. Phys.
J. C 79, 421 (2019). arXiv:1809.10733 [hep-ex])

9. CMS Collaboration, Measurements of t t̄ H production and the CP
structure of the Yukawa interaction between the Higgs boson and
top quark in the diphoton decay channel. Phys. Rev. Lett. 125,
061801 (2020). arXiv:2003.10866 [hep-ex]

10. ATLAS and CMS Collaborations, Measurements of the Higgs
boson production and decay rates and constraints on its cou-
plings from a combined ATLAS and CMS analysis of the LHC
pp collision data at

√
s = 7 and 8 T eV . JHEP 08, 045 (2016).

arXiv:1606.02266 [hep-ex]
11. F. Englert, R. Brout, Broken symmetry and the mass of gauge

vector mesons. Phys. Rev. Lett. 13, 321 (1964)
12. P.W. Higgs, Broken symmetries, massless particles and gauge

fields. Phys. Lett. 12, 132 (1964)
13. P.W. Higgs, Broken symmetries and the masses of gauge bosons.

Phys. Rev. Lett. 13, 508 (1964)
14. G.S. Guralnik, C.R. Hagen, T.W.B. Kibble, Global conservation

laws and massless particles. Phys. Rev. Lett. 13, 585 (1964)
15. P.W. Higgs, Spontaneous symmetry breakdown without massless

bosons. Phys. Rev. 145, 1156 (1966)
16. T.W.B. Kibble, Symmetry breaking in non-Abelian gauge theo-

ries. Phys. Rev. 155, 1554 (1967)

123



  396 Page 20 of 36 Eur. Phys. J. C           (2021) 81:396 

17. T.D. Lee, A theory of spontaneous T violation. Phys. Rev. D 8,
1226 (1973)

18. G. Branco et al., Theory and phenomenology of two-Higgs-
doublet models. Phys. Rep. 516, 1 (2012). arXiv:1106.0034 [hep-
ph]

19. J.F. Gunion, H.E. Haber, CP-conserving two-Higgs-doublet
model: the approach to the decoupling limit. Phys. Rev. D 67,
075019 (2003)

20. A. Djouadi, The anatomy of electroweak symmetry breaking
Tome II: the Higgs bosons in the minimal supersymmetric model.
Phys. Rep. 459, 1 (2008). arXiv:hep-ph/0503173

21. J. Abdallah et al., Simplified models for dark matter searches at
the LHC. Phys. Dark Univ. 9–10, 8 (2015). arXiv:1506.03116
[hep-ph]

22. J.E. Kim, G. Carosi, Axions and the strong CP problem. Rev.
Mod. Phys. 82, 557 (2010). arXiv:0807.3125 [hep-ph]

23. A.G. Cohen, D.B. Kaplan, A.E. Nelson, Progress in elec-
troweak baryogenesis. Ann. Rev. Nucl. Part. Sci. 43, 27 (1993).
arXiv:hep-ph/9302210

24. S.F. King, Neutrino mass models. Rep. Prog. Phys. 67, 107 (2004).
arXiv:hep-ph/0310204

25. ATLAS Collaboration, Searches for heavy ZZ and ZW reso-
nances in the ℓℓqq and vvqq final states in pp collisions at√

s = 13 T eV with the ATLAS detector. JHEP 03, 009 (2018).
arXiv:1708.09638 [hep-ex]

26. ATLAS Collaboration, Search for WW/WZ resonance production
in ℓvqq final states in pp collisions at

√
s = 13 T eV with the

ATLAS detector. JHEP 03, 042 (2018). arXiv:1710.07235 [hep-
ex]

27. ATLAS Collaboration, Search for heavy diboson resonances in
semileptonic final states in pp collisions at

√
s = 13 T eV with

the ATLAS detector (2020). arXiv:2004.14636 [hep-ex]. https://
doi.org/10.1007/JHEP10(2020)061

28. ATLAS Collaboration, Search for diboson resonances in hadronic
final states in 139 f b−1 of pp collisions at

√
s = 13 T eV with the

ATLAS detector. JHEP 09, 091 (2019). arXiv:1906.08589 [hep-
ex]

29. CMS Collaboration, Search for a heavy Higgs boson decaying to
a pair of W bosons inproton-proton collisions at

√
s = 13 T eV .

JHEP 03, 034 (2020). arXiv:1912.01594 [hep-ex]
30. CMS Collaboration, Search for a new scalar resonance decaying

to a pair of Z bosons in proton-proton collisions at
√

s = 13 T eV .
JHEP 06, 127 (2018). arXiv:1804.01939 [hep-ex]

31. ATLAS Collaboration, Combination of searches for Higgs boson
pairs in pp collisions at

√
s = 13 T eV with the ATLAS detector.

Phys. Lett. B 800, 135103 (2020). arXiv:1906.02025 [hep-ex]
32. CMS Collaboration, Combination of searches for Higgs boson

pair production in proton-proton collisions at
√

s = 13 T eV .
Phys. Rev. Lett. 122, 121803 (2019). arXiv:1811.09689 [hep-ex]

33. ATLAS Collaboration, Search for heavy resonances decaying into
a W or Z boson and a Higgs boson in final states with leptons
and b-jets in 36 f b−1 of

√
s = 13 T eV pp collisions with the

ATLAS detector. JHEP 03, 174 (2018). arXiv:1712.06518 [hep-
ex]. [Erratum: JHEP 11, 051 (2018)]

34. CMS Collaboration, Search for a heavy pseudoscalar Higgs boson
decaying into a 125 GeV Higgs boson and a Z boson in final states
with two tau and two light leptons at

√
s = 13 T eV . JHEP 03,

065 (2020). arXiv:1910.11634 [hep-ex])
35. ATLAS Collaboration, Search for heavy Higgs bosons decaying

into two tau leptons with the ATLAS detector using pp colli-
sions at

√
s = 13 T eV . Phys. Rev. Lett. 125, 051801 (2020).

arXiv:2002.12223 [hep-ex]
36. CMS Collaboration, Search for beyond the standard model Higgs

bosons decaying into a bb̄ pair in pp collisions at
√

s = 13 T eV .
JHEP 08, 113 (2018). arXiv:1805.12191 [hep-ex]

37. CMS Collaboration, Search for additional neutral MSSM Higgs
bosons in the ττfinal state in proton-proton collisions at

√
s =

13 T eV . JHEP 09, 007 (2018). arXiv:1803.06553 [hep-ex]
38. CMS Collaboration, Search for neutral resonances decaying into

a Z boson and a pair of b jets or τ leptons. Phys. Lett. B 759, 369
(2016). arXiv:1603.02991 [hep-ex]

39. ATLAS Collaboration, Search for a heavy Higgs boson decaying
into a Z boson and another heavy Higgs boson in the ℓℓbb final
state in pp collisions at

√
s = 13 T eV with the ATLAS detector.

Phys. Lett. B 783, 392 (2018). arXiv:1804.01126 [hep-ex]
40. CMS Collaboration, Search for new neutral Higgs bosons through

the H → Z A → ℓ+ℓ−bb̄ process in pp collisions at
√

s =
13 T eV . JHEP 03, 055 (2020). arXiv:1911.03781 [hep-ex]

41. G.C. Dorsch, S.J. Huber, K. Mimasu, J.M. No, Echoes of the
electroweak phase transition: discovering a second Higgs dou-
blet through A0 → Z H0. Phys. Rev. Lett. 113, 211802 (2014).
arXiv:1405.5537 [hep-ph]

42. N. Turok, J. Zadrozny, Electroweak baryogenesis in the two-
doublet model. Nucl. Phys. B 358, 471 (1991)

43. L. Fromme, S.J. Huber, M. Seniuch, Baryogenesis in
the two-Higgs doublet model. JHEP 11, 038 (2006).
arXiv:hep-ph/0605242

44. P. Basler, M. Krause, M. Mühlleitner, J. Wittbrodt, A.
Wlotzka, Strong first order electroweak phase transition in
the CP-conserving 2HDM revisited. JHEP 02, 121 (2017).
arXiv:1612.04086 [hep-ph]

45. B. Coleppa, F. Kling, S. Su, Exotic decays of a heavy neutral Higgs
through HZ/AZ channel. JHEP 09, 161 (2014). arXiv:1404.1922
[hep-ph]

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

47. ATLAS Collaboration, ATLAS insertable B-Layer Techni-
cal Design Report. CERN-LHCC-2010-013. ATLAS-TDR-19
(2010). https://cds.cern.ch/record/1291633. ATLAS Insertable B-
Layer Technical Design Report Addendum. ATLAS-TDR-19-
ADD-1 (2012) https://cds.cern.ch/record/1451888

48. B. Abbott et al., Production and integration of the ATLAS
insertable B-layer. JINST 13, T05008 (2018). arXiv:1803.00844
[physics.ins-det]

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

50. ATLAS Collaboration, Luminosity determination in pp collisions
at

√
s = 7 T eV using the ATLAS detector at the LHC. Eur. Phys.

J. C 71, 1630 (2011). arXiv:1101.2185 [hep-ex]
51. ATLAS Collaboration, Improved luminosity determination in pp

collisions at
√

s = 7 T eV using the ATLAS detector at the LHC.
Eur. Phys. J. C 73, 2518 (2013). arXiv:1302.4393 [hep-ex]

52. ATLAS Collaboration, Luminosity determination in pp collisions
at

√
s = 8 T eV using the ATLAS detector at the LHC. Eur. Phys.

J. C 76, 653 (2016). arXiv:1608.03953 [hep-ex]
53. G. Avoni et al., The new LUCID-2 detector for luminosity mea-

surement and monitoring in ATLAS. JINST 13, P07017 (2018)
54. ATLAS Collaboration, ATLAS data quality operations and per-

formance for 2015–2018 data-taking. JINST 15, P04003 (2020).
arXiv:1911.04632 [physics.ins-det]

55. ATLAS Collaboration, Performance of the ATLAS muon triggers
in Run 2. JINST 15, P09015 (2020). arXiv:2004.13447 [hep-ex]

56. ATLAS Collaboration, Performance of electron and photon trig-
gers in ATLAS during LHC Run 2. Eur. Phys. J. C 80, 47 (2020).
arXiv:1909.00761 [hep-ex]

57. J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, T. Stelzer, Mad-
Graph 5: going beyond. JHEP 06, 128 (2011). arXiv:1106.0522
[hep-ph]

58. J. Alwall et al., The automated computation of tree-level
and next-to-leading order differential cross sections, and their

123



Eur. Phys. J. C           (2021) 81:396 Page 21 of 36   396 

matching to parton shower simulations. JHEP 07, 079 (2014).
arXiv:1405.0301 [hep-ph]

59. T. Sjöstrand et al., An introduction to PYTHIA 8.2. Comput. Phys.
Commun. 191, 159 (2015). arXiv:1410.3012 [hep-ph]

60. ATLAS Collaboration, ATLAS Pythia 8 tunes to 7 TeV data.
ATL-PHYS-PUB-2014-021 (2014). https://cds.cern.ch/record/
1966419

61. S. Frixione, B.R. Webber, Matching NLO QCD computations
with parton shower simulations: the POWHEG method. JHEP
06, 029 (2002). arXiv:hep-ph/0204244

62. M. Wiesemann et al., Higgs production in association with bottom
quarks. JHEP 02, 132 (2015). arXiv:1409.5301 [hep-ph]

63. D. de Florian et al., Handbook of LHC Higgs cross sec-
tions: 4. Deciphering the nature of the Higgs Sector (2016).
arXiv:1610.07922 [hep-ph]

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

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

66. E. Bothmann et al., Event generation with Sherpa 2.2. SciPost
Phys. 7, 034 (2019). arXiv:1905.09127 [hep-ph]

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

68. F. Cascioli, P. Maierhöfer, S. Pozzorini, Scattering ampli-
tudes with open loops. Phys. Rev. Lett. 108, 111601 (2012).
arXiv:1111.5206 [hep-ph]

69. A. Denner, S. Dittmaier, L. Hofer, Collier: a fortran-based com-
plex one-loop library in extended regularizations. Comput. Phys.
Commun. 212, 220 (2017). arXiv:1604.06792 [hep-ph]

70. S. Schumann, F. Krauss, A parton shower algorithm based
on Catani–eymour dipole factorisation. JHEP 03, 038 (2008).
arXiv:0709.1027 [hep-ph]

71. S. Höche, F. Krauss, M. Schönherr, F. Siegert, A critical
appraisal of NLO+PS matching methods. JHEP 09, 049 (2012).
arXiv:1111.1220 [hep-ph]

72. S. Höche, F. Krauss, M. Schönherr, F. Siegert, QCD matrix ele-
ments + parton showers. The NLO case, JHEP 04, 027 (2013).
arXiv:1207.5030 [hep-ph]

73. S. Catani, F. Krauss, R. Kuhn, B.R. Webber, QCD matrix elements
+ parton showers. JHEP 11, 063 (2001). arXiv:hep-ph/0109231

74. S. Höche, F. Krauss, S. Schumann, F. Siegert, QCD matrix
elements and truncated showers. JHEP 05, 053 (2009).
arXiv:0903.1219 [hep-ph]

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

76. C. Anastasiou, L.J. Dixon, K. Melnikov, F. Petriello, High-
precision QCD at hadron colliders: electroweak gauge boson
rapidity distributions at next-to-next-to leading order. Phys. Rev.
D 69, 094008 (2004). arXiv:hep-ph/0312266

77. S. Frixione, P. Nason, G. Ridolfi, A positive-weight next-to-
leading-order Monte Carlo for heavy flavour hadroproduction.
JHEP 09, 126 (2007). arXiv:0707.3088 [hep-ph]

78. P. Nason, A new method for combining NLO QCD with
shower Monte Carlo algorithms. JHEP 11, 040 (2004).
arXiv:hep-ph/0409146

79. S. Frixione, P. Nason, C. Oleari, Matching NLO QCD compu-
tations with Parton Shower simulations: the POWHEG method.
JHEP 11, 070 (2007). arXiv:0709.2092 [hep-ph]

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

81. ATLAS Collaboration, Studies on top-quark Monte Carlo mod-
elling for Top2016. ATL-PHYS-PUB-2016-020 (2016). https://
cds.cern.ch/record/2216168

82. D.J. Lange, The EvtGen particle decay simulation package. Nucl.
Instrum. Methods A 462, 152 (2001)

83. E. Re, Single-top Wt-channel production matched with parton
showers using the POWHEG method. Eur. Phys. J. C 71, 1547
(2011). arXiv:1009.2450 [hep-ph]

84. S. Alioli, P. Nason, C. Oleari, E. Re, NLO single-top production
matched with shower in POWHEG: s- and t-channel contribu-
tions. JHEP 09, 111 (2009). arXiv:0907.4076 [hep-ph] [Erratum:
JHEP 02, 011 (2010)]

85. S. Frixione, E. Laenen, P. Motylinski, B.R. Webber, C.D. White,
Single-top hadroproduction in association with a W boson. JHEP
07, 029 (2008). arXiv:0805.3067 [hep-ph]

86. P. Nason, C. Oleari, NLO Higgs boson production via vector-
boson fusion matched with shower in POWHEG. JHEP 02, 037
(2010). arXiv:0911.5299 [hep-ph]

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

88. J. Butterworth et al., PDF4LHC recommendations for LHC Run
II. J. Phys. G 43, 023001 (2016). arXiv:1510.03865 [hep-ph]

89. ATLAS Collaboration, Measurement of the Z/γ ∗ boson trans-
verse momentum distribution in pp collisions at

√
s = 7 T eV

with the ATLAS detector. JHEP 09, 145 (2014). arXiv:1406.3660
[hep-ex]

90. M.L. Ciccolini, S. Dittmaier, M. Krämer, Electroweak radiative
corrections to associated WH and ZH production at hadron col-
liders. Phys. Rev. D 68, 073003 (2003). arXiv:hep-ph/0306234

91. O. Brein, A. Djouadi, R. Harlander, NNLO QCD corrections to
the Higgs-strahlung processes at hadron colliders. Phys. Lett. B
579, 149 (2004). arXiv:hep-ph/0307206

92. O. Brein, R. Harlander, M. Wiesemann, T. Zirke, Top-quark medi-
ated effects in hadronic Higgs-Strahlung. Eur. Phys. J. C 72, 1868
(2012). arXiv:1111.0761 [hep-ph]

93. L. Altenkamp, S. Dittmaier, R.V. Harlander, H. Rzehak, T.J.E.
Zirke, Gluon-induced Higgs-strahlung at next-to-leading order
QCD. JHEP 02, 078 (2013). arXiv:1211.5015 [hep-ph]

94. A. Denner, S. Dittmaier, S. Kallweit, A. Mück, HAWK 2.0: a
Monte Carlo program for Higgs production in vector-boson fusion
and Higgs strahlung at hadron colliders. Comput. Phys. Commun.
195 161 (2015). arXiv:1412.5390 [hep-ph]

95. O. Brein, R.V. Harlander, T.J.E. Zirke, vh@nnlo—Higgs
Strahlung at hadron colliders. Comput. Phys. Commun. 184, 998
(2013). arXiv:1210.5347 [hep-ph]

96. R.V. Harlander, A. Kulesza, V. Theeuwes, T. Zirke, Soft gluon
resummation for gluon-induced Higgs Strahlung. JHEP 11, 082
(2014). arXiv:1410.0217 [hep-ph]

97. ATLAS Collaboration, The Pythia 8 A3 tune description of
ATLAS minimum bias and inelastic measurements incorporating
the Donnachie-Landshoff diffractive model. ATL-PHYS-PUB-
2016-017 (2016). https://cds.cern.ch/record/2206965

98. ATLAS Collaboration, Measurement of the inelastic proton-
proton cross section at

√
s = 13 T eV with the ATLAS detector at

the LHC. Phys. Rev. Lett. 117, 182002 (2016). arXiv:1606.02625
[hep-ex]

99. S. Agostinelli et al., GEANT4: a simulation toolkit. Nucl. Instrum.
Methods A 506, 250 (2003)

100. ATLAS Collaboration, The ATLAS simulation infrastructure.
Eur. Phys. J. C 70, 823 (2010). arXiv:1005.4568 [hep-ex]

101. ATLAS Collaboration, Electron and photon performance mea-
surements with the ATLAS detector using the 2015-2017
LHC proton-proton collision data. JINST 14, P12006 (2019).
arXiv:1908.00005 [hep-ex]

102. ATLAS Collaboration, Muon reconstruction performance of the
ATLAS detector in proton-proton collision data at

√
s = 13 T eV .

Eur. Phys. J. C 76, 292 (2016). arXiv:1603.05598 [hep-ex]

123



  396 Page 22 of 36 Eur. Phys. J. C           (2021) 81:396 

103. ATLAS Collaboration, Muon reconstruction and identification
efficiency in ATLAS using the full Run 2 pp collision data set
at

√
s = 13 T eV . ATLAS-CONF-2020-030 (2020). https://cds.

cern.ch/record/2725736
104. ATLAS Collaboration, Topological cell clustering in the ATLAS

calorimeters and its performance in LHC Run 1. Eur. Phys. J. C
77, 490 (2017). arXiv:1603.02934 [hep-ex]

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

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

107. ATLAS Collaboration, Jet energy scale and resolution measured
in proton-proton collisions at

√
s = 13 T eV with the ATLAS

detector (2020). arXiv:2007.02645 [hep-ex]
108. ATLAS Collaboration, Performance of pile-up mitigation tech-

niques for jets in pp collisions at
√

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

109. ATLAS Collaboration, Optimisation and performance studies
of the ATLAS b-tagging algorithms for the 2017-18 LHC run.
ATL-PHYS-PUB-2017-013 (2017). https://cds.cern.ch/record/
2273281

110. ATLAS Collaboration, ATLAS b-jet identification performance
and efficiency measurement with t t̄ events in pp collisions at

√
s =

13 T eV . Eur. Phys. J. C 79, 970 (2019). arXiv:1907.05120 [hep-
ex]

111. ATLAS Collaboration, Evidence for the H → bb̄ decay with the
ATLAS detector. JHEP 12, 024 (2017). arXiv:1708.03299 [hep-
ex]

112. ATLAS Collaboration, Performance of missing transverse
momentum reconstruction with the ATLAS detector using proton-
proton collisions at

√
s = 13 T eV . Eur. Phys. J. C 78, 903 (2018).

arXiv:1802.08168 [hep-ex]
113. ATLAS Collaboration, Emiss

T performance in the ATLAS detector
using 2015-2016 LHC pp collisions. ATLAS-CONF-2018-023
(2018). https://cds.cern.ch/record/2625233

114. T. Gehrmann et al., W +W − production at hadron colliders in
next to next to leading order QCD. Phys. Rev. Lett. 113, 212001
(2014). arXiv:1408.5243 [hep-ph]

115. M. Grazzini, S. Kallweit, D. Rathlev, M. Wiesemann, W ± Z pro-
duction at hadron colliders in NNLO QCD. Phys. Lett. B 761, 179
(2016). arXiv:1604.08576 [hep-ph]

116. M. Grazzini, S. Kallweit, D. Rathlev, ZZ production at the LHC:
Fiducial cross sections and distributions in NNLO QCD. Phys.
Lett. B 750, 407 (2015). arXiv:1507.06257 [hep-ph]

117. F. Cascioli et al., ZZ production at hadron colliders in NNLO
QCD. Phys. Lett. B 735, 311 (2014). arXiv:1405.2219 [hep-ph]

118. N. Kidonakis, Next-to-next-to-leading logarithm resummation for
s-channel single top quark production. Phys. Rev. D 81, 054028
(2010). arXiv:1001.5034 [hep-ph]

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

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

121. S. Das, A simple alternative to the Crystal Ball function (2016).
arXiv:1603.08591 [hep-ex]

122. M. Oreglia, A study of the reactions ψ
′ → γ γψ . SLAC-

R-023 (1980). http://www.slac.stanford.edu/cgi-wrap/getdoc/
slac-r-236.pdf

123. J. Duchon, Interpolation des fonctions de deux variables suivant
le principe de la flexion des plaques minces. ESAIM: Mathemati-
cal Modelling and Numerical Analysis - Modélisation Mathéma-
tique et Analyse Numérique 10 , 5 (1976). https://eudml.org/doc/
193284

124. ATLAS Collaboration, Luminosity determination in pp collisions
a

√
s = 13 T eV using the ATLAS detector at the LHC. ATLAS-

CONF-2019-021 (2019). https://cds.cern.ch/record/2677054
125. G. Cowan, K. Cranmer, E. Gross, O. Vitells, Asymptotic formulae

for likelihood-based tests of new physics. Eur. Phys. J. C 71, 1554
(2011). arXiv:1007.1727 [physics.data-an]. [Erratum: Eur. Phys.
J. C 73, 2501 (2013)]

126. L. Moneta et al., The RooStats Project. PoS ACAT 2010, 057
(2010). arXiv:1009.1003 [physics.data-an]

127. W. Verkerke, D. Kirkby, The RooFit toolkit for data modeling
(2003). arXiv:physics/0306116 [physics.data-an]

128. O. Vitells, E. Gross, Estimating the significance of a signal in
a multi-dimensional search. Astropart. Phys. 35, 230 (2011).
arXiv:1105.4355 [astro-ph.IM]

129. A.L. Read, Presentation of search results: the CLs technique. J.
Phys. G 28, 2693 (2002)

130. R.V. Harlander, S. Liebler, H. Mantler, SusHi: a program for the
calculation of Higgs production in gluon fusion and bottom-quark
annihilation in the Standard Model and the MSSM. Comput. Phys.
Commun. 184, 1605 (2013). arXiv:1212.3249 [hep-ph]

131. R. Harlander, P. Kant, Higgs production and decay: analytic
results at next-to-leading order QCD. JHEP 12, 015 (2005).
arXiv:hep-ph/0509189

132. R.V. Harlander, W.B. Kilgore, Higgs boson production in bottom
quark fusion at next-to-next-to-leading order. Phys. Rev. D 68,
013001 (2003). arXiv:hep-ph/0304035

133. R.V. Harlander, W.B. Kilgore, Next-to-next-to-leading order
Higgs production at hadron colliders. Phys. Rev. Lett. 88, 201801
(2002). arXiv:hep-ph/0201206

134. S. Dawson, C.B. Jackson, L. Reina, D. Wackeroth, Exclusive
Higgs boson production with bottom quarks at hadron colliders.
Phys. Rev. D 69, 074027 (2004). arXiv:hep-ph/0311067

135. S. Dittmaier, M. Krämer, M. Spira, Higgs radiation off bottom
quarks at the Fermilab Tevatron and the CERN LHC. Phys. Rev.
D 70, 074010 (2004). arXiv:hep-ph/0309204

136. R. Harlander, M. Krämer, M. Schumacher, Bottom-quark asso-
ciated Higgs-boson production: reconciling the four- and five-
flavour scheme approach (2011). arXiv:1112.3478 [hep-ph]

137. D. Eriksson, J. Rathsman, O. Stäl, 2HDMC—two-Higgs-doublet
model calculator physics and manual. Comput. Phys. Commun.
181, 189 (2010). arXiv:0902.0851 [hep-ph]

138. ATLAS Collaboration, ATLAS Computing Acknowledgements.
ATL-SOFT-PUB-2020-001. https://cds.cern.ch/record/2717821

123



Eur. Phys. J. C           (2021) 81:396 Page 23 of 36   396 

ATLAS Collaboration

G. Aad102 , B. Abbott128 , D. C. Abbott103 , A. Abed Abud36 , K. Abeling53 , D. K. Abhayasinghe94 ,
S. H. Abidi29 , O. S. AbouZeid40 , N. L. Abraham156, H. Abramowicz161 , H. Abreu160 , Y. Abulaiti6 ,
B. S. Acharya67a,67b,o , B. Achkar53 , L. Adam100 , C. Adam Bourdarios5 , L. Adamczyk84a , L. Adamek167 ,
J. Adelman121 , A. Adiguzel12c,ad , S. Adorni54 , T. Adye143 , A. A. Affolder145 , Y. Afik160 ,
C. Agapopoulou65 , M. N. Agaras38 , A. Aggarwal119 , C. Agheorghiesei27c , J. A. Aguilar-Saavedra139f,139a,ac ,
A. Ahmad36 , F. Ahmadov80 , W. S. Ahmed104 , X. Ai18 , G. Aielli74a,74b , S. Akatsuka86 , M. Akbiyik100 ,
T. P. A. Åkesson97 , E. Akilli54 , A. V. Akimov111 , K. Al Khoury65 , G. L. Alberghi23a,23b , J. Albert176 ,
M. J. Alconada Verzini161 , S. Alderweireldt36 , M. Aleksa36 , I. N. Aleksandrov80 , C. Alexa27b ,
T. Alexopoulos10 , A. Alfonsi120 , F. Alfonsi23a,23b , M. Alhroob128 , B. Ali141 , S. Ali158 , M. Aliev166 ,
G. Alimonti69a , C. Allaire36 , B. M. M. Allbrooke156 , B. W. Allen131 , P. P. Allport21 , A. Aloisio70a,70b ,
F. Alonso89 , C. Alpigiani148 , E. Alunno Camelia74a,74b, M. Alvarez Estevez99 , M. G. Alviggi70a,70b ,
Y. Amaral Coutinho81b , A. Ambler104 , L. Ambroz134 , C. Amelung36, D. Amidei106 , S. P. Amor Dos Santos139a ,
S. Amoroso46 , C. S. Amrouche54, F. An79 , C. Anastopoulos149 , N. Andari144 , T. Andeen11 , J. K. Anders20 ,
S. Y. Andrean45a,45b , A. Andreazza69a,69b , V. Andrei61a, C. R. Anelli176, S. Angelidakis9 , A. Angerami39 ,
A. V. Anisenkov122a,122b , A. Annovi72a , C. Antel54 , M. T. Anthony149 , E. Antipov129 , M. Antonelli51 ,
D. J. A. Antrim18 , F. Anulli73a , M. Aoki82 , J. A. Aparisi Pozo174 , M. A. Aparo156 , L. Aperio Bella46 ,
N. Aranzabal36 , V. Araujo Ferraz81a , R. Araujo Pereira81b, C. Arcangeletti51 , A. T. H. Arce49 , J-F. Arguin110 ,
S. Argyropoulos52 , J.-H. Arling46 , A. J. Armbruster36 , A. Armstrong171 , O. Arnaez167 , H. Arnold120 ,
Z. P. Arrubarrena Tame114, G. Artoni134 , H. Asada117 , K. Asai126, S. Asai163 , T. Asawatavonvanich165,
N. Asbah59 , E. M. Asimakopoulou172 , L. Asquith156 , J. Assahsah35e , K. Assamagan29, R. Astalos28a ,
R. J. Atkin33a , M. Atkinson173, N. B. Atlay19 , H. Atmani65, P. A. Atmasiddha106, K. Augsten141 , V. A. Austrup182 ,
G. Avolio36 , M. K. Ayoub15c , G. Azuelos110,ak , D. Babal28a , H. Bachacou144 , K. Bachas162 ,
F. Backman45a,45b , P. Bagnaia73a,73b , M. Bahmani85 , H. Bahrasemani152, A. J. Bailey174 , V. R. Bailey173 ,
J. T. Baines143 , C. Bakalis10 , O. K. Baker183 , P. J. Bakker120 , E. Bakos16 , D. Bakshi Gupta8 ,
S. Balaji157 , R. Balasubramanian120 , E. M. Baldin122a,122b , P. Balek180 , F. Balli144 , W. K. Balunas134 ,
J. Balz100 , E. Banas85 , M. Bandieramonte138 , A. Bandyopadhyay19 , Sw. Banerjee181,j , L. Barak161 ,
W. M. Barbe38 , E. L. Barberio105 , D. Barberis55a,55b , M. Barbero102 , G. Barbour95, T. Barillari115 ,
M-S. Barisits36 , J. Barkeloo131 , T. Barklow153 , R. Barnea160, B. M. Barnett143 , R. M. Barnett18 ,
Z. Barnovska-Blenessy60a , A. Baroncelli60a , G. Barone29 , A. J. Barr134 , L. Barranco Navarro45a,45b ,
F. Barreiro99 , J. Barreiro Guimarães da Costa15a , U. Barron161 , S. Barsov137 , F. Bartels61a , R. Bartoldus153 ,
G. Bartolini102 , A. E. Barton90 , P. Bartos28a , A. Basalaev46 , A. Basan100 , A. Bassalat65,ah , M. J. Basso167 ,
C. R. Basson101 , R. L. Bates57 , S. Batlamous35f, J. R. Batley32 , B. Batool151 , M. Battaglia145, M. Bauce73a,73b ,
F. Bauer144,* , P. Bauer24 , H. S. Bawa31, A. Bayirli12c , J. B. Beacham49 , T. Beau135 , P. H. Beauchemin170 ,
F. Becherer52 , P. Bechtle24 , H. C. Beck53, H. P. Beck20,q , K. Becker178 , C. Becot46 , A. Beddall12d,
A. J. Beddall12a , V. A. Bednyakov80 , M. Bedognetti120 , C. P. Bee155 , T. A. Beermann182 , M. Begalli81b ,
M. Begel29 , A. Behera155 , J. K. Behr46 , F. Beisiegel24 , M. Belfkir5 , A. S. Bell95 , G. Bella161 ,
L. Bellagamba23b , A. Bellerive34 , P. Bellos9 , K. Beloborodov122a,122b , K. Belotskiy112 , N. L. Belyaev112 ,
D. Benchekroun35a , N. Benekos10 , Y. Benhammou161 , D. P. Benjamin6 , M. Benoit29 , J. R. Bensinger26 ,
S. Bentvelsen120 , L. Beresford134 , M. Beretta51 , D. Berge19 , E. Bergeaas Kuutmann172 , N. Berger5 ,
B. Bergmann141 , L. J. Bergsten26 , J. Beringer18 , S. Berlendis7 , G. Bernardi135 , C. Bernius153 ,
F. U. Bernlochner24 , T. Berry94 , P. Berta100 , A. Berthold48 , I. A. Bertram90 , O. Bessidskaia Bylund182 ,
N. Besson144 , S. Bethke115 , A. Betti42 , A. J. Bevan93 , S. Bhatta155 , D. S. Bhattacharya177 , P. Bhattarai26,
V. S. Bhopatkar6 , R. Bi138, R. M. Bianchi138 , O. Biebel114 , D. Biedermann19 , R. Bielski36 , K. Bierwagen100 ,
N. V. Biesuz72a,72b , M. Biglietti75a , T. R. V. Billoud141 , M. Bindi53 , A. Bingul12d , C. Bini73a,73b ,
S. Biondi23a,23b , C. J. Birch-sykes101 , M. Birman180 , T. Bisanz36, J. P. Biswal3 , D. Biswas181,j , A. Bitadze101 ,
C. Bittrich48 , K. Bjørke133 , T. Blazek28a , I. Bloch46 , C. Blocker26 , A. Blue57 , U. Blumenschein93 ,
G. J. Bobbink120 , V. S. Bobrovnikov122a,122b , S. S. Bocchetta97, D. Bogavac14 , A. G. Bogdanchikov122a,122b ,
C. Bohm45a, V. Boisvert94 , P. Bokan172,53 , T. Bold84a , A. E. Bolz61b , M. Bomben135 , M. Bona93 ,
J. S. Bonilla131 , M. Boonekamp144 , C. D. Booth94 , A. G. Borbély57 , H. M. Borecka-Bielska91 , L. S. Borgna95 ,
A. Borisov123, G. Borissov90 , D. Bortoletto134 , D. Boscherini23b , M. Bosman14 , J. D. Bossio Sola104 ,
K. Bouaouda35a , J. Boudreau138 , E. V. Bouhova-Thacker90 , D. Boumediene38 , R. Bouquet135, A. Boveia127 ,

123



  396 Page 24 of 36 Eur. Phys. J. C           (2021) 81:396 

J. Boyd36 , D. Boye33c , I. R. Boyko80 , A. J. Bozson94 , J. Bracinik21 , N. Brahimi60c,60d , G. Brandt182 ,
O. Brandt32 , F. Braren46 , B. Brau103 , J. E. Brau131 , W. D. Breaden Madden57, K. Brendlinger46 , R. Brener160 ,
L. Brenner36 , R. Brenner172 , S. Bressler180 , B. Brickwedde100 , D. L. Briglin21 , D. Britton57 , D. Britzger115 ,
I. Brock24 , R. Brock107 , G. Brooijmans39 , W. K. Brooks146d , E. Brost29 , P. A. Bruckman de Renstrom85 ,
B. Brüers46 , D. Bruncko28b , A. Bruni23b , G. Bruni23b , M. Bruschi23b , N. Bruscino73a,73b , L. Bryngemark153 ,
T. Buanes17 , Q. Buat155 , P. Buchholz151 , A. G. Buckley57 , I. A. Budagov80 , M. K. Bugge133 ,
O. Bulekov112 , B. A. Bullard59 , T. J. Burch121 , S. Burdin91 , C. D. Burgard120 , A. M. Burger129 ,
B. Burghgrave8 , J. T. P. Burr46 , C. D. Burton11 , J. C. Burzynski103 , V. Büscher100 , E. Buschmann53,
P. J. Bussey57 , J. M. Butler25 , C. M. Buttar57 , J. M. Butterworth95 , W. Buttinger143 , C. J. Buxo Vazquez107,
A. R. Buzykaev122a,122b , G. Cabras23a,23b , S. Cabrera Urbán174 , D. Caforio56 , H. Cai138 , V. M. M. Cairo153 ,
O. Cakir4a , N. Calace36 , P. Calafiura18 , G. Calderini135 , P. Calfayan66 , G. Callea57 , L. P. Caloba81b,
A. Caltabiano74a,74b, S. Calvente Lopez99 , D. Calvet38 , S. Calvet38 , T. P. Calvet102 , M. Calvetti72a,72b ,
R. Camacho Toro135 , S. Camarda36 , D. Camarero Munoz99 , P. Camarri74a,74b , M. T. Camerlingo75a,75b ,
D. Cameron133 , C. Camincher36 , S. Campana36, M. Campanelli95 , A. Camplani40 , V. Canale70a,70b ,
A. Canesse104 , M. Cano Bret78 , J. Cantero129 , T. Cao161 , Y. Cao173 , M. Capua41a,41b , R. Cardarelli74a ,
F. Cardillo174 , G. Carducci41a,41b , T. Carli36 , G. Carlino70a , B. T. Carlson138 , E. M. Carlson176,168a ,
L. Carminati69a,69b , R. M. D. Carney153 , S. Caron119 , E. Carquin146d , S. Carrá46 , G. Carratta23a,23b ,
J. W. S. Carter167 , T. M. Carter50 , M. P. Casado14,g , A. F. Casha167, E. G. Castiglia183 , F. L. Castillo174 ,
L. Castillo Garcia14 , V. Castillo Gimenez174 , N. F. Castro139a,139e , A. Catinaccio36 , J. R. Catmore133 ,
A. Cattai36, V. Cavaliere29 , V. Cavasinni72a,72b , E. Celebi12b , F. Celli134 , K. Cerny130 , A. S. Cerqueira81a ,
A. Cerri156 , L. Cerrito74a,74b , F. Cerutti18 , A. Cervelli23a,23b , S. A. Cetin12b , Z. Chadi35a, D. Chakraborty121 ,
J. Chan181 , W. S. Chan120 , W. Y. Chan91 , J. D. Chapman32 , B. Chargeishvili159b , D. G. Charlton21 ,
T. P. Charman93 , M. Chatterjee20 , C. C. Chau34 , S. Che127 , S. Chekanov6 , S. V. Chekulaev168a ,
G. A. Chelkov80,af , B. Chen79 , C. Chen60a, C. H. Chen79 , H. Chen15c , H. Chen29 , J. Chen60a , J. Chen39 ,
J. Chen26 , S. Chen136 , S. J. Chen15c , X. Chen15b , Y. Chen60a , Y-H. Chen46 , H. C. Cheng63a ,
H. J. Cheng15a , A. Cheplakov80 , E. Cheremushkina123 , R. Cherkaoui El Moursli35f , E. Cheu7 , K. Cheung64 ,
T. J. A. Chevalérias144 , L. Chevalier144 , V. Chiarella51 , G. Chiarelli72a , G. Chiodini68a , A. S. Chisholm21 ,
A. Chitan27b , I. Chiu163 , Y. H. Chiu176 , M. V. Chizhov80 , K. Choi11 , A. R. Chomont73a,73b , Y. Chou103 ,
Y. S. Chow120, L. D. Christopher33e , M. C. Chu63a , X. Chu15a,15d , J. Chudoba140 , J. J. Chwastowski85 ,
L. Chytka130, D. Cieri115 , K. M. Ciesla85 , V. Cindro92 , I. A. Cioară27b , A. Ciocio18 , F. Cirotto70a,70b ,
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