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Abstract A search for the Higgs boson decaying into a
pair of charm quarks is presented. The analysis uses proton–
proton collisions to target the production of a Higgs boson
in association with a leptonically decaying W or Z boson.
The dataset delivered by the LHC at a centre-of-mass energy
of

√
s = 13 TeV and recorded by the ATLAS detector cor-

responds to an integrated luminosity of 139 fb−1. Flavour-
tagging algorithms are used to identify jets originating from
the hadronisation of charm quarks. The analysis method is
validated with the simultaneous measurement of WW,WZ
and Z Z production, with observed (expected) significances
of 2.6 (2.2) standard deviations above the background-only
prediction for the (W/Z)Z(→ cc̄) process and 3.8 (4.6)
standard deviations for the (W/Z)W (→ cq) process. The
(W/Z)H(→ cc̄) search yields an observed (expected) upper
limit of 26 (31) times the predicted Standard Model cross-
section times branching fraction for a Higgs boson with a
mass of 125 GeV, corresponding to an observed (expected)
constraint on the charm Yukawa coupling modifier |κc| <

8.5 (12.4), at the 95% confidence level. A combination with
the ATLAS (W/Z)H, H → bb̄ analysis is performed, allow-
ing the ratio κc/κb to be constrained to less than 4.5 at the
95% confidence level, smaller than the ratio of the b- and
c-quark masses, and therefore determines the Higgs-charm
coupling to be weaker than the Higgs-bottom coupling at the
95% confidence level.

1 Introduction

Since the discovery of a new particle, H , with a mass of
approximately 125 GeV by the ATLAS [1] and CMS [2]
collaborations at the LHC [3], studies of its properties have
indicated that it is consistent with the Standard Model (SM)
Higgs boson [4–7]. The interactions between the Higgs boson
and the charged fermions of the third generation have been
observed by both the ATLAS [8–10] and CMS [11–13] col-
laborations, and CMS has reported evidence for the decay

� e-mail: atlas.publications@cern.ch

of the Higgs boson into a pair of muons [14], while ATLAS
reported a 2σ excess over the background-only prediction
[15]. Direct searches by the ATLAS and CMS collabora-
tions for Higgs boson decays into a charm quark–antiquark
pair, H → cc̄ [16,17], decays into an electron–positron
pair [18,19], exclusive decays into mesons [20–25], and
reinterpretations of the Higgs pT spectrum [26,27], have
not yet found experimental evidence for Higgs boson cou-
plings to the first-generation fermions or second-generation
quarks. Taken together, the results of these measurements and
searches are consistent with the prediction that the coupling
strength of the Higgs boson to each fermion scales propor-
tionally to the fermion’s mass.

In the SM the branching fraction of H → cc̄ is 2.89%
[28], approximately 20 times smaller than the branching frac-
tion of the Higgs boson to a bottom quark–antiquark pair,
H → bb̄. Physics beyond the Standard Model can signifi-
cantly enhance or reduce the coupling of the Higgs boson
to the charm quark, and in turn the H → cc̄ branching
fraction [29–35]. Direct searches for H → cc̄ in proton–
proton (pp) collisions have set upper limits on the cross-
section times branching fraction for the production of a W
or Z boson in association with a Higgs boson decaying into
cc̄. The ATLAS Collaboration has performed a search in the
Z(→ ��)H(→ cc̄) channel, where � = e, μ, using 36.1 fb−1

of pp collision data recorded at
√
s = 13 TeV [16], setting

an observed (expected) upper limit at 110 (150) times the SM
prediction, at 95% confidence level (CL). The CMS Collab-
oration has also performed a search using 35.9 fb−1 of pp
collision data recorded at 13 TeV [17]; the search was con-
ducted in three channels based on the number of charged
leptons, namely the 0-, 1- and 2-lepton channels, targeting
the ZH → ννcc̄, WH → �νcc̄ and ZH → ��cc̄ signa-
tures, respectively. These were combined to set an observed
(expected) upper limit of 70 (37) times the SM prediction, at
95% CL.

This paper presents a new search for V H(→ cc̄), where
V = W or Z , using 139 fb−1 of pp collision data collected
at a centre-of-mass energy of 13 TeV by the ATLAS detec-
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tor from 2015 to 2018. Events are selected in the 0-, 1- and
2-lepton channels and are categorised according to the trans-
verse momentum, pT, of the vector boson and the number of
jets.

Higgs boson candidates are constructed from the two jets
with the highest pT. One of the main challenges in search-
ing for H → cc̄ is to recognise jets originating from the
hadronisation of charm quarks. To identify these jets, a mul-
tivariate charm-jet tagging algorithm is used. Additionally,
a bottom-jet identification algorithm is used to veto bottom
jets, ensuring this analysis is orthogonal to the recent ATLAS
V H(→ bb̄) measurement [36]. Events are selected if one or
both of the two highest-pT jets are c-tagged.

In order to search for the H → cc̄ signal the distribu-
tions of the dijet invariant mass, mcc, in all event categories
are used simultaneously in a binned maximum-likelihood fit,
which allows the signal yield and the main background nor-
malisations to be extracted. The analysis strategy is validated
by the simultaneous measurement of the diboson processes
in which one of the bosons decays to at least one charm quark,
VW (→ cq) and V Z(→ cc̄), where q is a down-type quark.
The result is interpreted in the kappa framework [37,38] in
terms of κc, the modifier of the coupling between the Higgs
boson and the charm quark. The analysis is combined with
the ATLAS V H, H → bb̄ measurement [36] and the results
are interpreted in the kappa framework in terms of both κb
and κc, and in terms of the ratio κc/κb.

2 ATLAS detector

The ATLAS experiment [39] at the LHC is a multipurpose
particle detector with a forward–backward symmetric cylin-
drical geometry and a near 4π coverage in solid angle.1 It
consists of an inner tracking detector (ID) surrounded by
a thin superconducting solenoid providing a 2T axial mag-
netic field, electromagnetic and hadron calorimeters, and a
muon spectrometer. The inner tracking detector covers the
pseudorapidity range |η| < 2.5. It consists of silicon pixel,
silicon microstrip, and transition radiation tracking detec-
tors. Lead/liquid-argon (LAr) sampling calorimeters provide
electromagnetic (EM) energy measurements with high gran-
ularity. A steel/scintillator-tile hadron calorimeter covers the
central pseudorapidity range (|η| < 1.7). The endcap and for-
ward regions are instrumented with LAr calorimeters for both

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

(�η)2 + (�φ)2.

the EM and hadronic energy measurements up to |η| = 4.9.
The muon spectrometer surrounds the calorimeters and is
based on three large superconducting air-core toroidal mag-
nets with eight coils each. The field integral of the toroids
ranges between 2.0 and 6.0 T m across most of the detector.
The muon spectrometer includes a system of precision cham-
bers for tracking and fast detectors for triggering. A two-level
trigger system is used to select events. The first-level trigger
is implemented in hardware and uses a subset of the detector
information to accept events at a rate below 100 kHz [40].
This is followed by a software-based trigger that reduces the
accepted event rate to 1kHz on average depending on the
data-taking conditions. An extensive software suite [41] is
used in the reconstruction and analysis of real and simulated
data, in detector operations, and in the trigger and data acqui-
sition systems of the experiment.

3 Dataset and simulated event samples

This analysis uses data recorded by the ATLAS detector dur-
ing Run 2 of the LHC, which took place from 2015 to 2018
at a centre-of-mass energy of 13 TeV. Data were collected
using a combination of missing transverse momentum trig-
gers [42], in the 0- and 1-lepton channels, and single-lepton
triggers [43,44], in the 1- and 2-lepton channels. Events are
required to be of good quality and recorded while all rele-
vant detector components were in operation [45]. The dataset
corresponds to an integrated luminosity of 139.0 ± 2.4 fb−1

[46].
The Monte Carlo (MC) simulation samples used in this

analysis are largely the same as those used in the ATLAS
V H(→ bb̄) analysis [36], and are summarised in Table 1.
Samples of simulated events were generated for V H pro-
duction with a Higgs boson mass, mH , of 125 GeV, for both
H → cc̄ and H → bb̄ decays, with branching fractions of
2.89% and 58.2%, respectively, and for the main background
processes (t t̄ , single-top, V+ jets and diboson). The samples
are used to optimise the analysis and perform the statistical
analysis of the data.

The background from multi-jet events is negligible in the
0- and 2-lepton channels after applying the selection crite-
ria detailed in Sect. 4. In the 1-lepton channel, it is esti-
mated using a data-driven method. All samples of simulated
events are initially normalised to the most accurate theoret-
ical cross-section predictions currently available. Samples
produced using alternative event generators are used to assess
systematic uncertainties in the modelling of the signal and
background processes, and are discussed in Sect. 5.

All samples of MC events were passed through the ATLAS
detector response simulation [47] based on Geant4 [48] and
were reconstructed with the same algorithms as used for data.
The effect of multiple interactions in the same and neighbour-
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ing bunch crossings (pile-up) was modelled by overlaying
the simulated hard-scattering event with inelastic pp events
generated with PYTHIA8.186 [49] using the NNPDF2.3lo

set of parton distribution functions (PDF) [50] and the A3
set of tuned parameters (A3 tune) [51]. The simulated events
were weighted to reproduce the distribution of the average
number of interactions per bunch crossing seen in data. The
EvtGen1.6.0 program [52] was used to describe the decays
of bottom and charm hadrons in all samples, except those
generated with Sherpa [53–55].

4 Object and event selection

4.1 Object selection

Interaction vertices are reconstructed from tracks in the
ID. The vertex with the highest sum of squared transverse
momenta of associated tracks is used as the primary vertex
[87].

Electrons are reconstructed by matching ID tracks with
energy clusters in the EM calorimeter [88]. Electrons are
required to have pT > 7 GeV and |η| < 2.47. They must
satisfy the loose identification criterion, based on a like-
lihood discriminant combining observables related to the
shower shape in the calorimeter and to the track matching
the energy cluster, and are required to be isolated in both
the ID and calorimeter using pT-dependent criteria. In the
1-lepton channel, more stringent requirements are placed on
the identification and isolation of electrons. These electrons,
called tight electrons, are required to satisfy the tight likeli-
hood criterion and a stricter calorimeter-based isolation.

Muons are reconstructed within the acceptance of the
muon spectrometer, |η| < 2.7 [89]. They are required to
have pT > 7 GeV, to satisfy the loose identification crite-
ria and to be isolated in the ID using pT-dependent criteria.
As with electrons, in the 1-lepton channel more stringent
requirements are placed on the identification and isolation
of muons. These muons, called tight muons, must satisfy
the medium identification criteria and a stricter track-based
isolation, and have |η| < 2.5.

Hadronically decaying τ -leptons [90,91], identified with
a medium quality criterion [91], are required to have pT >

20 GeV and |η| < 2.5, excluding the transition region of
1.37 < |η| < 1.52 between the barrel and endcap sections
of the electromagnetic calorimeter. Reconstructed τ -leptons
are not directly used in the event selection, but are used in
the calculation of missing transverse momentum and to avoid
double-counting reconstructed τ -leptons as other objects.

Jets are reconstructed from topological clusters of energy
deposits in the calorimeter [92–94] by using the anti-kt algo-
rithm [95,96] with a radius parameter of R = 0.4. The jets
are classified as central or forward jets depending on their
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pseudorapidity. Jets are classified as forward jets if they have
2.5 < |η| < 4.5 and pT > 30 GeV. Jets are classified as
central jets if they have pT > 20 GeV and |η| < 2.5. Addi-
tionally, central jets with pT < 120 GeV are required to be
identified as originating from the primary vertex using a jet-
vertex tagging algorithm [97]. To improve the measurement
of each jet’s energy and direction, and consequently the mea-
surement of mcc, if any muons are found within a cone of jet-
pT-dependent size around the jet axis, the four-momentum of
the muon closest to the jet is added to the jet four-momentum,
following the procedure described in Ref. [36]. An over-
lap removal procedure is applied to avoid double-counting
between electrons, muons, hadronically decaying τ -leptons
and jets.

Central jets are tagged as containing either b- or c-hadrons
using two discriminants resulting from multivariate tagging
algorithms, MV2 and DL1 [98]. Jets are b-tagged using the
MV2 discriminant, configured to select b-jets with 70% effi-
ciency in simulated t t̄ events. A c-tagging configuration of
the DL1 discriminant, DL1c, was optimised for this analysis,
and includes a veto on jets b-tagged by the MV2 algorithm.
This configuration gives an average efficiency of 27% to tag
c-jets in simulated t t̄ events, and b- and light-jet misidentifi-
cation rates of 8% and 1.6%, respectively. The efficiencies in
simulation are calibrated to match those in data using control
samples of t t̄ and Z+jets events with a precision of 5%–10%,
using methods identical to those applied to b-tagging algo-
rithms [98–100]. Jets in simulated events are labelled using
information from the MC generator’s event ‘truth’ record,
exclusively as b-, c-, or τ -jets, in this order, according to
whether they contain a b-hadron, c-hadron, or τ -lepton with
pT > 5 GeV within a cone of size �R = 0.3 around their
axis. Jets not labelled as b-, c- or τ -jets are labelled as light
jets. Diboson, V+ jets and top-quark backgrounds are clas-
sified according to the flavour labels of the jets that form the
Higgs boson candidate in those selected events.

To maximise the statistical power of the available MC
samples, the c-tagging requirement is not applied to the
diboson, V+ jets or top-quark samples. Instead, events are
weighted by the probabilities for each jet to be c-tagged,
based on its flavour label and as a function of the jet pT and
|η|, to obtain predictions for events with either one or two c-
tagged jets. This is referred to as truth-flavour tagging since
it uses information from the MC generator’s event ‘truth’
record. In the V+ jets samples, differences of up to 20% are
observed between the two methods and are corrected for by
weights assigned to each jet, dependent on the �R to the clos-
est other jet and on the flavour labels of the jet and the clos-
est other jet. Finally, to correct for any residual non-closure
in the truth-flavour tagging procedure, small normalisation
corrections are applied to the diboson, V+ jets and top-quark
predictions such that the number of events for each process
in each analysis region (defined in Sect. 4.2) matches that

obtained when directly applying c-tagging. These normali-
sation corrections vary between 0.9 and 1.05.

The missing transverse momentum, Emiss
T is reconstructed

as the negative of the vector sum of the transverse momenta
of electrons, muons, hadronically decaying τ -leptons, jets,
and a ‘soft term’ which is constructed from tracks associated
with the primary vertex but not with any reconstructed object
[101]. The magnitude of the Emiss

T is referred to as Emiss
T . The

track-based missing transverse momentum, pmiss
T , is con-

structed using all ID tracks associated with the primary vertex
and satisfying the quality criteria detailed in Ref. [102], with
its magnitude denoted by pmiss

T .

4.2 Event selection and categorisation

Events are categorised into 0-, 1- and 2-lepton channels based
on the number of loose electrons and muons they contain.
Events with at least two central jets are selected, and they are
further categorised as 2- or 3-jet events according to the total
number of jets. Events with more than three jets are rejected
in the 0- and 1-lepton channels to reduce the t t̄ background.
In the 2-lepton channel, events with more than three jets are
included in the 3-jet category.

Since the signal-to-background ratio increases for large
transverse momentum of the vector boson, pVT , events with
reconstructed pVT > 75 GeV are selected [103]. Two pVT
regions are used: 75 GeV < pVT < 150 GeV (only in the
2-lepton channel) and pVT > 150 GeV. The pVT corresponds
to Emiss

T in the 0-lepton channel, the magnitude of the vector
sum of the Emiss

T and the lepton pT in the 1-lepton chan-
nel, and the magnitude of the vector sum of the two lepton
transverse momenta in the 2-lepton channel.

The main discriminating variable in this analysis is the
invariant mass, mcc, of the two central jets with the highest
pT, hereafter referred to as signal jets. At least one signal
jet must have pT > 45 GeV. Signal regions are composed of
events in which one or both of these jets are c-tagged, with the
two cases defining separate categories, referred to as 1-c-tag
and 2-c-tag, respectively. Furthermore, any additional non-
signal jet must not be b-tagged. This requirement means that
events in the signal regions can contain at most one b-tagged
jet. Combined with an identical jet selection, this ensures that
selected events are orthogonal to those selected in the ATLAS
V H(→ bb̄) analysis [36]. Events selected in the control
regions are not completely orthogonal with those selected in
the V H(→ bb̄) analysis, and the impact of this is discussed
in Sect. 7. In total, 16 signal regions are defined, arising from
the combination of three lepton channels, two pVT categories
(in the 2-lepton channel), two number-of-jets categories and
two number-of-c-tagged-jets categories.

To reduce the background contamination in all channels,
the �R between the two signal jets is required to be �R <

2.3 in events with 75 < pVT < 150 GeV, �R < 1.6 in
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events with 150 < pVT < 250 GeV and �R < 1.2 in events
with pVT > 250 GeV. The �R selection criteria, optimised
for each pVT range, are approximately 80% efficient for signal
events. For each signal region, a corresponding control region
is defined as containing events failing the �R selection, up
to a maximum �R of 2.5. These control regions, hereafter
referred to as the high-�R control regions, are designed to
constrain the V+ jets background normalisations and shapes.

In addition to the high-�R control regions, further control
regions are defined to constrain the modelling of the most
important other background processes. Top control regions,
enriched in t t̄ and single-top events, are defined in all lepton
channels. In the 0- and 1-lepton channels, events with three
jets are selected, and in these events exactly one of the signal
jets is c-tagged and the non-signal jet is b-tagged, resulting
in one control region for each of these lepton channels. In
the 2-lepton channel a pure sample of t t̄ events is selected by
requiring the two leptons to have different flavours (eμ) and
opposite electric charges. One control region is defined for
each number-of-jets category and pVT region combination,
resulting in a total of four 2-lepton top control regions, each
containing exactly one c-tagged jet.

Finally, in the 1- and 2-lepton channels, events in which
neither of the two signal jets are c-tagged and no non-signal
jets are b-tagged are used to constrain the normalisation of
the V+ light-jets backgrounds. One control region is defined
for each number-of-jets category and pVT region combination,
for a total of six 0-c-tag control regions.

A total of 44 analysis regions are defined: 16 signal
regions, 16 high-�R control regions, 6 top control regions
and 6 0-c-tag control regions. The signal-region selection
criteria specific to each channel are described below, and
summarised in Table 2.

0-lepton channel Data were collected using Emiss
T trig-

gers with thresholds ranging from 70 GeV in 2015 to
110 GeV in 2018 [42]. Events must not contain any loose
electrons or muons, and are required to have Emiss

T >

150 GeV. At 150 GeV the Emiss
T triggers are approxi-

mately 75–90% efficient, depending on the year, reaching
a full efficiency plateau at about 200 GeV. A requirement
on the scalar sum of jet transverse momenta, HT, of 120
(150) GeV in 2-jet (3-jet) events is imposed to remove a
small region of phase space where the trigger efficiency
depends on the number of jets. To remove non-collision
backgrounds, pmiss

T is required to exceed 30 GeV. Back-
ground multi-jet events with high Emiss

T typically arise
from mismeasured jet energies in the calorimeter and
can be rejected using angular separation requirements
(detailed in Table 2) between the jets, Emiss

T and pmiss
T .

1-lepton channel Events must contain exactly one loose
lepton, that is then required to also be tight. If the lepton
is an electron (muon), it must have pT > 27 (25) GeV

Table 2 Summary of the signal region event selection in the 0-, 1- and
2-lepton channels. Jet1 and jet2 refer to the two signal jets and H refers
to the jet1–jet2 system

Common selections

Central jets ≥ 2

Signal jet pT ≥ 1 signal jet with pT > 45 GeV

c-jets One or two c-tagged signal jets

b-jets No b-tagged non-signal jets

Jets 2, 3 (0- and 1-lepton); 2, ≥ 3 (2-lepton)

pVT regions 75–150 GeV (2-lepton)

> 150 GeV

�R(jet1, jet2) 75 < pVT < 150 GeV: �R ≤ 2.3

150 < pVT < 250 GeV: �R ≤ 1.6

pVT > 250 GeV: �R ≤ 1.2

0-lepton channel

Trigger Emiss
T

Leptons No loose leptons

Emiss
T > 150 GeV

pmiss
T > 30 GeV

HT > 120 GeV (2 jets), > 150 GeV (3 jets)

min |�φ(Emiss
T , jet)| > 20◦ (2 jets), > 30◦ (3 jets)

|�φ(Emiss
T ,H)| > 120◦

|�φ(jet1, jet2)| < 140◦

|�φ(Emiss
T ,pmiss

T )| < 90◦

1-lepton channel

Trigger e sub-channel: single electron

μ sub-channel: Emiss
T

Leptons One tight lepton and no additional loose leptons

Emiss
T > 30 GeV (e sub-channel)

mW
T < 120 GeV

2-lepton channel

Trigger Single lepton

Leptons Exactly two loose leptons

Same flavour, opposite charge for μμ

m�� 81 < m�� < 101 GeV

and |η| < 2.47 (2.5). In the muon sub-channel, data
were collected with the same Emiss

T triggers as in the 0-
lepton channel. The online Emiss

T calculation does not
include muons, so these triggers effectively select on
pVT and perform more efficiently than single-muon trig-
gers in the analysis phase space. In the electron sub-
channel, single-electron triggers were used to collect data
with thresholds starting at 24 GeV for data collected in
2015 and 26 GeV for data collected between 2016 and
2018 [43]. In the electron sub-channel, there is a sig-
nificant background from events with jets misidentified
as electrons at low Emiss

T . These events are rejected by
requiring Emiss

T > 30 GeV. The transverse mass of the
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reconstructed W boson,2 mW
T , is required to be less than

120 GeV. The number of multi-jet background events
that survive the 1-lepton channel event selection is esti-
mated in each analysis region by performing a template
fit to the mW

T distribution, which offers good discrim-
ination between multi-jet and simulated backgrounds.
The multi-jet mW

T templates are extracted from control
regions defined by inverting the tight isolation require-
ments on the leptons, after subtraction of the simulated
backgrounds. The shapes of the multi-jet mcc distribu-
tions are obtained using the same procedure. More details
of the template-fit method can be found in Ref. [9].
2-lepton channel The 2-lepton channel must contain
exactly two same-flavour loose leptons. At least one of
the leptons must have pT > 27 GeV to be consistent
with the online single-lepton trigger selection. In the
dimuon case, they must have opposite electric charges.
This requirement is not imposed in the dielectron sub-
channel due to a higher probability of charge misidenti-
fication. The invariant mass of the two leptons, m��, is
required to be consistent with the mass of the Z boson,
81 < m�� < 101 GeV.

Following the event selection, the Z + jets, W + jets
and t t̄ processes constitute the main backgrounds in the
0-lepton channel. In the 1-lepton channel, the main back-
grounds arise from the W + jets and t t̄ processes. For both
the 0- and 1-lepton channels, the relative background com-
position depends substantially on the analysis region. In
the 2-lepton channel the main background is Z + jets in
all regions. The efficiency to select the V H(→ cc̄) sig-
nal, in which the V decays to leptons, is ≈ 1–2%, and
the expected signal-to-background ratio in the mass range
100 GeV < mcc < 150 GeV is (1–7) × 10−4 in the 1-c-
tag signal regions and (0.6–8) × 10−3 in the 2-c-tag signal
regions.

5 Systematic uncertainties

The sources of systematic uncertainties affecting this analy-
sis can be broadly divided into two groups: those related to
experimental effects and those due to the theoretical mod-
elling of signal and background processes. The estimation of
these uncertainties closely follows the procedures outlined
in Ref. [36].

2

mW
T =

√
2p�

T p
ν
T(1 − cos(φ� − φν))

, where Emiss
T is used as an

approximation for pν
T.

5.1 Experimental uncertainties

The leading experimental uncertainties in this analysis are
due to imperfect calibration of the c-tagging efficiency, jet
energy scales and jet energy resolutions. Correction fac-
tors for c- and b-tagging are determined from the difference
between tagging efficiencies in data and simulation and are
derived separately for c-jets, b-jets and light-flavour jets [98–
100]. The uncertainties in the correction factors originate
from multiple sources and are decomposed into independent
components that are correlated between different analysis
regions. Two additional uncertainties are included in MC
samples where truth-flavour tagging, described in Sect. 4, is
used. An uncertainty is included in the V+ jets samples, equal
to the �R correction that is applied to improve agreement
between the truth-tagged and direct-tagged simulation sam-
ples, and for each MC prediction an uncertainty is included
in the overall normalisation correction between direct and
truth-flavour tagging.

The uncertainties in the calibration of jet energy scales
and resolutions are estimated from multiple measurements
[92]. Uncertainties in the jet energy scale and resolution are
combined into independent components that are correlated
between different analysis regions. An additional uncertainty
in the calibration of b- and c-jets is also included.

Uncertainties in the reconstruction, identification, isola-
tion and trigger efficiencies of electrons and muons, and the
uncertainties in their energy scale and resolution, have been
measured in data and found to be negligible compared to
other uncertainties [88,89]. These uncertainties, along with
the jet energy scale and resolution uncertainties, are prop-
agated to the calculation of Emiss

T following the method
described in Ref. [36]. The Emiss

T calculation has additional
uncertainties associated with the pT scale, pT resolution and
reconstruction efficiency of the tracks used to build the Emiss

T
soft term, and with the modelling of the underlying event
[101]. An uncertainty in the Emiss

T trigger efficiency is also
included.

The uncertainty in the combined 2015–2018 integrated
luminosity is 1.7% [46], obtained using the LUCID-2 detec-
tor [104] for the primary luminosity measurements. The aver-
age number of interactions per bunch-crossing in simulation
is scaled by 1.03 to improve agreement with data, with an
uncertainty corresponding to the full size of the correction
(±3%).

5.2 Signal and background modelling uncertainties

Modelling uncertainties are evaluated using samples of sim-
ulated events. For each process, four categories of uncer-
tainty are considered: cross-section and acceptance uncer-
tainties, which account for the overall normalisation of back-
grounds that are not allowed to float freely in the global like-
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Table 3 Summary of the background modelling systematic uncertain-
ties considered

VH(→ bb̄)

WH(→ bb̄) normalisation 27%

ZH(→ bb̄) normalisation 25%

Diboson

WW/Z Z/WZ acceptance 10%/5%/12%

pVT acceptance 4%

Njet acceptance 7%–11%

Z + jets

Z + hf normalisation Floating

Z + mf normalisation Floating

Z + lf normalisation Floating

Z + bb to Z + cc ratio 20%

Z + bl to Z + cl ratio 18%

Z + bc to Z + cl ratio 6%

pVT acceptance 1%–8%

Njet acceptance 10%–37%

High-�R CR to SR 12%–37%

0- to 2-lepton ratio 4%–5%

W4+jets

W+ hf normalisation Floating

W+mf normalisation Floating

W+ lf normalisation Floating

W+ bb to W+ cc ratio 4%–10%

W+ bl to W+ cl ratio 31%–32%

W+ bc to W+ cl ratio 31%–33%

W → τν(+c) to W+ cl ratio 11%

W → τν(+b) to W+ cl ratio 27%

W → τν(+l) to W+ l ratio 8%

Njet acceptance 8%–14%

High-�R CR to SR 15%–29%

W → τν SR to high-�R CR ratio 5%–18%

0- to 1-lepton ratio 1%– 6%

Top quark (0- and 1-lepton)

Top(b) normalisation Floating

Top(other) normalisation Floating

Njet acceptance 7%–9%

0- to 1-lepton ratio 4%

SR/top CR acceptance (t t̄) 9%

SR/top CR acceptance (Wt) 16%

Wt / t t̄ ratio 10%

Top quark (2-lepton)

Normalisation Floating

Multi-jet (1-lepton)

Normalisation 20%–100%

The values given refer to the size of the uncertainty affecting the yield of
each background. Where the size of an acceptance systematic uncertainty
varies between analysis regions, a range is displayed. Uncertainties in
the shapes of the mcc distributions are not shown below, but are taken
into account for all backgrounds. CR and SR stand for control region and
signal region

lihood fit; flavour-fraction uncertainties, which account for
uncertainties in the make-up of subcomponents of each back-
ground; relative acceptance uncertainties, which account for
the relative normalisations of backgrounds in cases where
the overall normalisation is considered correlated across two
or more analysis regions; and shape uncertainties, account-
ing for uncertainties in the shape of the mcc distribution
in each region. Unless stated otherwise, normalisation and
shape effects of each systematic uncertainty are treated as
uncorrelated with one another to ensure that modelling uncer-
tainties are not artificially constrained. The decision to cor-
relate or decorrelate normalisation and shape effects is made
for each modelling uncertainty considered and is based on
studies of different correlation models, and in cases where
the impact of the choice is non-negligible, the model giv-
ing the most conservative uncertainty is used. Background
modelling uncertainties considered in this analysis are sum-
marised in Table 3.

VH Uncertainties in the V H(→ cc̄) signal are evalu-
ated following the recommendations of the LHC Higgs
Working Group [105,106], and include uncertainties in
the cross-section of V H production and in the H → cc̄
branching fraction. In addition, acceptance and shape
uncertainties are evaluated by comparing the nominal
V H(→ cc̄) samples with alternatives generated using
Powheg+Herwig7 [107], and by independently vary-
ing the renormalisation (μr) and factorisation (μf ) scales
by factors of one-half and two in the nominal generator.
Comparisons are made separately for the three produc-
tion processes; qq̄ → ZH , qq̄ → WH , and gg → ZH .
Uncertainties in the total acceptance are found to be sim-
ilar between lepton channels, 4–6% in the quark-initiated
processes and 31–35% for gg → ZH . Similarly, uncer-
tainties in the ratio of 3-jet to 2-jet events are found to
be similar between channels for the quark-initiated pro-
cesses, 6–12%, while uncertainties in the gg → ZH
processes are larger, 19–56%. In the 2-lepton channel
an uncertainty is included to account for differences in
acceptance between the two pVT regions, and is 2% for
qq̄ → ZH and 5% for gg → ZH . Uncertainties in the
shapes of the mcc distributions for each of the three pro-
duction processes are evaluated in a similar way, and good
agreement is found between lepton channels, allowing
the use of one shape uncertainty per production process.
Uncertainties in the normalisation of the WH(→ bb̄)
and ZH(→ bb̄) background are taken from the recent
ATLAS measurements [36]. Uncertainties in the number
of jets and pVT acceptance ratios are set to be the same as
those derived for the H → cc̄ signal. Shape uncertainties
in the H → bb̄ background are evaluated in an equivalent
way to the H → cc̄ signal shape uncertainties.
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DibosonUncertainties in the diboson prediction are eval-
uated by comparing the nominal diboson MC samples,
generated using Sherpa, with alternative samples gen-
erated using Powheg+Pythia8 and by independently
varying μr and μf in the nominal samples by factors of
one-half and two. Inclusive acceptance uncertainties are
assigned to the WW , WZ and Z Z processes, and uncer-
tainties in the ratios of 3-jet to 2-jet events and the ratios
of events in different pVT regions are also included.
Uncertainties in the mcc shape of the diboson signal,
VW (→ cq) and V Z(→ cc̄), and background compo-
nents are evaluated separately by comparing MC events
from the two generator set-ups in each lepton channel.
These comparisons are made inclusively in the num-
ber of jets and, in the 2-lepton channel, split into pVT
regions. The shape uncertainties are found to be consis-
tent between channels.

V+jets production The largest backgrounds in this anal-
ysis originate from V+ jets, with W + jets and Z + jets
being the largest background in the 1-lepton and 2-lepton
channels, respectively, and a combination of the two
making up the majority of the background in the 0-
lepton channel. In all channels, the V+ jets background
is divided into three subsamples based on the flavours
of the two signal jets: V+ hf, V+mf and V+ lf, where
hf, mf and lf stand for heavy-flavour, mixed-flavour and
light-flavour, respectively. The V+ hf background con-
sists of the V+ bb and V+ cc contributions, the V+mf
background consists of theV+ bl,V+ cl andV+ bc con-
tributions, where l refers to a light jet that doesn’t contain
a heavy-flavour hadron or τ -lepton, and the V+ lf back-
ground consists of the remaining contribution where nei-
ther of the signal jets contain a heavy-flavour hadron.
In the 0-lepton channel a non-negligible component of
events contains a W → τν decay in which the τ -lepton
decays hadronically and is selected as one of the two sig-
nal jets. These jets are considered as light jets for the pur-
pose of assigning these events to the W+mf and W+ lf
background components.
Uncertainties in the V+ jets backgrounds due to nor-
malisation, acceptance, flavour-fractions and shapes are
evaluated using alternative Monte Carlo generator set-
ups. These include taking the same Sherpa set-up used
to generate the nominal V+ jets samples but varying
μr and μf by factors of one-half and two indepen-
dently, and separate samples generated using Mad-

Graph5_aMC@NLO [108] at leading order in QCD
with up to four additional partons in the matrix element
calculation, interfaced to PYTHIA8.
The normalisations of all the W + jets and Z + jets com-
ponents are free to float in the likelihood fit to data. The
W+ lf and Z + lf components float independently in the

2-jet and 3-jet signal regions. The Z + hf, Z +mf and
Z + lf components float independently in the two pVT
regions. The normalisations of the V+ lf backgrounds
are constrained by the 0-c-tag control regions, while
the V+ hf and V+mf components are constrained by
the signal regions and high-�R control regions. Uncer-
tainties are included to account for acceptance effects
between number-of-jet categories and lepton channels.
Uncertainties in the relative contributions of the compo-
nents of the V+ hf, V+mf and V+ lf backgrounds are
found to be consistent between lepton channels, so one
uncertainty per component is used, taken from the lepton
channel which offers the most precise estimate.
Shape uncertainties are derived in each analysis region
and channel, separately for W+ jets and Z+ jets, with an
uncertainty being included for each of the three compar-
isons performed, namely the comparisons between the
nominal Sherpa sample and the μr and μf variations,
and the comparison with MadGraph5_aMC@NLO+

Pythia8. The comparison between Sherpa and
MadGraph5_aMC@NLO+Pythia8 is performed in a
two-step process. First, a comparison is made in the high-
�R control region, with differences in both the shape and
normalisation between the two models propagated to the
signal regions in a correlated way. Second, the Sherpa

model is weighted such that the two models agree in
the high-�R control region and any residual difference
between the two models in the signal regions is included
as a shape-only uncertainty.

Top-quark background The top-quark background
comprises t t̄ and single-top-quark events. In the 2-lepton
channel, the normalisation of this background in each
signal region is determined using the corresponding top
control region described in Sect. 4.2. Due to the small
size of this background, no shape uncertainties are con-
sidered.
In the 0- and 1-lepton channels, where this background
is larger, t t̄ and single-top Wt-channel events are divided
into two components based on the flavours of the two sig-
nal jets: top(b) events, in which at least one of the signal
jets originates from a b-quark; and top(other) events. For
the latter component, the two signal jets are mostly pro-
duced in the decay of aW boson and therefore their invari-
ant mass peaks at the W -boson mass, while for the former
component it does not. The normalisations of these two
components are free to float separately in the global like-
lihood fit, with information from the top control regions
contributing significantly. The background from t- and s-
channel single-top-quark production is small and is con-
sidered separately, with uncertainties in the t-channel and
s-channel production cross-sections included.
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Acceptance and shape uncertainties are derived sepa-
rately for each component by comparing the nominal
Powheg+Pythia8 t t̄ and single-top MC samples with
alternative samples, generated using Powheg+Herwig7

andMadGraph5_aMC@NLO+Pythia8 [108]. In addi-
tion, the impact of additional radiation is assessed using
Powheg+Pythia8 samples with modified parameter
values. Uncertainties are included to cover differences
in the normalisation between lepton channels, between
number-of-jets categories, and between the signal regions
and top control regions. The dominant single-top contri-
bution comes from Wt production. The estimated uncer-
tainty in the relative contributions of t t̄ and Wt events
to the total top-quark background is included, as is an
uncertainty due to the interference between t t̄ and Wt
events, evaluated using an alternative Wt MC sample in
which the t t̄/Wt interference is dealt with using the dia-
gram subtraction scheme instead of the diagram removal
scheme used in the nominal Wt sample [109,110].
Shape differences in each of the various MC sample com-
parisons are considered as separate shape uncertainties.
Shape uncertainties are derived for each component of
the total top-quark background, top(b) and top(other),
separately for t t̄ and Wt events.

Multi-jet Uncertainties in the multi-jet background are
evaluated separately in the electron and muon sub-
channels. Normalisation and shape uncertainties are
derived by changing the definition of the multi-jet control
region and by modifying the normalisation of the t t̄ and
W+jets backgrounds in this control region by up to 25%.
Additionally, the impact of using an alternative variable
instead of mW

T , namely the azimuthal angle between the
charged lepton and Emiss

T , �φ(�, Emiss
T ), in the template

fit is considered as an uncertainty.

6 Statistical analysis and results

A binned maximum-likelihood fit to the mcc distribution is
performed across the 44 analysis regions to extract three
parameters of interest (POI), μ. The parameters of inter-
est, μV H(cc̄), μVW (cq) and μV Z(cc̄), correspond to signal
strengths that multiply the SM cross-sections times branch-
ing fractions of the V H(→ cc̄), VW (→ cq) and V Z(→ cc̄)
processes, and are extracted by maximising the likelihood
function with respect to both μ and nuisance parameters,
which account for the systematic uncertainties discussed
in Sect. 5. Uncertainties are constrained with Gaussian or
log-normal distributions in the likelihood function with the
exception of the normalisations of the V+ jets and top-quark
backgrounds, which are allowed to float freely in the fit. The
uncertainties due to the limited number of events in the simu-

lated samples used in the fit are included using the Beeston–
Barlow technique [111] for the total MC prediction, exclud-
ing the V H(cc̄) signal. Systematic uncertainties that exhibit
large fluctuations are smoothed and uncertainties with neg-
ligible impact on the final results are ‘pruned’ following the
procedures outlined in Ref. [112].

The V H(→ bb̄) background, expected to be about eight
(two) times larger than the SM H → cc̄ signal in the 1-
c-tag (2-c-tag) signal regions, is included in the likelihood
function with uncertainties; however, at the present level of
signal sensitivity it does not significantly impact the search
for V H(→ cc̄).

The mcc resolution is studied using simulation in the 2-
lepton channel and its value is 10–20 GeV depending on
the signal region. The resolution is better in the 2-jet signal
regions than those with more than two jets, and better in the
2-c-tag signal regions than the 1-c-tag signal regions. In the
2-lepton channel, the resolution in the pVT > 150 GeV signal

regions is better than in the 75 GeV < pVT < 150 GeV signal
regions. The following mcc ranges and uniform binnings are
used in the various signal and control regions:

• 16 bins from 50 to 210 GeV in the signal regions and 0-
and 1-lepton top control regions, with the exception of
the 2-lepton, 2-c-tag, pVT > 150 GeV signal regions.

• 9 (10) bins from 50 to 185 (200) GeV in the 2-lepton,
2-c-tag, pVT > 150 GeV, 2-jet (3-jet) signal region.

• 13 bins from 80 to 340 GeV in each of the high-�R
control regions, with the exception of the 2-lepton, 2-c-
tag, pVT > 150 GeV high-�R regions, where 9 bins from
80 to 350 GeV are used.

• A single bin from 50 to 210 GeV in each of the 0-c-tag
control regions and 2-lepton top control regions.

Selected post-fit mcc distributions, where all normalisa-
tions and nuisance parameters are adjusted by the likelihood
fit, are shown in Fig. 1 for the 0-, 1-, and 2-lepton channels.
Post-fit distributions for the remaining analysis regions can
be found in the Appendix. Table 4 shows the values of the
free-floating background normalisation parameters obtained
from the likelihood fit to data. The fitted signal strengths are:

μV H(cc̄) = −9 ±10(stat.) ±12(syst.)
μVW (cq) = 0.83 ±0.11(stat.) ±0.21(syst.)
μV Z(cc̄) = 1.16 ±0.32(stat.) ±0.36(syst.).

The correlation between μV H(cc̄) and μVW (cq) (μV Z(cc̄))

is 17% (16%), while μVW (cq) and μV Z(cc̄) are 17% anti-
correlated. The probability of compatibility with the SM,
defined as all three POIs being equal to unity, is 84%. The
observed (expected) significances of the VW (→ cq) and
V Z(→ cc̄) signals are 3.8 (4.6) and 2.6 (2.2) standard
deviations, respectively. For the μV H(cc̄) signal strength,
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Fig. 1 Post-fit distributions for six selected signal regions out of 44
analysis regions, with two jets and pVT > 150 GeV for the 0-lepton
(left), 1-lepton (centre), and 2-lepton (right) channels, with one c-tag
(top) and two c-tags (bottom). The total signal-plus-background pre-
diction is shown by the solid black line and includes the H → cc̄ signal

scaled to the best-fit value of μV H(cc̄) = −9. The H → cc̄ signal is also
shown as an unfilled histogram scaled to 300 times the SM prediction.
The post-fit uncertainty is shown as the hatched background. The ratio
of the data to the sum of the post-fit signal plus background is shown
in the lower panel

an upper limit of 26 (31+12
−8 ) is observed (expected) at

95% CL using a modified frequentist CLs method [113],
with the profile-likelihood ratio as the test statistic [114],
using the RooFit/RooStats framework [115,116]. The
limits for the three lepton channels are summarised in
Fig. 2.

The effects of systematic uncertainties are summarised in
Table 5. For each POI, the statistical uncertainty is obtained
from a fit in which all nuisance parameters are fixed to their
post-fit values. The total systematic uncertainty is found
by subtracting the squared statistical uncertainty from the
squared total uncertainty, i.e. σsyst. = (σ 2

tot. −σ 2
stat.)

1/2. Sim-
ilarly, the impact of a subset of the systematic uncertainties
is assessed by performing the fit with only their nuisance
parameters fixed to their post-fit values. For each POI, the
impact is then computed as the square root of the decrease
in the squared uncertainty of that POI between the nominal
fit and the fit with the nuisance parameters fixed. Despite
the additional uncertainties it introduces, the use of truth-
flavour tagging improves the expected limit on μV H(cc̄) by

about 10% due to the improved statistical precision in the
MC predictions.

The improvements in this analysis relative to the previous
ATLAS search for ZH, H → cc̄ [16] are quantified by per-
forming a fit in the 2-lepton channel to the 2015–2016 data,
corresponding to 36 fb−1. Using the same signal regions as
the previous analysis a 36% improvement in the expected
limit is found, with most of the improvement due to better
flavour-tagging performance. After also including the new 2-
lepton signal and control regions introduced in this analysis,
a 43% improvement in the expected limit is found. Adding
the full Run-2 dataset, along with the 0- and 1-lepton chan-
nels, the expected limit is improved by a factor of five in this
analysis, relative to the previous ATLAS search.

The mcc distributions for events with either one or two
c-tagged jets, summed over all channels and regions, after
background subtraction, and using the fitted signal strengths,
are shown in Fig. 3.

The best-fit value of the V H(→ cc̄) signal strength is
interpreted within the kappa framework [37,38], by reparam-
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Table 4 Values of the free-floating background normalisation param-
eters obtained from the likelihood fit to data. The uncertainties repre-
sent the combined statistical and systematic uncertainties. Unless other-
wise stated, normalisation parameters are correlated across all pVT and
number-of-jets analysis regions

Background pVT Jets Value

Top(b) 0.91 ± 0.06

Top(other) 0.94 ± 0.08

t t̄ (2-lepton) pVT > 150 GeV 2 0.76 ± 0.22

3 0.96 ± 0.13

75 < pVT < 150 GeV 2 1.08 ± 0.08

3 1.06 ± 0.07

W+ hf 1.16 ± 0.35

W+mf 1.28 ± 0.14

W+ lf 2 1.02 ± 0.04

3 0.97 ± 0.05

Z + hf pVT > 150 GeV 1.19 ± 0.22

75 < pVT < 150 GeV 1.25 ± 0.25

Z +mf pVT > 150 GeV 1.10 ± 0.15

75 < pVT < 150 GeV 1.11 ± 0.15

Z + lf pVT > 150 GeV 2 1.07 ± 0.03

3 1.08 ± 0.05

75 < pVT < 150 GeV 2 1.12 ± 0.04

3 1.07 ± 0.06

eterising μV H(cc̄) in the likelihood function in terms of the
Higgs–charm coupling modifier, κc, assuming that the cou-
pling modifier only affects the Higgs boson decays. Including
effects in both the partial and full width, considering only SM
decays and setting all other couplings to their SM predictions,
μV H(cc̄) is parameterised as a function of κc

μV H(cc̄)(κc) = κ2
c

1 + BSM
H→cc̄(κ

2
c − 1)

,

where BSM
H→cc̄ is the H → cc̄ branching fraction predicted

in the SM.
Constraints on κc are set using the profile-likelihood ratio

test statistic and are shown at 95% CL for each of the three
channels and for the combined likelihood fit in Fig. 4. The
combination allows an observed (expected) constraint of
|κc| < 8.5 (12.4) to be set at the 95% CL.

7 Combination with VH, H → bb̄

A combination of the analysis presented in this paper with
the ATLAS V H, H → bb̄ measurement [36] is performed
by creating a likelihood function that is the product of the
individual likelihood functions of the two analyses. Two
parameters of interest are used, μV H(cc̄) and μV H(bb̄) for the

0 20 40 60 80 100

)cVH(c
μ95% CL limit on 

σ 1±
σ 2±

Expected
Observed

ATLAS
-1=13 TeV, 139 fbs

c c→VH, H 

0 lepton
 SM×Exp.= 40 
 SM×Obs.= 35 

1 lepton
 SM×Exp.= 60 
 SM×Obs.= 50 

2 lepton
 SM×Exp.= 51 
 SM×Obs.= 49 

Combination
 SM×Exp.= 31 
 SM×Obs.= 26 

Fig. 2 The observed and expected 95% CL upper limits on the cross-
section times branching fraction normalized to its SM prediction in
each lepton channel and for the combined fit. The single-channel limits
are obtained using a five-POI fit, in which each channel has a separate
V H(→ cc̄) parameter of interest

V H, H → cc̄ and V H, H → bb̄ signal strengths, respec-
tively, and are included in both of the input likelihood func-
tions. The importance of including both signal strengths in
a combined likelihood was pointed out by Refs. [29,30].
Experimental systematic uncertainties that are common to
both analyses, detailed in Sect. 5.1, are considered corre-
lated between the two analyses, with the exception of the
flavour-tagging systematic uncertainties due to the different
calibration procedures used forb- and c-tagging. Background
normalisations and modelling uncertainties are considered
uncorrelated between the two analyses.

μV H(cc̄) = −9 ±10(stat.) ± 11(syst.)
μV H(bb̄) = 1.06 ±0.12(stat.)+0.15

−0.13(syst.)

with a correlation coefficient of −12%. The fitted signal
strengths are consistent with those found in the individual
analyses. The expected and observed best-fit values and their
68% and 95% CL contours are shown in Fig. 5.

Although the signal regions of the two analyses are orthog-
onal due to theb-tagging veto used in the c-tagging definition,
a small overlap of events occurs in the control regions used
in the two analyses. To test the impact of this, events that
appear in both analyses are removed from the V H, H → cc̄
control regions. The results are unchanged. Treating the nor-
malisations of the backgrounds as correlated between the
two analyses is also tested and does not affect the expected
sensitivity.

The best-fit values of μV H(bb̄) and μV H(cc̄) are interpreted
in the kappa framework by parameterising the likelihood
function in terms of both κb and κc, while setting all other
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Table 5 Breakdown of
contributions to the uncertainty
in the fitted values of μV H(cc̄),
μVW (cq) and μV Z(cc̄). The sum
in quadrature of uncertainties
from different sources may
differ from the total due to
correlations. In cases where the
upward and downward
systematic variations have
different values, the mean of the
absolute values is shown

Source of uncertainty μV H(cc̄) μVW (cq) μV Z(cc̄)

Total 15.3 0.24 0.48

Statistical 10.0 0.11 0.32

Systematic 11.5 0.21 0.36

Statistical uncertainties

Signal normalisation 7.8 0.05 0.23

Other normalisations 5.1 0.09 0.22

Theoretical and modelling uncertainties

V H(→ cc̄) 2.1 < 0.01 0.01

Z + jets 7.0 0.05 0.17

Top quark 3.9 0.13 0.09

W + jets 3.0 0.05 0.11

Diboson 1.0 0.09 0.12

V H(→ bb̄) 0.8 < 0.01 0.01

Multi-jet 1.0 0.03 0.02

Simulation samples size 4.2 0.09 0.13

Experimental uncertainties

Jets 2.8 0.06 0.13

Leptons 0.5 0.01 0.01

Emiss
T 0.2 0.01 0.01

Pile-up and luminosity 0.3 0.01 0.01

Flavour tagging c-jets 1.6 0.05 0.16

b-jets 1.1 0.01 0.03

light-jets 0.4 0.01 0.06

τ -jets 0.3 0.01 0.04

Truth-flavour tagging �R correction 3.3 0.03 0.10

Residual non-closure 1.7 0.03 0.10
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Fig. 3 The post-fit mcc distribution summed over all signal regions
after subtracting backgrounds, leaving only the V H(→ cc̄), VW (→
cq) and V Z(→ cc̄) processes, for events with a one c-tag and b two
c-tags. The red filled histogram corresponds to the V H, H → cc̄

signal for the fitted value of μV H(cc̄) = −9, while the open red his-
togram corresponds to the signal expected at the 95% CL upper limit
on μV H(cc̄) (μV H(cc̄) = 26). The hatched band shows the uncertainty
of the fitted background
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matches the order of the lines in the legend

0.6 0.8 1 1.2 1.4 1.6

)bVH(b
μ

100−

80−

60−

40−

20−

0
20
40
60
80

)c
VH

(c
μ

Expected 68% CL
Expected 95% CL
Observed 68% CL
Observed 95% CL

SM
Expected best-fit
Observed best-fit

ATLAS
-1 = 13 TeV, 139 fbs

c/cb b→VH, H 

Fig. 5 The observed and expected best fit values of μV H(cc̄) and
μV H(bb̄) with their 68% and 95% CL contours

couplings to their SM predictions and considering only SM
Higgs boson decays. Constraints on κb and κc are set using
the profile-likelihood ratio test statistic. The expected and
observed constraints are shown in Fig. 6a and b, respectively.
The likelihood function is symmetric relative to the sign of κc
but not to the sign of κb due to the inclusion of κb in the param-
eterisation of σ(gg → ZH) [117], resulting in two minima
in the expected likelihood scan. For most values of κb, a value
of κc is allowed at 95% CL that compensates for the effect
of κb via the width of the Higgs boson and vice versa. The
observed best-fit value is (κb, κc) = (−1.02, 0). The differ-

ence in the value of the log-likelhood function between the
best-fit value and (κb, κc) = (+1.02, 0) is 0.02. These con-
straints complement those from measurements of the Higgs
boson pT spectrum [27,118]. The ratio |κc/κb| is constrained
to be less than 4.5 at 95% CL (5.1 expected). The observed
value is smaller than the ratio of the b- and c-quark masses,
mb/mc = 4.578 ± 0.008 [119], and therefore constrains the
coupling of the Higgs boson to the charm quark to be weaker
than the coupling of the Higgs boson to the bottom quark at
95% CL. The profile likelihood scan, parameterised in terms
of κc/κb, with κb as a free parameter, is shown in Fig. 7.

8 Conclusion

A direct search for the decay of a Higgs boson to a charm
quark–antiquark pair has been performed using 139 fb−1 of
pp collision data recorded at

√
s = 13 TeV by the ATLAS

detector at the LHC. The search uses three channels, ZH →
ννcc̄, WH → �νcc̄ and ZH → ��cc̄. Signal events are
identified using a multivariate charm tagging algorithm.

To enhance the signal sensitivity, events are categorised
according to the pT of the reconstructed vector boson, the
number of jets and the number of c-tagged jets. The mcc

observable is used as the main discriminant in the likelihood
fit to extract the signal. The analysis strategy is validated
with the study of diboson production, which is found to be
consistent with the SM prediction, with observed (expected)
significances of 2.6 (2.2) standard deviations for the V Z(→
cc̄) process and 3.8 (4.6) standard deviations for the VW (→
cq) process.

The analysis yields an observed (expected) limit of
26 (31+12

−8 ) times the predicted SM cross-section times
branching fraction for a Higgs boson, with a mass of
125 GeV, decaying into a charm quark–antiquark pair, at the
95% confidence level, the most stringent limit to date. The
expected limit is a factor of five more stringent than in the
previous ATLAS search for ZH, H → cc̄, due to the larger
dataset, improved c-tagging, and inclusion of the 0- and 1-
lepton channels and additional signal and control regions.
The result is interpreted in the kappa framework, consider-
ing effects on the Higgs boson width and setting all other
couplings to their SM values, which results in an observed
(expected) constraint on the charm Yukawa coupling modi-
fier strength |κc| < 8.5 (12.4), at the 95% confidence level.

A combination with the ATLAS H → bb̄ measurement is
performed. Interpreted in the kappa framework the combina-
tion constrains the observed ratio |κc/κb| to be < 4.5 at the
95% confidence level. This is less than the ratio of the b- and
c-quark masses, mb/mc, and thus constrains the coupling of
the Higgs boson to the charm quark to be weaker than the
coupling of the Higgs boson to the bottom quark at the 95%
confidence level.
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Fig. 6 The a expected and b observed constraints on κc and κb at 68% and 95% confidence levels
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Fig. 7 Expected and observed values of the combined V H, H → cc̄
and V H, H → bb̄ negative profile log-likelihood ratio as a function of
κc/κb, where κb is a free parameter. The vertical green lines correspond
to the values of |κc/κb| for which the Higgs–charm and Higgs–bottom
couplings are equal, where each coupling strength |κi yi | is the product
of the κi modifier and the Yukawa coupling, yi , for i = b, c, and is
equal to mb/mc = 4.578 ± 0.008 [119]
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Appendix

Post-fit mcc distributions for 34 of the 44 analysis regions
used in the statistical analysis of the V H, H → cc̄ search
are shown in Figs. 8, 9, 10, 11, 12, 13 and 14. The
0-, 1- and 2-lepton signal regions are shown in Figs. 8, 9
and 10, respectively, with the corresponding high-�R con-
trol regions shown in Figs. 11, 12 and 13. The 0- and 1-lepton
top-quark control regions are shown in Fig. 14. Figures 15, 16
and 17 show the post-fit background composition, includ-
ing in control regions, for the 0-, 1- and 2-lepton channels,
respectively.
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Fig. 8 Post-fit distributions of the four 0-lepton signal regions. The
total signal-plus-background prediction is shown by the solid black
line and includes the H → cc̄ signal scaled to the best-fit value of
μV H(cc̄) = −9. The H → cc̄ signal is also shown as an unfilled his-

togram scaled to 300 times the SM prediction. The post-fit uncertainty
is shown as the hatched background including correlations between
uncertainties. The ratio of the data to the sum of the post-fit signal plus
background is shown in the lower panel

123



Eur. Phys. J. C           (2022) 82:717 Page 17 of 42   717 

2

4

6

8

10

12

14

16

18

20
310×

Ev
en

ts
 / 

10
 G

eV Data
Signal + Background

=1.16)μ) (c c→VZ(
=0.83)μ cq) (→VW(

top(other)
top(b)
multi-jet + other

hfW+
mfW+
lfW+

)b b→VH(
Uncertainty

 300×)c c→SM VH(

ATLAS
-1 = 13 TeV, 139 fbs

1 lepton, 2 jets, 1 c-tag
 150 GeV≥V

T
SR, p

60 80 100 120 140 160 180 200
 [GeV]ccm

0.9
0.95

1
1.05

1.1

D
at

a/
Pr

ed
.

2

4

6

8

10

12

14

16

18

310×

Ev
en

ts
 / 

10
 G

eV Data
Signal + Background

=1.16)μ) (c c→VZ(
=0.83)μ cq) (→VW(

top(other)
top(b)
multi-jet + other

hfW+
mfW+
lfW+

)b b→VH(
Uncertainty

 300×)c c→SM VH(

ATLAS
-1 = 13 TeV, 139 fbs

1 lepton, 3 jets, 1 c-tag
 150 GeV≥V

T
SR, p

60 80 100 120 140 160 180 200
 [GeV]ccm

0.9
0.95

1
1.05

1.1

D
at

a/
Pr

ed
.

50

100

150

200

250

300

350

400

450

Ev
en

ts
 / 

10
 G

eV Data
Signal + Background

=1.16)μ) (c c→VZ(
=0.83)μ cq) (→VW(

top(other)
top(b)
multi-jet + other

hfW+
mfW+
lfW+

)b b→VH(
Uncertainty

 300×)c c→SM VH(

ATLAS
-1 = 13 TeV, 139 fbs

1 lepton, 2 jets, 2 c-tags
 150 GeV≥V

T
SR, p

60 80 100 120 140 160 180 200
 [GeV]ccm

0.5
1

1.5

D
at

a/
Pr

ed
.

100

200

300

400

500

Ev
en

ts
 / 

10
 G

eV Data
Signal + Background

=1.16)μ) (c c→VZ(
=0.83)μ cq) (→VW(

top(other)
top(b)
multi-jet + other

hfW+
mfW+
lfW+

)b b→VH(
Uncertainty

 300×)c c→SM VH(

ATLAS
-1 = 13 TeV, 139 fbs

1 lepton, 3 jets, 2 c-tags
 150 GeV≥V

T
SR, p

60 80 100 120 140 160 180 200
 [GeV]ccm

0.5
1

1.5

D
at

a/
Pr

ed
.

Fig. 9 Post-fit distributions of the four 1-lepton signal regions. The
total signal-plus-background prediction is shown by the solid black
line and includes the H → cc̄ signal scaled to the best-fit value of
μV H(cc̄) = −9. The H → cc̄ signal is also shown as an unfilled his-

togram scaled to 300 times the SM prediction. The post-fit uncertainty
is shown as the hatched background including correlations between
uncertainties. The ratio of the data to the sum of the post-fit signal plus
background is shown in the lower panel
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Fig. 10 Post-fit distributions of the eight 2-lepton signal regions. The
total signal-plus-background prediction is shown by the solid black
line and includes the H → cc̄ signal scaled to the best-fit value of
μV H(cc̄) = −9. The H → cc̄ signal is also shown as an unfilled his-

togram scaled to 300 times the SM prediction. The post-fit uncertainty
is shown as the hatched background including correlations between
uncertainties. The ratio of the data to the sum of the post-fit signal plus
background is shown in the lower panel
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Fig. 11 Post-fit distributions of the four 0-lepton high-�R control
regions. The total signal-plus-background prediction is shown by the
solid black line and includes the H → cc̄ signal scaled to the best-
fit value of μV H(cc̄) = −9. The H → cc̄ signal is also shown as an

unfilled histogram scaled to 300 times the SM prediction. The post-fit
uncertainty is shown as the hatched background including correlations
between uncertainties. The ratio of the data to the sum of the post-fit
signal plus background is shown in the lower panel
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Fig. 12 Post-fit distributions of the four 1-lepton high-�R control
regions. The total signal-plus-background prediction is shown by the
solid black line and includes the H → cc̄ signal scaled to the best-
fit value of μV H(cc̄) = −9. The H → cc̄ signal is also shown as an

unfilled histogram scaled to 300 times the SM prediction. The post-fit
uncertainty is shown as the hatched background including correlations
between uncertainties. The ratio of the data to the sum of the post-fit
signal plus background is shown in the lower panel
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Fig. 13 Post-fit distributions of the eight 2-lepton high-�R control
regions. The total signal-plus-background prediction is shown by the
solid black line and includes the H → cc̄ signal scaled to the best-
fit value of μV H(cc̄) = −9. The H → cc̄ signal is also shown as an

unfilled histogram scaled to 300 times the SM prediction. The post-fit
uncertainty is shown as the hatched background including correlations
between uncertainties. The ratio of the data to the sum of the post-fit
signal plus background is shown in the lower panel
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Fig. 14 Post-fit distributions of the 0- and 1-lepton top control regions.
The total signal-plus-background prediction is shown by the solid black
line and includes the H → cc̄ signal scaled to the best-fit value of
μV H(cc̄) = −9. The H → cc̄ signal is also shown as an unfilled his-

togram scaled to 300 times the SM prediction. The post-fit uncertainty
is shown as the hatched background including correlations between
uncertainties. The ratio of the data to the sum of the post-fit signal plus
background is shown in the lower panel

Fig. 15 The background
composition in all 0-lepton
signal and control regions
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Fig. 16 The background
composition in all 1-lepton
signal and control regions
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Fig. 17 The background
composition in all 2-lepton
signal and control regions, for
events with
75 < pVT < 150 GeV (top) and
pVT > 150 GeV (bottom)

0.5

1

Ba
ck

gr
ou

nd
 fr

ac
tio

n

ATLAS
-1 = 13 TeV, 139 fbs

 < 150 GeVV
T

 p≤2 lepton, 75 GeV 

hfZ+ mfZ+ lfZ+
tt Wt single top s+t

hfW+ mfW+ lfW+
VV Bkg )c c→VZ(  cq)→VW(

0 
c-

ta
g 

C
R SR

R
 C

R
Δ

H
ig

h

SR

R
 C

R
Δ

H
ig

h

 C
R

μ
to

p 
e

0 
c-

ta
g 

C
R SR

R
 C

R
Δ

H
ig

h

SR

R
 C

R
Δ

H
ig

h

 C
R

μ
to

p 
e

0.6

0.8

1

1.2

1.4
D

at
a/

Pr
ed

.

2 jets 3 jets≥

1 c-tag 2 c-tag 1 c-tag 2 c-tag

Uncertainty

0.5

1

Ba
ck

gr
ou

nd
 fr

ac
tio

n

ATLAS
-1 = 13 TeV, 139 fbs

 150 GeV≥V
T

2 lepton, p

hfZ+ mfZ+ lfZ+
tt Wt single top s+t

hfW+ mfW+ lfW+
VV Bkg )c c→VZ(  cq)→VW(

0 
c-

ta
g 

C
R SR

R
 C

R
Δ

H
ig

h

SR

R
 C

R
Δ

H
ig

h

 C
R

μ
to

p 
e

0 
c-

ta
g 

C
R SR

R
 C

R
Δ

H
ig

h

SR

R
 C

R
Δ

H
ig

h

 C
R

μ
to

p 
e

0.6

0.8

1

1.2

1.4

D
at

a/
Pr

ed
.

2 jets 3 jets≥

1 c-tag 2 c-tag 1 c-tag 2 c-tag

Uncertainty

123



Eur. Phys. J. C           (2022) 82:717 Page 25 of 42   717 

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 1, 716 (2012). https://doi.org/10.1016/j.
physletb.2012.08.020. 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). https://doi.org/10.1016/j.physletb.2012.08.021.
arXiv:1207.7235 [hep-ex]

3. L. Evans, P. Bryant, L.H.C. Machine, JINST 3, S08001 (2008).
https://doi.org/10.1088/1748-0221/3/08/S08001

4. F. Englert, R. Brout, Broken symmetry and the mass of gauge
vector mesons. Phys. Rev. Lett. 13, 321 (1964). https://doi.org/
10.1103/PhysRevLett.13.321

5. P. Higgs, Broken symmetries, massless particles and gauge
fields. Phys. Lett. 12, 132 (1964). https://doi.org/10.1016/
0031-9163(64)91136-9

6. P.W. Higgs, Broken symmetries and the masses of gauge
bosons. Phys. Rev. Lett. 13, 508 (1964). https://doi.org/10.1103/
PhysRevLett.13.508

7. G.S. Guralnik, C.R. Hagen, T.W.B. Kibble, Global conservation
laws and massless particles. Phys. Rev. Lett. 13, 585 (1964).
https://doi.org/10.1103/PhysRevLett.13.585

8. ATLAS Collaboration, Cross-section measurements of the Higgs
boson decaying into a pair of τ -leptons in proton–proton col-
lisions at

√
s = 13 TeV with the ATLAS detector. Phys.

Rev. D 99, 072001 (2019). https://doi.org/10.1103/PhysRevD.99.
072001. arXiv:1811.08856 [hep-ex]

9. ATLAS Collaboration, Observation of H → bb̄ decays
and VH production with the ATLAS detector. Phys. Lett. B
786, 59 (2018). https://doi.org/10.1016/j.physletb.2018.09.013.
arXiv:1808.08238 [hep-ex]

10. ATLAS Collaboration, Observation of Higgs boson production
in association with a top quark pair at the LHC with the ATLAS
detector. Phys. Lett. B 784, 173 (2018). https://doi.org/10.1016/
j.physletb.2018.07.035. arXiv:1806.00425 [hep-ex]

11. CMS Collaboration, Observation of the Higgs boson decay
to a pair of τ leptons with the CMS detector. Phys. Lett. B
779, 283 (2018). https://doi.org/10.1016/j.physletb.2018.02.004.
arXiv:1708.00373 [hep-ex]

12. CMS Collaboration, Observation of t t̄ H production. Phys. Rev.
Lett. 120, 231801 (2018). https://doi.org/10.1103/PhysRevLett.
120.231801. arXiv:1804.02610 [hep-ex]

13. CMS Collaboration, Observation of Higgs boson decay to bottom
quarks. Phys. Rev. Lett. 121, 121801 (2018). https://doi.org/10.
1103/PhysRevLett.121.121801. arXiv:1808.08242 [hep-ex]

14. CMS Collaboration, Evidence for Higgs boson decay to a
pair of muons. JHEP 01, 148 (2021). https://doi.org/10.1007/
JHEP01(2021)148. arXiv:2009.04363 [hep-ex]

15. ATLAS Collaboration, A search for the dimuon decay of the Stan-
dard Model Higgs boson with the ATLAS detector. Phys. Lett.
B 812, 135980 (2021). https://doi.org/10.1016/j.physletb.2020.
135980. arXiv:2007.07830 [hep-ex]

16. ATLAS Collaboration, Search for the decay of the Higgs boson
to charm quarks with the ATLAS experiment. Phys. Rev. Lett.
120, 211802 (2018). https://doi.org/10.1103/PhysRevLett.120.
211802. arXiv:1802.04329 [hep-ex]

17. CMS Collaboration, A search for the standard model Higgs boson
decaying to charm quarks. JHEP 03, 131 (2020). https://doi.org/
10.1007/JHEP03(2020)131. arXiv:1912.01662 [hep-ex]

18. ATLAS Collaboration, Search for the Higgs boson decays H →
ee and H → eμ in pp collisions at

√
s = 13 TeV with the

ATLAS detector. Phys. Lett. B 801, 135148 (2020). https://doi.
org/10.1016/j.physletb.2019.135148. arXiv:1909.10235 [hep-ex]

19. CMS Collaboration, Search for a standard model-like Higgs boson
in the μ+μ− and e+e− decay channels at the LHC. Phys. Lett. B
744, 184 (2015). https://doi.org/10.1016/j.physletb.2015.03.048.
arXiv:1410.6679 [hep-ex]

20. ATLAS Collaboration, Search for exclusive Higgs and Z
boson decays to φγ and ργ with the ATLAS detector.
JHEP 07, 127 (2018). https://doi.org/10.1007/JHEP07(2018)127.
arXiv:1712.02758 [hep-ex]

21. ATLAS Collaboration, Searches for exclusive Higgs and Z boson
decays into J/ψγ,ψ(2S)γ and γ (nS)γ at

√
s = 13 TeV with

the ATLAS detector. Phys. Lett. B 786, 134 (2018). https://doi.
org/10.1016/j.physletb.2018.09.024. arXiv:1807.00802 [hep-ex]

22. CMS Collaboration, Search for decays of the 125 GeV
Higgs boson into a Z boson and a ρ or φ meson. JHEP
11, 039 (2020). https://doi.org/10.1016/j.physletb.2018.09.024.
arXiv:2007.05122 [hep-ex]

23. CMS Collaboration, Search for rare decays of Z and Higgs bosons
to J/ψ and a photon in proton-proton collisions at

√
s = 13

TeV. Eur. Phys. J. C 79, 94 (2019). https://doi.org/10.1007/
JHEP11(2020)039. arXiv:1810.10056 [hep-ex]

24. G. Bodwin, F. Petriello, S. Stoynev, M. Velasco, Higgs
boson decays to quarkonia and the Hc̄c coupling. Phys.
Rev. D 88, 053003 (2013). https://doi.org/10.1140/epjc/
s10052-019-6562-5. arXiv:1306.5770 [hep-ph]

25. A.L. Kagan et al., Exclusive window onto Higgs Yukawa cou-
plings. Phys. Rev. Lett. 114, 101802 (2015). https://doi.org/10.
1103/PhysRevD.88.053003. arXiv:1406.1722 [hep-ph]

26. Y. Soreq, H.X. Zhu, J. Zupan, Light quark Yukawa couplings from
Higgs kinematics. JHEP 12, 045 (2016). https://doi.org/10.1103/
PhysRevLett.114.101802. arXiv:1606.09621 [hep-ph]

27. ATLAS Collaboration, Measurements of the Higgs boson inclu-
sive and differential fiducial cross-sections in the diphoton decay
channel with 139 fb−1 of pp collisions at

√
s = 13 TeV with the

ATLAS detector, CERN-EP-2021-227 (2022). arXiv:2202.00487
[hep-ex]

28. A. Djouadi, J. Kalinowski, M. Spira, HDECAY: a program for
Higgs boson decays in the Standard Model and its supersymmetric
extension. Comput. Phys. Commun. 108, 56 (1998). https://doi.
org/10.1016/S0010-4655(97)00123-9. arXiv:hep-ph/9704448

29. C. Delaunay, T. Golling, G. Perez, Y. Soreq, Enhanced Higgs
boson coupling to charm pairs. Phys. Rev. D 89, 033014 (2014).
https://doi.org/10.1103/PhysRevD.89.033014

30. G. Perez, Y. Soreq, E. Stamou, K. Tobioka, Constraining the charm
Yukawa and Higgs-quark coupling universality. Phys. Rev. D 92,
033016 (2015). https://doi.org/10.1103/PhysRevD.92.033016

31. F. Botella, G. Branco, M. Rebelo, J. Silva-Marcos, What if the
masses of the first two quark families are not generated by the stan-
dard model Higgs boson? Phys. Rev. D 94, 115031 (2016). https://
doi.org/10.1103/PhysRevD.94.115031. arXiv:1602.08011 [hep-
ph]

32. S. Bar-Shalom, A. Soni, Universally enhanced light-quarks
Yukawa couplings paradigm. Phys. Rev. D 98, 055001 (2018).
https://doi.org/10.1103/PhysRevD.98.055001

33. D. Ghosh, R.S. Gupta, G. Perez, Is the Higgs mechanism
of fermion mass generation a fact? A Yukawa-less first-two-
generation model. Phys. Lett. B 755, 504 (2016). https://doi.org/
10.1016/j.physletb.2016.02.059. (issn: 0370-2693)

34. D. Egana-Ugrinovic, S. Homiller, P.R. Meade, Aligned and
spontaneous flavor violation. Phys. Rev. Lett. 123, 031802
(2019). https://doi.org/10.1103/PhysRevLett.123.031802.
arXiv:1811.00017 [hep-ph]

35. D. Egana-Ugrinovic, S. Homiller, P.R. Meade, Higgs bosons
with large couplings to light quarks. Phys. Rev. D 100,
115041 (2019). https://doi.org/10.1103/PhysRevD.100.115041.
arXiv:1908.11376 [hep-ph]

123

https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
http://arxiv.org/abs/1207.7214
https://doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235
https://doi.org/10.1088/1748-0221/3/08/S08001
https://doi.org/10.1103/PhysRevLett.13.321
https://doi.org/10.1103/PhysRevLett.13.321
https://doi.org/10.1016/0031-9163(64)91136-9
https://doi.org/10.1016/0031-9163(64)91136-9
https://doi.org/10.1103/PhysRevLett.13.508
https://doi.org/10.1103/PhysRevLett.13.508
https://doi.org/10.1103/PhysRevLett.13.585
https://doi.org/10.1103/PhysRevD.99.072001
https://doi.org/10.1103/PhysRevD.99.072001
http://arxiv.org/abs/1811.08856
https://doi.org/10.1016/j.physletb.2018.09.013
http://arxiv.org/abs/1808.08238
https://doi.org/10.1016/j.physletb.2018.07.035
https://doi.org/10.1016/j.physletb.2018.07.035
http://arxiv.org/abs/1806.00425
https://doi.org/10.1016/j.physletb.2018.02.004
http://arxiv.org/abs/1708.00373
https://doi.org/10.1103/PhysRevLett.120.231801
https://doi.org/10.1103/PhysRevLett.120.231801
http://arxiv.org/abs/1804.02610
https://doi.org/10.1103/PhysRevLett.121.121801
https://doi.org/10.1103/PhysRevLett.121.121801
http://arxiv.org/abs/1808.08242
https://doi.org/10.1007/JHEP01(2021)148
https://doi.org/10.1007/JHEP01(2021)148
http://arxiv.org/abs/2009.04363
https://doi.org/10.1016/j.physletb.2020.135980
https://doi.org/10.1016/j.physletb.2020.135980
http://arxiv.org/abs/2007.07830
https://doi.org/10.1103/PhysRevLett.120.211802
https://doi.org/10.1103/PhysRevLett.120.211802
http://arxiv.org/abs/1802.04329
https://doi.org/10.1007/JHEP03(2020)131
https://doi.org/10.1007/JHEP03(2020)131
http://arxiv.org/abs/1912.01662
https://doi.org/10.1016/j.physletb.2019.135148
https://doi.org/10.1016/j.physletb.2019.135148
http://arxiv.org/abs/1909.10235
https://doi.org/10.1016/j.physletb.2015.03.048
http://arxiv.org/abs/1410.6679
https://doi.org/10.1007/JHEP07(2018)127
http://arxiv.org/abs/1712.02758
https://doi.org/10.1016/j.physletb.2018.09.024
https://doi.org/10.1016/j.physletb.2018.09.024
http://arxiv.org/abs/1807.00802
https://doi.org/10.1016/j.physletb.2018.09.024
http://arxiv.org/abs/2007.05122
https://doi.org/10.1007/JHEP11(2020)039
https://doi.org/10.1007/JHEP11(2020)039
http://arxiv.org/abs/1810.10056
https://doi.org/10.1140/epjc/s10052-019-6562-5
https://doi.org/10.1140/epjc/s10052-019-6562-5
http://arxiv.org/abs/1306.5770
https://doi.org/10.1103/PhysRevD.88.053003
https://doi.org/10.1103/PhysRevD.88.053003
http://arxiv.org/abs/1406.1722
https://doi.org/10.1103/PhysRevLett.114.101802
https://doi.org/10.1103/PhysRevLett.114.101802
http://arxiv.org/abs/1606.09621
http://arxiv.org/abs/2202.00487
https://doi.org/10.1016/S0010-4655(97)00123-9
https://doi.org/10.1016/S0010-4655(97)00123-9
http://arxiv.org/abs/hep-ph/9704448
https://doi.org/10.1103/PhysRevD.89.033014
https://doi.org/10.1103/PhysRevD.92.033016
https://doi.org/10.1103/PhysRevD.94.115031
https://doi.org/10.1103/PhysRevD.94.115031
http://arxiv.org/abs/1602.08011
https://doi.org/10.1103/PhysRevD.98.055001
https://doi.org/10.1016/j.physletb.2016.02.059
https://doi.org/10.1016/j.physletb.2016.02.059
https://doi.org/10.1103/PhysRevLett.123.031802
http://arxiv.org/abs/1811.00017
https://doi.org/10.1103/PhysRevD.100.115041
http://arxiv.org/abs/1908.11376


  717 Page 26 of 42 Eur. Phys. J. C           (2022) 82:717 

36. ATLAS Collaboration, Measurements ofWH and ZH production
in the H → bb̄ decay channel in pp collisions at 13 TeV with the
ATLAS detector. Eur. Phys. J. C 81, 178 (2021). https://doi.org/
10.1140/epjc/s10052-020-08677-2. arXiv:2007.02873 [hep-ex]

37. LHC Higgs Cross Section Working Group, S. Heinemeyer,
C. Mariotti, G. Passarino and R. Tanaka (Eds.), Handbook
of LHC Higgs Cross Sections: 3. Higgs Properties, CERN-
2013-004 (2013). https://doi.org/10.5170/CERN-2013-004.
arXiv:1307.1347 [hep-ph]

38. LHC Higgs Cross Section Working Group, D. de Florian,
C. Grojean, F. Maltoni, C. Mariotti, A. Nikitenko, M. Pieri,
P. Savard, M. Schumacher, R. Tanaka (Eds.), Handbook of
LHC Higgs Cross Sections: 4. Deciphering the Nature of the
Higgs Sector, CERN-2017-002 (2016). https://doi.org/10.23731/
CYRM-2017-002. arXiv:1610.07922 [hep-ph]

39. ATLAS Collaboration, The ATLAS Experiment at the CERN
Large Hadron Collider. JINST 3, S08003 (2008). https://doi.org/
10.1088/1748-0221/3/08/S08003

40. ATLAS Collaboration, Operation of the ATLAS trigger system
in Run 2. JINST 15, P10004 (2020). https://doi.org/10.1088/
1748-0221/15/10/P10004. arXiv:2007.12539 [hep-ex]

41. ATLAS Collaboration, The ATLAS Collaboration Software and
Firmware, ATL-SOFT-PUB-2021-001 (2021). https://cds.cern.
ch/record/2767187

42. ATLAS Collaboration, Performance of the missing transverse
momentum triggers for the ATLAS detector during Run-2
data taking. JHEP 08, 080 (2020). https://doi.org/10.1007/
JHEP08(2020)080. arXiv:2005.09554 [hep-ex]

43. ATLAS Collaboration, Performance of electron and photon
triggers in ATLAS during LHC Run 2. Eur. Phys. J. C
80, 47 (2020). https://doi.org/10.1140/epjc/s10052-019-7500-2.
arXiv:1909.00761 [hep-ex]

44. ATLAS Collaboration, Performance of the ATLAS muon trig-
gers in Run 2. JINST 15, P09015 (2020). https://doi.org/10.1088/
1748-0221/15/09/p09015. arXiv:2004.13447 [hep-ex]

45. ATLAS Collaboration, ATLAS data quality operations and
performance for 2015–2018 data-taking. JINST 15, P04003
(2020). https://doi.org/10.1088/1748-0221/15/04/P04003.
arXiv:1911.04632 [physics.ins-det]

46. ATLAS Collaboration, Luminosity determination in pp collisions
at

√
s = 13 TeV using the ATLAS detector at the LHC, ATLAS-

CONF-2019-021 (2019). https://cds.cern.ch/record/2677054
47. ATLAS Collaboration, The ATLAS Simulation Infrastructure.

Eur. Phys. J. C 70, 823 (2010). https://doi.org/10.1140/epjc/
s10052-010-1429-9. arXiv:1005.4568 [physics.ins-det]

48. GEANT4 Collaboration, S. Agostinelli et al., Geant4-a simulation
toolkit, Nucl. Instrum. Methods A 506, 250 (2003). https://doi.
org/10.1016/S0168-9002(03)01368-8

49. T. Sjöstrand, S. Mrenna, P. Skands, A brief introduction to
PYTHIA 8.1. Comput. Phys. Commun. 178, 852 (2008). https://
doi.org/10.1016/j.cpc.2008.01.036. arXiv:0710.3820 [hep-ph]

50. R.D. Ball et al., Parton distributions with LHC data. Nucl. Phys.
B 867, 244 (2013). https://doi.org/10.1016/j.nuclphysb.2012.10.
003. arXiv:1207.1303 [hep-ph]

51. 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

52. D.J. Lange, The EvtGen particle decay simulation package. Nucl.
Instrum. Methods A 462, 152 (2001). https://doi.org/10.1016/
S0168-9002(01)00089-4

53. T. Gleisberg et al., Event generation with SHERPA 1.1. JHEP
02, 007 (2009). https://doi.org/10.1088/1126-6708/2009/02/007.
arXiv:0811.4622 [hep-ph]

54. S. Höche, F. Krauss, S. Schumann, F. Siegert, QCD matrix ele-
ments and truncated showers. JHEP 05, 053 (2009). https://doi.
org/10.1088/1126-6708/2009/05/053. arXiv:0903.1219 [hep-ph]

55. F. Cascioli, P. Maierhöfer, S. Pozzorini, Scattering amplitudes
with open loops. Phys. Rev. Lett. 108, 111601 (2012). https://doi.
org/10.1103/PhysRevLett.108.111601. arXiv:1111.5206 [hep-
ph]

56. S. Frixione, P. Nason, C. Oleari, Matching NLO QCD compu-
tations with parton shower simulations: the POWHEG method.
JHEP 11, 070 (2007). https://doi.org/10.1088/1126-6708/2007/
11/070. arXiv:0709.2092 [hep-ph]

57. S. Alioli, P. Nason, C. Oleari, E. Re, A general framework for
implementing NLO calculations in shower Monte Carlo pro-
grams: the POWHEG BOX. JHEP 06, 043 (2010). https://doi.
org/10.1007/JHEP06(2010)043. arXiv:1002.2581 [hep-ph]

58. R.D. Ball et al., Parton distributions for the LHC run II.
JHEP 04, 040 (2015). https://doi.org/10.1007/JHEP04(2015)040.
arXiv:1410.8849 [hep-ph]

59. T. Sjöstrand et al., An introduction to PYTHIA 8.2. Comput.
Phys. Commun. 191, 159 (2015). https://doi.org/10.1016/j.cpc.
2015.01.024. arXiv:1410.3012 [hep-ph]

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

√
s = 7 TeV

with the ATLAS detector. JHEP 09, 145 (2014). https://doi.org/
10.1007/JHEP09(2014)145. arXiv:1406.3660 [hep-ex]

61. 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). https://doi.org/10.1103/
PhysRevD.68.073003. arXiv:hep-ph/0306234

62. O. Brein, A. Djouadi, R. Harlander, NNLO QCD corrections to
the Higgs-strahlung processes at hadron colliders. Phys. Lett. B
579, 149 (2004). https://doi.org/10.1016/j.physletb.2003.10.112.
arXiv:hep-ph/0307206

63. O. Brein, R. Harlander, M. Wiesemann, T. Zirke, Top-quark medi-
ated effects in hadronic Higgs-Strahlung. Eur. Phys. J. C 72,
1868 (2012). https://doi.org/10.1140/epjc/s10052-012-1868-6.
arXiv:1111.0761 [hep-ph]

64. 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. Com-
mun. 195, 161 (2015). https://doi.org/10.1016/j.cpc.2015.04.021.
arXiv:1412.5390 [hep-ph]

65. O. Brein, R.V. Harlander, T.J.E. Zirke, vh@nnlo-Higgs
Strahlung at hadron colliders. Comput. Phys. Commun.
184, 998 (2013). https://doi.org/10.1016/j.cpc.2012.11.002.
arXiv:1210.5347 [hep-ph]

66. G. Cullen et al., Automated one-loop calculations with gosam.
Eur. Phys. J. C 72, 1889 (2012). https://doi.org/10.1140/epjc/
s10052-012-1889-1. arXiv:1111.2034 [hep-ph]

67. K. Hamilton, P. Nason, G. Zanderighi, MINLO: multi-scale
improved NLO. JHEP 10, 155 (2012). https://doi.org/10.1007/
JHEP10(2012)155. arXiv:1206.3572 [hep-ph]

68. G. Luisoni, P. Nason, C. Oleari, F. Tramontano, HW±/HZ + 0
and 1 jet at NLO with the POWHEG BOX interfaced to GoSam
and their merging within MiNLO. JHEP 10, 083 (2013). https://
doi.org/10.1007/JHEP10(2013)083. arXiv:1306.2542 [hep-ph]

69. 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). https://doi.org/10.1007/
JHEP02(2013)078. arXiv:1211.5015 [hep-ph]

70. R.V. Harlander, A. Kulesza, V. Theeuwes, T. Zirke, Soft
gluon resummation for gluon-induced Higgs Strahlung. JHEP
11, 082 (2014). https://doi.org/10.1007/JHEP11(2014)082.
arXiv:1410.0217 [hep-ph]

71. S. Frixione, P. Nason, G. Ridolfi, A positive-weight next-to-
leading-order Monte Carlo for heavy flavour hadroproduction.

123

https://doi.org/10.1140/epjc/s10052-020-08677-2
https://doi.org/10.1140/epjc/s10052-020-08677-2
http://arxiv.org/abs/2007.02873
https://doi.org/10.5170/CERN-2013-004
http://arxiv.org/abs/1307.1347
https://doi.org/10.23731/CYRM-2017-002
https://doi.org/10.23731/CYRM-2017-002
http://arxiv.org/abs/1610.07922
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1088/1748-0221/15/10/P10004
https://doi.org/10.1088/1748-0221/15/10/P10004
http://arxiv.org/abs/2007.12539
https://cds.cern.ch/record/2767187
https://cds.cern.ch/record/2767187
https://doi.org/10.1007/JHEP08(2020)080
https://doi.org/10.1007/JHEP08(2020)080
http://arxiv.org/abs/2005.09554
https://doi.org/10.1140/epjc/s10052-019-7500-2
http://arxiv.org/abs/1909.00761
https://doi.org/10.1088/1748-0221/15/09/p09015
https://doi.org/10.1088/1748-0221/15/09/p09015
http://arxiv.org/abs/2004.13447
https://doi.org/10.1088/1748-0221/15/04/P04003
http://arxiv.org/abs/1911.04632
https://cds.cern.ch/record/2677054
https://doi.org/10.1140/epjc/s10052-010-1429-9
https://doi.org/10.1140/epjc/s10052-010-1429-9
http://arxiv.org/abs/1005.4568
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://doi.org/10.1016/j.nuclphysb.2012.10.003
http://arxiv.org/abs/1207.1303
https://cds.cern.ch/record/2206965
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1088/1126-6708/2009/02/007
http://arxiv.org/abs/0811.4622
https://doi.org/10.1088/1126-6708/2009/05/053
https://doi.org/10.1088/1126-6708/2009/05/053
http://arxiv.org/abs/0903.1219
https://doi.org/10.1103/PhysRevLett.108.111601
https://doi.org/10.1103/PhysRevLett.108.111601
http://arxiv.org/abs/1111.5206
https://doi.org/10.1088/1126-6708/2007/11/070
https://doi.org/10.1088/1126-6708/2007/11/070
http://arxiv.org/abs/0709.2092
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1007/JHEP06(2010)043
http://arxiv.org/abs/1002.2581
https://doi.org/10.1007/JHEP04(2015)040
http://arxiv.org/abs/1410.8849
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
http://arxiv.org/abs/1410.3012
https://doi.org/10.1007/JHEP09(2014)145
https://doi.org/10.1007/JHEP09(2014)145
http://arxiv.org/abs/1406.3660
https://doi.org/10.1103/PhysRevD.68.073003
https://doi.org/10.1103/PhysRevD.68.073003
http://arxiv.org/abs/hep-ph/0306234
https://doi.org/10.1016/j.physletb.2003.10.112
http://arxiv.org/abs/hep-ph/0307206
https://doi.org/10.1140/epjc/s10052-012-1868-6
http://arxiv.org/abs/1111.0761
https://doi.org/10.1016/j.cpc.2015.04.021
http://arxiv.org/abs/1412.5390
https://doi.org/10.1016/j.cpc.2012.11.002
http://arxiv.org/abs/1210.5347
https://doi.org/10.1140/epjc/s10052-012-1889-1
https://doi.org/10.1140/epjc/s10052-012-1889-1
http://arxiv.org/abs/1111.2034
https://doi.org/10.1007/JHEP10(2012)155
https://doi.org/10.1007/JHEP10(2012)155
http://arxiv.org/abs/1206.3572
https://doi.org/10.1007/JHEP10(2013)083
https://doi.org/10.1007/JHEP10(2013)083
http://arxiv.org/abs/1306.2542
https://doi.org/10.1007/JHEP02(2013)078
https://doi.org/10.1007/JHEP02(2013)078
http://arxiv.org/abs/1211.5015
https://doi.org/10.1007/JHEP11(2014)082
http://arxiv.org/abs/1410.0217


Eur. Phys. J. C           (2022) 82:717 Page 27 of 42   717 

JHEP 09, 126 (2007). https://doi.org/10.1088/1126-6708/2007/
09/126. arXiv:0707.3088 [hep-ph]

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

73. M. Beneke, P. Falgari, S. Klein, C. Schwinn, Hadronic top-quark
pair production with NNLL threshold resummation. Nucl. Phys.
B 855, 695 (2012). https://doi.org/10.1016/j.nuclphysb.2011.10.
021. arXiv:1109.1536 [hep-ph]

74. M. Cacciari, M. Czakon, M. Mangano, A. Mitov, P. Nason,
Top-pair production at hadron colliders with next-to-next-to-
leading logarithmic soft-gluon resummation. Phys. Lett. B
710, 612 (2012). https://doi.org/10.1016/j.physletb.2012.03.013.
arXiv:1111.5869 [hep-ph]

75. P. Bärnreuther, M. Czakon, A. Mitov, Percent-level-precision
physics at the Tevatron: next-to-next-to-leading order QCD
corrections to qq̄ → t t̄ + X . Phys. Rev. Lett. 109, 132001
(2012). https://doi.org/10.1103/PhysRevLett.109.132001.
arXiv:1204.5201 [hep-ph]

76. M. Czakon, A. Mitov, NNLO corrections to top-pair produc-
tion at hadron colliders: the all-fermionic scattering channels.
JHEP 12, 054 (2012). https://doi.org/10.1007/JHEP12(2012)054.
arXiv:1207.0236 [hep-ph]

77. M. Czakon, A. Mitov, NNLO corrections to top pair
production at hadron colliders: the quark–gluon reaction.
JHEP 01, 080 (2013). https://doi.org/10.1007/JHEP01(2013)080.
arXiv:1210.6832 [hep-ph]

78. M. Czakon, P. Fiedler, A. Mitov, Total top-quark pair-production
cross section at hadron colliders through O(α4

S). Phys. Rev. Lett.
110, 252004 (2013). https://doi.org/10.1103/PhysRevLett.110.
252004. arXiv:1303.6254 [hep-ph]

79. M. Czakon, A. Mitov, Top++: a program for the calculation
of the top-pair cross-section at hadron colliders. Comput. Phys.
Commun. 185, 2930 (2014). https://doi.org/10.1016/j.cpc.2014.
06.021. arXiv:1112.5675 [hep-ph]

80. S. Alioli, P. Nason, C. Oleari, E. Re, NLO single-top production
matched with shower in POWHEG: s-and t-channel contributions.
JHEP 09, 111 (2009). https://doi.org/10.1088/1126-6708/2009/
09/111. arXiv:0907.4076 [hep-ph] (Erratum: JHEP 02 (2010)
011)

81. M. Aliev et al., HATHOR-HAdronic top and heavy quarks crOss
section calculatoR. Comput. Phys. Commun. 182, 1034 (2011).
https://doi.org/10.1016/j.cpc.2010.12.040. arXiv:1007.1327
[hep-ph]

82. P. Kant et al., HatHor for single top-quark production:
Updated predictions and uncertainty estimates for single top-
quark production in hadronic collisions. Comput. Phys. Com-
mun. 191, 74 (2015). https://doi.org/10.1016/j.cpc.2015.02.001.
arXiv:1406.4403 [hep-ph]

83. E. Re, Single-top Wt-channel production matched with par-
ton showers using the POWHEG method. Eur. Phys. J. C 71,
1547 (2011). https://doi.org/10.1140/epjc/s10052-011-1547-z.
arXiv:1009.2450 [hep-ph]

84. N. Kidonakis, Two-loop soft anomalous dimensions for sin-
gle top quark associated production with a W− or H−. Phys.
Rev. D 82, 054018 (2010). https://doi.org/10.1103/PhysRevD.82.
054018. arXiv:1005.4451 [hep-ph]

85. N. Kidonakis, Top quark production, in Proceedings, Helmholtz
International Summer School on Physics of Heavy Quarks and
Hadrons (HQ 2013) (JINR, Dubna, Russia, 15th-28th July 2013)
139. arXiv:1311.0283 [hep-ph]

86. 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). https://doi.org/10.1103/PhysRevD.69.
094008. arXiv:hep-ph/0312266

87. ATLAS Collaboration, Vertex Reconstruction Performance of the
ATLAS Detector at

√
s = 13 TeV, ATL-PHYS-PUB-2015-026

(2015). https://cds.cern.ch/record/2037717
88. 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). https://
doi.org/10.1088/1748-0221/14/12/P12006. arXiv:1908.00005
[hep-ex]

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

√
s = 13 TeV. Eur. Phys. J. C 81, 578 (2021). https://doi.org/

10.1140/epjc/s10052-021-09233-2. arXiv:2012.00578 [hep-ex]
90. ATLAS Collaboration, Reconstruction of hadronic decay prod-

ucts of tau leptons with the ATLAS experiment. Eur. Phys. J. C 76,
295 (2016). https://doi.org/10.1140/epjc/s10052-016-4110-0.
arXiv:1512.05955 [hep-ex]

91. ATLAS Collaboration, Measurement of the tau lepton reconstruc-
tion and identification performance in the ATLAS experiment
using pp collisions at

√
s = 13 TeV, ATLAS-CONF-2017-029

(2017). https://cds.cern.ch/record/2261772
92. ATLAS Collaboration, Jet energy scale measurements and

their systematic uncertainties in proton–proton collisions at√
s = 13 TeV with the ATLAS detector. Phys. Rev. D 96,

072002 (2017). https://doi.org/10.1103/PhysRevD.96.072002.
arXiv:1703.09665 [hep-ex]

93. ATLAS Collaboration, Topological cell clustering in the ATLAS
calorimeters and its performance in LHC Run 1. Eur. Phys. J. C 77,
490 (2017). https://doi.org/10.1140/epjc/s10052-017-5004-5.
arXiv:1603.02934 [hep-ex]

94. ATLAS Collaboration, Properties of jets and inputs to jet recon-
struction and calibration with the ATLAS detector using proton-
proton collisions at

√
s = 13 TeV, ATL-PHYS-PUB-2015-036

(2015). https://cds.cern.ch/record/2044564
95. M. Cacciari, G.P. Salam, G. Soyez, The anti-kt jet clustering algo-

rithm. JHEP 04, 063 (2008). https://doi.org/10.1088/1126-6708/
2008/04/063. arXiv:0802.1189 [hep-ph]

96. M. Cacciari, G.P. Salam, G. Soyez, FastJet user manual.
Eur. Phys. J. C 72, 1896 (2012). https://doi.org/10.1140/epjc/
s10052-012-1896-2. arXiv:1111.6097 [hep-ph]

97. ATLAS Collaboration, Performance of pile-up mitigation tech-
niques for jets in pp collisions at

√
s = 8 TeV using the ATLAS

detector. Eur. Phys. J. C 76, 581 (2016). https://doi.org/10.1140/
epjc/s10052-016-4395-z. arXiv:1510.03823 [hep-ex]

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

√
s =

13 TeV. Eur. Phys. J. C 79, 970 (2019). https://doi.org/10.1140/
epjc/s10052-019-7450-8. arXiv:1907.05120 [hep-ex]

99. ATLAS Collaboration, Measurement of b-tagging efficiency of
c-jets in t t̄ events using a likelihood approach with the ATLAS
detector, ATLAS-CONF-2018-001 (2018). https://cds.cern.ch/
record/2306649

100. ATLAS Collaboration, Calibration of light-flavour b-jet mistag-
ging rates using ATLAS proton-proton collision data at

√
s =

13 TeV, ATLAS-CONF-2018-006 (2018). https://cds.cern.ch/
record/2314418

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

√
s = 13 TeV. Eur. Phys. J. C 78,

903 (2018). https://doi.org/10.1140/epjc/s10052-018-6288-9.
arXiv:1802.08168 [hep-ex]

123

https://doi.org/10.1088/1126-6708/2007/09/126
https://doi.org/10.1088/1126-6708/2007/09/126
http://arxiv.org/abs/0707.3088
https://cds.cern.ch/record/1966419
https://cds.cern.ch/record/1966419
https://doi.org/10.1016/j.nuclphysb.2011.10.021
https://doi.org/10.1016/j.nuclphysb.2011.10.021
http://arxiv.org/abs/1109.1536
https://doi.org/10.1016/j.physletb.2012.03.013
http://arxiv.org/abs/1111.5869
https://doi.org/10.1103/PhysRevLett.109.132001
http://arxiv.org/abs/1204.5201
https://doi.org/10.1007/JHEP12(2012)054
http://arxiv.org/abs/1207.0236
https://doi.org/10.1007/JHEP01(2013)080
http://arxiv.org/abs/1210.6832
https://doi.org/10.1103/PhysRevLett.110.252004
https://doi.org/10.1103/PhysRevLett.110.252004
http://arxiv.org/abs/1303.6254
https://doi.org/10.1016/j.cpc.2014.06.021
https://doi.org/10.1016/j.cpc.2014.06.021
http://arxiv.org/abs/1112.5675
https://doi.org/10.1088/1126-6708/2009/09/111
https://doi.org/10.1088/1126-6708/2009/09/111
http://arxiv.org/abs/0907.4076
https://doi.org/10.1016/j.cpc.2010.12.040
http://arxiv.org/abs/1007.1327
https://doi.org/10.1016/j.cpc.2015.02.001
http://arxiv.org/abs/1406.4403
https://doi.org/10.1140/epjc/s10052-011-1547-z
http://arxiv.org/abs/1009.2450
https://doi.org/10.1103/PhysRevD.82.054018
https://doi.org/10.1103/PhysRevD.82.054018
http://arxiv.org/abs/1005.4451
http://arxiv.org/abs/1311.0283
https://doi.org/10.1103/PhysRevD.69.094008
https://doi.org/10.1103/PhysRevD.69.094008
http://arxiv.org/abs/hep-ph/0312266
https://cds.cern.ch/record/2037717
https://doi.org/10.1088/1748-0221/14/12/P12006
https://doi.org/10.1088/1748-0221/14/12/P12006
http://arxiv.org/abs/1908.00005
https://doi.org/10.1140/epjc/s10052-021-09233-2
https://doi.org/10.1140/epjc/s10052-021-09233-2
http://arxiv.org/abs/2012.00578
https://doi.org/10.1140/epjc/s10052-016-4110-0
http://arxiv.org/abs/1512.05955
https://cds.cern.ch/record/2261772
https://doi.org/10.1103/PhysRevD.96.072002
http://arxiv.org/abs/1703.09665
https://doi.org/10.1140/epjc/s10052-017-5004-5
http://arxiv.org/abs/1603.02934
https://cds.cern.ch/record/2044564
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/0802.1189
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://doi.org/10.1140/epjc/s10052-012-1896-2
http://arxiv.org/abs/1111.6097
https://doi.org/10.1140/epjc/s10052-016-4395-z
https://doi.org/10.1140/epjc/s10052-016-4395-z
http://arxiv.org/abs/1510.03823
https://doi.org/10.1140/epjc/s10052-019-7450-8
https://doi.org/10.1140/epjc/s10052-019-7450-8
http://arxiv.org/abs/1907.05120
https://cds.cern.ch/record/2306649
https://cds.cern.ch/record/2306649
https://cds.cern.ch/record/2314418
https://cds.cern.ch/record/2314418
https://doi.org/10.1140/epjc/s10052-018-6288-9
http://arxiv.org/abs/1802.08168


  717 Page 28 of 42 Eur. Phys. J. C           (2022) 82:717 

102. ATLAS Collaboration, Performance of the ATLAS track recon-
struction algorithms in dense environments in LHC Run 2.
Eur. Phys. J. C 77, 673 (2017). https://doi.org/10.1140/epjc/
s10052-017-5225-7. arXiv:1704.07983 [hep-ex]

103. J.M. Butterworth, A.R. Davison, M. Rubin, G.P. Salam, Jet sub-
structure as a new Higgs-search channel at the large hadron col-
lider. Phys. Rev. Lett. 100, 242001 (2008). https://doi.org/10.
1103/PhysRevLett.100.242001. arXiv:0802.2470 [hep-ph]

104. G. Avoni et al., The new LUCID-2 detector for luminosity mea-
surement and monitoring in ATLAS. JINST 13, P07017 (2018).
https://doi.org/10.1088/1748-0221/13/07/P07017

105. LHC Higgs Cross Section Working Group, S. Dittmaier, C.
Mariotti, G. Passarino and R. Tanaka (Eds.), Handbook of
LHC Higgs Cross Sections: 1. Inclusive Observables, CERN-
2011-002 (2011). https://doi.org/10.5170/CERN-2011-002.
arXiv:1101.0593 [hep-ph]

106. LHC Higgs Cross Section Working Group, S. Dittmaier,
C. Mariotti, G. Passarino and R. Tanaka (Eds.), Hand-
book of LHC Higgs Cross Sections: 2. Differential Dis-
tributions, CERN-2012-002 (2012). https://doi.org/10.5170/
CERN-2012-002. arXiv:1201.3084 [hep-ph]

107. J. Bellm et al., Herwig 7.0/Herwig++ 3.0 release note.
Eur. Phys. J. C 76, 196 (2016). https://doi.org/10.1140/epjc/
s10052-016-4018-8. arXiv:1512.01178 [hep-ph]

108. J. Alwall et al., The automated computation of tree-level and next-
to-leading order differential cross sections, and their matching to
parton shower simulations. JHEP 07, 079 (2014). https://doi.org/
10.1007/JHEP07(2014)079. arXiv:1405.0301 [hep-ph]

109. S. Frixione, E. Laenen, P. Motylinski, C. White, B.R. Webber,
Single-top hadroproduction in association with a W boson. JHEP
07, 029 (2008). https://doi.org/10.1088/1126-6708/2008/07/029.
arXiv:0805.3067 [hep-ph]

110. C.D. White, S. Frixione, E. Laenen, F. Maltoni, Isolating Wt pro-
duction at the LHC. JHEP 11, 074 (2009). https://doi.org/10.1088/
1126-6708/2009/11/074. arXiv:0908.0631 [hep-ph]

111. R. Barlow, C. Beeston, Fitting using finite Monte Carlo samples.
Comput. Phys. Commun. 77, 219 (1993). https://doi.org/10.1016/
0010-4655(93)90005-W

112. ATLAS Collaboration, Search for the bb̄ decay of the Standard
Model Higgs boson in associated (W/Z)H production with the
ATLAS detector. JHEP 01, 069 (2015). https://doi.org/10.1007/
JHEP01(2015)069. arXiv:1409.6212 [hep-ex]

113. A.L. Read, Presentation of search results: the CLS technique. J.
Phys. G 28, 2693 (2002). https://doi.org/10.1088/0954-3899/28/
10/313

114. G. Cowan, K. Cranmer, E. Gross, O. Vitells, Asymptotic formu-
lae for likelihood-based tests of new physics. Eur. Phys. J. C 71,
1554 (2011). https://doi.org/10.1140/epjc/s10052-011-1554-0
arXiv:1007.1727 [physics.data-an] (Erratum: Eur. Phys. J. C
73 (2013) 2501)

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

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

117. ATLAS Collaboration, A combination of measurements of Higgs
boson production and decay using up to 139 fb−1 of proton–
proton collision data at

√
s = 13 TeV collected with the ATLAS

experiment, ATLAS-CONF-2020-027 (2020). https://cds.cern.
ch/record/2725733

118. ATLAS Collaboration, Measurements of the Higgs boson inclu-
sive and differential fiducial cross sections in the 4� decay channel
at

√
s = 13T eV . Eur. Phys. J. C 80, 942 (2020). https://doi.org/

10.1140/epjc/s10052-020-8223-0. arXiv:2004.03969 [hep-ex]
119. A. Bazavov et al., Up-, down-, strange-, charm-, and bottom-quark

masses from four-flavor lattice QCD. Phys. Rev. D 98, 054517
(2018). https://doi.org/10.1103/PhysRevD.98.054517

120. ATLAS Collaboration, ATLAS Computing Acknowledgements,
ATL-SOFT-PUB-2021-003. https://cds.cern.ch/record/2776662

ATLAS Collaboration�

G. Aad100 , B. Abbott126 , D. C. Abbott101 , A. Abed Abud36 , K. Abeling53 , D. K. Abhayasinghe93 ,
S. H. Abidi29 , A. Aboulhorma35e , H. Abramowicz158 , H. Abreu157 , Y. Abulaiti123 ,
A. C. Abusleme Hoffman144a , B. S. Acharya66a,66b,m , B. Achkar53 , L. Adam98 , C. Adam Bourdarios4 ,
L. Adamczyk83a , L. Adamek163 , S. V. Addepalli26 , J. Adelman118 , A. Adiguzel21c , S. Adorni54 , T. Adye141 ,
A. A. Affolder143 , Y. Afik36 , M. N. Agaras13 , J. Agarwala70a,70b , A. Aggarwal98 , C. Agheorghiesei27c ,
J. A. Aguilar-Saavedra137a,137f,w , A. Ahmad36 , F. Ahmadov79 , W. S. Ahmed102 , X. Ai46 , G. Aielli73a,73b ,
I. Aizenberg176 , M. Akbiyik98 , T. P. A. Åkesson96 , A. V. Akimov109 , K. Al Khoury39 , G. L. Alberghi23b ,
J. Albert172 , P. Albicocco51 , M. J. Alconada Verzini88 , S. Alderweireldt50 , M. Aleksa36 , I. N. Aleksandrov79 ,
C. Alexa27b , T. Alexopoulos10 , A. Alfonsi117 , F. Alfonsi23b , M. Alhroob126 , B. Ali139 , S. Ali155 ,
M. Aliev162 , G. Alimonti68a , C. Allaire36 , B. M. M. Allbrooke153 , P. P. Allport20 , A. Aloisio69a,69b ,
F. Alonso88 , C. Alpigiani145 , E. Alunno Camelia73a,73b, M. Alvarez Estevez97 , M. G. Alviggi69a,69b ,
Y. Amaral Coutinho80b , A. Ambler102 , L. Ambroz132 , C. Amelung36, D. Amidei104 , S. P. Amor Dos Santos137a ,
S. Amoroso46 , K. R. Amos170 , C. S. Amrouche54, V. Ananiev131 , C. Anastopoulos146 , N. Andari142 ,
T. Andeen11 , J. K. Anders19 , S. Y. Andrean45a,45b , A. Andreazza68a,68b , S. Angelidakis9 , A. Angerami39 ,
A. V. Anisenkov119a,119b , A. Annovi71a , C. Antel54 , M. T. Anthony146 , E. Antipov127 , M. Antonelli51 ,
D. J. A. Antrim17 , F. Anulli72a , M. Aoki81 , J. A. Aparisi Pozo170 , M. A. Aparo153 , L. Aperio Bella46 ,
C. Appelt18 , N. Aranzabal36 , V. Araujo Ferraz80a , C. Arcangeletti51 , A. T. H. Arce49 , E. Arena90 , J-
F. Arguin108 , S. Argyropoulos52 , J.-H. Arling46 , A. J. Armbruster36 , O. Arnaez163 , H. Arnold117 ,
Z. P. Arrubarrena Tame112, G. Artoni132 , H. Asada114 , K. Asai124 , S. Asai160 , N. A. Asbah59 ,

123

https://doi.org/10.1140/epjc/s10052-017-5225-7
https://doi.org/10.1140/epjc/s10052-017-5225-7
http://arxiv.org/abs/1704.07983
https://doi.org/10.1103/PhysRevLett.100.242001
https://doi.org/10.1103/PhysRevLett.100.242001
http://arxiv.org/abs/0802.2470
https://doi.org/10.1088/1748-0221/13/07/P07017
https://doi.org/10.5170/CERN-2011-002
http://arxiv.org/abs/1101.0593
https://doi.org/10.5170/CERN-2012-002
https://doi.org/10.5170/CERN-2012-002
http://arxiv.org/abs/1201.3084
https://doi.org/10.1140/epjc/s10052-016-4018-8
https://doi.org/10.1140/epjc/s10052-016-4018-8
http://arxiv.org/abs/1512.01178
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
http://arxiv.org/abs/1405.0301
https://doi.org/10.1088/1126-6708/2008/07/029
http://arxiv.org/abs/0805.3067
https://doi.org/10.1088/1126-6708/2009/11/074
https://doi.org/10.1088/1126-6708/2009/11/074
http://arxiv.org/abs/0908.0631
https://doi.org/10.1016/0010-4655(93)90005-W
https://doi.org/10.1016/0010-4655(93)90005-W
https://doi.org/10.1007/JHEP01(2015)069
https://doi.org/10.1007/JHEP01(2015)069
http://arxiv.org/abs/1409.6212
https://doi.org/10.1088/0954-3899/28/10/313
https://doi.org/10.1088/0954-3899/28/10/313
https://doi.org/10.1140/epjc/s10052-011-1554-0
http://arxiv.org/abs/1007.1727
http://arxiv.org/abs/physics.data-an/0306116
http://arxiv.org/abs/1009.1003
https://cds.cern.ch/record/2725733
https://cds.cern.ch/record/2725733
https://doi.org/10.1140/epjc/s10052-020-8223-0
https://doi.org/10.1140/epjc/s10052-020-8223-0
http://arxiv.org/abs/2004.03969
https://doi.org/10.1103/PhysRevD.98.054517
https://cds.cern.ch/record/2776662
http://orcid.org/0000-0002-6665-4934
http://orcid.org/0000-0002-5888-2734
http://orcid.org/0000-0002-7248-3203
http://orcid.org/0000-0002-2788-3822
http://orcid.org/0000-0002-1002-1652
http://orcid.org/0000-0002-2987-4006
http://orcid.org/0000-0002-8496-9294
http://orcid.org/0000-0002-9987-2292
http://orcid.org/0000-0001-5329-6640
http://orcid.org/0000-0002-1599-2896
http://orcid.org/0000-0003-0403-3697
http://orcid.org/0000-0003-0762-7204
http://orcid.org/0000-0002-8588-9157
http://orcid.org/0000-0002-0288-2567
http://orcid.org/0000-0001-6005-2812
http://orcid.org/0000-0002-2634-4958
http://orcid.org/0000-0002-5859-2075
http://orcid.org/0000-0003-1562-3502
http://orcid.org/0000-0002-2919-6663
http://orcid.org/0000-0002-1041-3496
http://orcid.org/0000-0001-6644-0517
http://orcid.org/0000-0003-3620-1149
http://orcid.org/0000-0003-0627-5059
http://orcid.org/0000-0002-9058-7217
http://orcid.org/0000-0001-8102-356X
http://orcid.org/0000-0002-4355-5589
http://orcid.org/0000-0002-4754-7455
http://orcid.org/0000-0002-1922-2039
http://orcid.org/0000-0003-3695-1847
http://orcid.org/0000-0002-5475-8920
http://orcid.org/0000-0001-8638-0582
http://orcid.org/0000-0003-3644-540X
http://orcid.org/0000-0003-0128-3279
http://orcid.org/0000-0003-3856-2415
http://orcid.org/0000-0002-0573-8114
http://orcid.org/0000-0003-2150-1624
http://orcid.org/0000-0002-7342-3130
http://orcid.org/0000-0003-4141-5408
http://orcid.org/0000-0002-2846-2958
http://orcid.org/0000-0002-0547-8199
http://orcid.org/0000-0003-2388-987X
http://orcid.org/0000-0003-0253-2505
http://orcid.org/0000-0001-6430-1038
http://orcid.org/0000-0003-2212-7830
http://orcid.org/0000-0002-8224-7036
http://orcid.org/0000-0002-1936-9217
http://orcid.org/0000-0001-7381-6762
http://orcid.org/0000-0003-0922-7669
http://orcid.org/0000-0002-8977-279X
http://orcid.org/0000-0001-7406-4531
http://orcid.org/0000-0002-0966-0211
http://orcid.org/0000-0001-7569-7111
http://orcid.org/0000-0001-8653-5556
http://orcid.org/0000-0001-5216-3133
http://orcid.org/0000-0002-9012-3746
http://orcid.org/0000-0002-7128-9046
http://orcid.org/0000-0003-4745-538X
http://orcid.org/0000-0002-5738-2471
http://orcid.org/0000-0001-7303-2570
http://orcid.org/0000-0002-3883-6693
http://orcid.org/0000-0001-9431-8156
http://orcid.org/0000-0002-7641-5814
http://orcid.org/0000-0002-8181-6532
http://orcid.org/0000-0003-0026-982X
http://orcid.org/0000-0002-1798-7230
http://orcid.org/0000-0003-2184-3480
http://orcid.org/0000-0002-0987-6637
http://orcid.org/0000-0002-6814-0355
http://orcid.org/0000-0001-7566-6067
http://orcid.org/0000-0001-5450-0447
http://orcid.org/0000-0003-1757-5620
http://orcid.org/0000-0003-3649-7621
http://orcid.org/0000-0003-1587-5830
http://orcid.org/0000-0002-4935-4753
http://orcid.org/0000-0002-4413-871X
http://orcid.org/0000-0002-1846-0262
http://orcid.org/0000-0002-9766-2670
http://orcid.org/0000-0001-5161-5759
http://orcid.org/0000-0002-8274-6118
http://orcid.org/0000-0001-7834-8750
http://orcid.org/0000-0002-7201-5936
http://orcid.org/0000-0002-4649-4398
http://orcid.org/0000-0001-9683-0890
http://orcid.org/0000-0002-5270-0143
http://orcid.org/0000-0002-6678-7665
http://orcid.org/0000-0002-2293-5726
http://orcid.org/0000-0001-8084-7786
http://orcid.org/0000-0003-2734-130X
http://orcid.org/0000-0001-7498-0097
http://orcid.org/0000-0001-7401-4331
http://orcid.org/0000-0003-4675-7810
http://orcid.org/0000-0003-3942-1702
http://orcid.org/0000-0003-1205-6784
http://orcid.org/0000-0001-9013-2274
http://orcid.org/0000-0003-1177-7563
http://orcid.org/0000-0001-8648-2896
http://orcid.org/0000-0002-7255-0832
http://orcid.org/0000-0001-5970-8677
http://orcid.org/0000-0003-0229-3858
http://orcid.org/0000-0001-7748-1429
http://orcid.org/0000-0002-1577-5090
http://orcid.org/0000-0002-9007-530X
http://orcid.org/0000-0002-6096-0893
http://orcid.org/0000-0003-3578-2228
http://orcid.org/0000-0002-3477-4499
http://orcid.org/0000-0003-1420-4955
http://orcid.org/0000-0002-3670-6908
http://orcid.org/0000-0001-5279-2298
http://orcid.org/0000-0001-8381-2255


Eur. Phys. J. C           (2022) 82:717 Page 29 of 42   717 

E. M. Asimakopoulou168 , J. Assahsah35d , K. Assamagan29, R. Astalos28a , R. J. Atkin33a , M. Atkinson169,
N. B. Atlay18 , H. Atmani60b, P. A. Atmasiddha104 , K. Augsten139 , S. Auricchio69a,69b , V. A. Austrup178 ,
G. Avner157 , G. Avolio36 , M. K. Ayoub14c , G. Azuelos108,ad , D. Babal28a , H. Bachacou142 , K. Bachas159 ,
A. Bachiu34 , F. Backman45a,45b , A. Badea59 , P. Bagnaia72a,72b , M. Bahmani18 , A. J. Bailey170 ,
V. R. Bailey169 , J. T. Baines141 , C. Bakalis10 , O. K. Baker179 , P. J. Bakker117 , E. Bakos15 , D. Bakshi Gupta8 ,
S. Balaji154 , R. Balasubramanian117 , E. M. Baldin119a,119b , P. Balek140 , E. Ballabene68a,68b , F. Balli142 ,
L. M. Baltes61a , W. K. Balunas32 , J. Balz98 , E. Banas84 , M. Bandieramonte136 , A. Bandyopadhyay24 ,
S. Bansal24 , L. Barak158 , E. L. Barberio103 , D. Barberis55a,55b , M. Barbero100 , G. Barbour94,
K. N. Barends33a , T. Barillari113 , M.-S. Barisits36 , J. Barkeloo129 , T. Barklow150 , R. M. Barnett17 ,
P. Baron128 , A. Baroncelli60a , G. Barone29 , A. J. Barr132 , L. Barranco Navarro45a,45b , F. Barreiro97 ,
J. Barreiro Guimarães da Costa14a , U. Barron158 , S. Barsov135 , F. Bartels61a , R. Bartoldus150 , G. Bartolini100 ,
A. E. Barton89 , P. Bartos28a , A. Basalaev46 , A. Basan98 , M. Baselga47 , I. Bashta74a,74b , A. Bassalat64,aa ,
M. J. Basso163 , C. R. Basson99 , R. L. Bates57 , S. Batlamous35e, J. R. Batley32 , B. Batool148 , M. Battaglia143,
M. Bauce72a,72b , F. Bauer142,* , P. Bauer24 , A. Bayirli21a , J. B. Beacham49 , T. Beau133 , P. H. Beauchemin166 ,
F. Becherer52 , P. Bechtle24 , H. P. Beck19,o , K. Becker174 , C. Becot46 , A. J. Beddall21d , V. A. Bednyakov79 ,
C. P. Bee152 , L. J. Beemster15, T. A. Beermann36 , M. Begalli80b , M. Begel29 , A. Behera152 , J. K. Behr46 ,
C. Beirao Da Cruz E Silva36 , J. F. Beirer36,53 , F. Beisiegel24 , M. Belfkir122b , G. Bella158 , L. Bellagamba23b ,
A. Bellerive34 , P. Bellos20 , K. Beloborodov119a,119b , K. Belotskiy110 , N. L. Belyaev110 , D. Benchekroun35a ,
Y. Benhammou158 , D. P. Benjamin29 , M. Benoit29 , J. R. Bensinger26 , S. Bentvelsen117 , L. Beresford36 ,
M. Beretta51 , D. Berge18 , E. Bergeaas Kuutmann168 , N. Berger4 , B. Bergmann139 , J. Beringer17 ,
S. Berlendis7 , G. Bernardi5 , C. Bernius150 , F. U. Bernlochner24 , T. Berry93 , P. Berta140 , I. A. Bertram89 ,
O. Bessidskaia Bylund178 , S. Bethke113 , A. Betti42 , A. J. Bevan92 , S. Bhatta152 , D. S. Bhattacharya173 ,
P. Bhattarai26, V. S. Bhopatkar6 , R. Bi136, R. Bi29, R. M. Bianchi136 , O. Biebel112 , R. Bielski129 ,
N. V. Biesuz71a,71b , M. Biglietti74a , T. R. V. Billoud139 , M. Bindi53 , A. Bingul21b , C. Bini72a,72b ,
S. Biondi23a,23b , A. Biondini90 , C. J. Birch-sykes99 , G. A. Bird20,141 , M. Birman176 , T. Bisanz36,
J. P. Biswal2 , D. Biswas177,i , A. Bitadze99 , K. Bjørke131 , I. Bloch46 , C. Blocker26 , A. Blue57 ,
U. Blumenschein92 , J. Blumenthal98 , G. J. Bobbink117 , V. S. Bobrovnikov119a,119b , M. Boehler52 ,
D. Bogavac13 , A. G. Bogdanchikov119a,119b , C. Bohm45a, V. Boisvert93 , P. Bokan46 , T. Bold83a , M. Bomben5 ,
M. Bona92 , M. Boonekamp142 , C. D. Booth93 , A. G. Borbély57 , H. M. Borecka-Bielska108 , L. S. Borgna94 ,
G. Borissov89 , D. Bortoletto132 , D. Boscherini23b , M. Bosman13 , J. D. Bossio Sola36 , K. Bouaouda35a ,
J. Boudreau136 , E. V. Bouhova-Thacker89 , D. Boumediene38 , R. Bouquet5 , A. Boveia125 , J. Boyd36 ,
D. Boye29 , I. R. Boyko79 , J. Bracinik20 , N. Brahimi60c,60d , G. Brandt178 , O. Brandt32 , F. Braren46 ,
B. Brau101 , J. E. Brau129 , W. D. Breaden Madden57, K. Brendlinger46 , R. Brener176 , L. Brenner36 ,
R. Brenner168 , S. Bressler176 , B. Brickwedde98 , D. Britton57 , D. Britzger113 , I. Brock24 , G. Brooijmans39 ,
W. K. Brooks144f , E. Brost29 , P. A. Bruckman de Renstrom84 , B. Brüers46 , D. Bruncko28b , A. Bruni23b ,
G. Bruni23b , M. Bruschi23b , N. Bruscino72a,72b , L. Bryngemark150 , T. Buanes16 , Q. Buat145 , P. Buchholz148 ,
A. G. Buckley57 , I. A. Budagov79 , M. K. Bugge131 , O. Bulekov110 , B. A. Bullard59 , S. Burdin90 ,
C. D. Burgard46 , A. M. Burger38 , B. Burghgrave8 , J. T. P. Burr32 , C. D. Burton11 , J. C. Burzynski149 ,
E. L. Busch39 , V. Büscher98 , P. J. Bussey57 , J. M. Butler25 , C. M. Buttar57 , J. M. Butterworth94 ,
W. Buttinger141 , C. J. Buxo Vazquez105, A. R. Buzykaev119a,119b , G. Cabras23b , S. Cabrera Urbán170 ,
D. Caforio56 , H. Cai136 , Y. Cai14a , V. M. M. Cairo36 , O. Cakir3a , N. Calace36 , P. Calafiura17 ,
G. Calderini133 , P. Calfayan65 , G. Callea57 , L. P. Caloba80b, D. Calvet38 , S. Calvet38 , T. P. Calvet100 ,
M. Calvetti71a,71b , R. Camacho Toro133 , S. Camarda36 , D. Camarero Munoz97 , P. Camarri73a,73b ,
M. T. Camerlingo74a,74b , D. Cameron131 , C. Camincher172 , M. Campanelli94 , A. Camplani40 , V. Canale69a,69b ,
A. Canesse102 , M. Cano Bret77 , J. Cantero97 , Y. Cao169 , F. Capocasa26 , M. Capua41a,41b , A. Carbone68a,68b,
R. Cardarelli73a , J. C. J. Cardenas8 , F. Cardillo170 , G. Carducci41a,41b , T. Carli36 , G. Carlino69a ,
B. T. Carlson136 , E. M. Carlson164a,172 , L. Carminati68a,68b , M. Carnesale72a,72b , S. Caron116 , E. Carquin144f ,
S. Carrá46 , G. Carratta23a,23b , J. W. S. Carter163 , T. M. Carter50 , D. Casadei33c , M. P. Casado13,f ,
A. F. Casha163, E. G. Castiglia179 , F. L. Castillo61a , L. Castillo Garcia13 , V. Castillo Gimenez170 ,
N. F. Castro137a,137e , A. Catinaccio36 , J. R. Catmore131 , V. Cavaliere29 , N. Cavalli23a,23b , V. Cavasinni71a,71b ,
E. Celebi21a , F. Celli132 , M. S. Centonze67a,67b , K. Cerny128 , A. S. Cerqueira80a , A. Cerri153 ,
L. Cerrito73a,73b , F. Cerutti17 , A. Cervelli23b , S. A. Cetin21d , Z. Chadi35a , D. Chakraborty118 ,
M. Chala137f , J. Chan177 , W. S. Chan117 , W. Y. Chan90 , J. D. Chapman32 , B. Chargeishvili156b ,

123

http://orcid.org/0000-0003-2127-373X
http://orcid.org/0000-0002-3207-9783
http://orcid.org/0000-0001-5095-605X
http://orcid.org/0000-0002-1972-1006
http://orcid.org/0000-0003-1094-4825
http://orcid.org/0000-0002-7639-9703
http://orcid.org/0000-0001-8324-0576
http://orcid.org/0000-0001-7599-7712
http://orcid.org/0000-0001-6918-9065
http://orcid.org/0000-0003-1616-3587
http://orcid.org/0000-0003-2664-3437
http://orcid.org/0000-0001-5265-2674
http://orcid.org/0000-0003-4241-022X
http://orcid.org/0000-0001-7657-6004
http://orcid.org/0000-0002-2256-4515
http://orcid.org/0000-0002-9047-6517
http://orcid.org/0000-0001-8599-024X
http://orcid.org/0000-0001-7489-9184
http://orcid.org/0000-0001-5199-9588
http://orcid.org/0000-0003-4578-2651
http://orcid.org/0000-0003-4173-0926
http://orcid.org/0000-0002-3301-2986
http://orcid.org/0000-0001-8291-5711
http://orcid.org/0000-0003-0770-2702
http://orcid.org/0000-0002-9931-7379
http://orcid.org/0000-0003-1346-5774
http://orcid.org/0000-0002-3479-1125
http://orcid.org/0000-0002-1110-4433
http://orcid.org/0000-0002-6580-008X
http://orcid.org/0000-0002-5364-2109
http://orcid.org/0000-0001-5840-1788
http://orcid.org/0000-0002-9854-975X
http://orcid.org/0000-0002-0942-1966
http://orcid.org/0000-0001-9700-2587
http://orcid.org/0000-0003-0844-4207
http://orcid.org/0000-0001-7041-7096
http://orcid.org/0000-0002-7048-4915
http://orcid.org/0000-0003-2866-9446
http://orcid.org/0000-0001-5325-6040
http://orcid.org/0000-0003-2014-9489
http://orcid.org/0000-0002-5256-839X
http://orcid.org/0000-0002-8754-1074
http://orcid.org/0000-0002-3436-2726
http://orcid.org/0000-0002-3111-0910
http://orcid.org/0000-0002-3938-4553
http://orcid.org/0000-0002-7824-3358
http://orcid.org/0000-0002-9165-9331
http://orcid.org/0000-0001-7326-0565
http://orcid.org/0000-0003-0253-106X
http://orcid.org/0000-0002-5132-4887
http://orcid.org/0000-0002-7709-037X
http://orcid.org/0000-0002-7210-9887
http://orcid.org/0000-0002-5170-0053
http://orcid.org/0000-0001-7090-7474
http://orcid.org/0000-0001-5163-5936
http://orcid.org/0000-0002-3533-3740
http://orcid.org/0000-0002-3380-8167
http://orcid.org/0000-0002-3021-0258
http://orcid.org/0000-0003-2387-0386
http://orcid.org/0000-0002-3455-7208
http://orcid.org/0000-0003-2872-7116
http://orcid.org/0000-0002-3407-0918
http://orcid.org/0000-0001-5317-9794
http://orcid.org/0000-0002-9313-7019
http://orcid.org/0000-0001-9696-9497
http://orcid.org/0000-0003-1419-3213
http://orcid.org/0000-0001-5623-2853
http://orcid.org/0000-0001-8021-8525
http://orcid.org/0000-0002-1533-0876
http://orcid.org/0000-0002-2961-2735
http://orcid.org/0000-0002-0129-1423
http://orcid.org/0000-0001-9278-3863
http://orcid.org/0000-0003-1693-5946
http://orcid.org/0000-0002-6923-5372
http://orcid.org/0000-0001-7658-7766
http://orcid.org/0000-0001-6544-9376
http://orcid.org/0000-0002-9148-4658
http://orcid.org/0000-0003-2258-2892
http://orcid.org/0000-0002-4568-5360
http://orcid.org/0000-0003-3542-7242
http://orcid.org/0000-0003-3623-3335
http://orcid.org/0000-0002-2022-2140
http://orcid.org/0000-0003-4889-8748
http://orcid.org/0000-0003-0562-4616
http://orcid.org/0000-0003-3479-2221
http://orcid.org/0000-0001-7212-1096
http://orcid.org/0000-0002-6691-6498
http://orcid.org/0000-0003-0473-512X
http://orcid.org/0000-0002-8451-9672
http://orcid.org/0000-0003-4864-8909
http://orcid.org/0000-0001-6294-6561
http://orcid.org/0000-0001-9805-2893
http://orcid.org/0000-0003-4868-6059
http://orcid.org/0000-0002-1634-4399
http://orcid.org/0000-0002-7739-295X
http://orcid.org/0000-0002-5501-4640
http://orcid.org/0000-0002-1231-3819
http://orcid.org/0000-0001-9024-4989
http://orcid.org/0000-0002-7659-8948
http://orcid.org/0000-0001-9974-1527
http://orcid.org/0000-0002-4009-0990
http://orcid.org/0000-0001-7098-9393
http://orcid.org/0000-0001-6775-0111
http://orcid.org/0000-0003-2049-9622
http://orcid.org/0000-0003-0945-4087
http://orcid.org/0000-0003-4617-8819
http://orcid.org/0000-0002-1131-7121
http://orcid.org/0000-0001-5196-8327
http://orcid.org/0000-0002-0392-1783
http://orcid.org/0000-0001-9338-4581
http://orcid.org/0000-0002-8623-1699
http://orcid.org/0000-0002-6117-4536
http://orcid.org/0000-0003-3280-0953
http://orcid.org/0000-0002-3080-1824
http://orcid.org/0000-0002-7026-8171
http://orcid.org/0000-0002-2918-1824
http://orcid.org/0000-0002-1253-8583
http://orcid.org/0000-0002-7963-9725
http://orcid.org/0000-0002-8076-5614
http://orcid.org/0000-0002-9975-1781
http://orcid.org/0000-0003-1911-772X
http://orcid.org/0000-0002-2837-2442
http://orcid.org/0000-0003-3433-1687
http://orcid.org/0000-0001-8153-2719
http://orcid.org/0000-0002-9569-8231
http://orcid.org/0000-0003-0780-0345
http://orcid.org/0000-0003-4073-4941
http://orcid.org/0000-0003-2011-3005
http://orcid.org/0000-0003-0073-3821
http://orcid.org/0000-0003-0839-9311
http://orcid.org/0000-0002-4105-9629
http://orcid.org/0000-0002-9045-3278
http://orcid.org/0000-0003-3837-4166
http://orcid.org/0000-0003-3024-587X
http://orcid.org/0000-0001-7345-7798
http://orcid.org/0000-0002-8663-6856
http://orcid.org/0000-0002-2079-5344
http://orcid.org/0000-0003-3004-0946
http://orcid.org/0000-0001-5442-1351
http://orcid.org/0000-0002-6280-3306
http://orcid.org/0000-0001-6172-545X
http://orcid.org/0000-0002-2455-8039
http://orcid.org/0000-0001-6674-7869
http://orcid.org/0000-0002-1492-6715
http://orcid.org/0000-0002-1559-3473
http://orcid.org/0000-0001-6329-9191
http://orcid.org/0000-0003-2025-5935
http://orcid.org/0000-0002-3835-0968
http://orcid.org/0000-0001-8361-2309
http://orcid.org/0000-0002-7543-3471
http://orcid.org/0000-0001-7979-1092
http://orcid.org/0000-0003-3485-0321
http://orcid.org/0000-0002-6696-5169
http://orcid.org/0000-0001-6898-5633
http://orcid.org/0000-0002-7716-5626
http://orcid.org/0000-0002-6134-0303
http://orcid.org/0000-0001-5412-1236
http://orcid.org/0000-0001-8462-351X
http://orcid.org/0000-0002-2003-0261
http://orcid.org/0000-0001-9734-574X
http://orcid.org/0000-0003-2138-9062
http://orcid.org/0000-0002-8635-9342
http://orcid.org/0000-0002-7736-0173
http://orcid.org/0000-0002-2668-889X
http://orcid.org/0000-0002-2432-411X
http://orcid.org/0000-0002-9807-861X
http://orcid.org/0000-0002-9660-580X
http://orcid.org/0000-0003-0078-9817
http://orcid.org/0000-0001-5880-7761
http://orcid.org/0000-0002-6890-1601
http://orcid.org/0000-0002-5702-739X
http://orcid.org/0000-0003-0012-7856
http://orcid.org/0000-0002-4226-9521
http://orcid.org/0000-0002-1287-4712
http://orcid.org/0000-0001-9207-6413
http://orcid.org/0000-0002-7290-643X
http://orcid.org/0000-0002-7134-8077
http://orcid.org/0000-0002-7723-5030
http://orcid.org/0000-0002-9314-5860
http://orcid.org/0000-0002-5103-1558
http://orcid.org/0000-0002-7809-3118
http://orcid.org/0000-0001-9683-7101
http://orcid.org/0000-0002-6647-6699
http://orcid.org/0000-0001-7360-0726
http://orcid.org/0000-0002-2704-835X
http://orcid.org/0000-0002-3355-4662
http://orcid.org/0000-0001-5762-3477
http://orcid.org/0000-0003-0992-3509
http://orcid.org/0000-0001-7992-0309
http://orcid.org/0000-0001-5219-1417
http://orcid.org/0000-0003-4339-4727
http://orcid.org/0000-0001-9726-4376
http://orcid.org/0000-0003-1292-9725
http://orcid.org/0000-0002-9096-780X
http://orcid.org/0000-0001-5791-4872
http://orcid.org/0000-0001-5350-7081
http://orcid.org/0000-0002-8204-4124
http://orcid.org/0000-0003-4194-2734
http://orcid.org/0000-0003-3518-3057
http://orcid.org/0000-0001-9998-4342
http://orcid.org/0000-0002-9246-7366
http://orcid.org/0000-0003-0903-8948
http://orcid.org/0000-0002-3354-1810
http://orcid.org/0000-0001-6161-3570
http://orcid.org/0000-0002-6800-9808
http://orcid.org/0000-0002-0206-1160
http://orcid.org/0000-0002-1479-2112
http://orcid.org/0000-0003-0208-2372
http://orcid.org/0000-0003-4806-0718
http://orcid.org/0000-0001-5667-7748
http://orcid.org/0000-0002-4319-4023
http://orcid.org/0000-0002-6168-689X
http://orcid.org/0000-0002-8420-3408
http://orcid.org/0000-0002-8977-121X
http://orcid.org/0000-0001-7318-5251
http://orcid.org/0000-0002-4049-0134
http://orcid.org/0000-0001-8355-9237
http://orcid.org/0000-0002-3711-148X
http://orcid.org/0000-0002-8650-8125
http://orcid.org/0000-0002-5687-2073
http://orcid.org/0000-0001-7148-6536
http://orcid.org/0000-0003-4831-4132
http://orcid.org/0000-0002-6900-825X
http://orcid.org/0000-0003-0685-4122
http://orcid.org/0000-0001-5686-0948
http://orcid.org/0000-0001-6726-6362
http://orcid.org/0000-0002-3427-6537
http://orcid.org/0000-0002-4690-0528
http://orcid.org/0000-0003-4482-2666
http://orcid.org/0000-0001-9196-0629
http://orcid.org/0000-0003-0988-7878
http://orcid.org/0000-0003-2834-836X
http://orcid.org/0000-0003-0188-6491
http://orcid.org/0000-0002-5905-5394
http://orcid.org/0000-0002-5116-1897
http://orcid.org/0000-0002-5458-5564
http://orcid.org/0000-0002-8467-8235
http://orcid.org/0000-0001-7640-7913
http://orcid.org/0000-0001-7808-8442
http://orcid.org/0000-0001-7575-3603
http://orcid.org/0000-0003-4946-153X
http://orcid.org/0000-0002-0758-7575
http://orcid.org/0000-0002-9016-138X
http://orcid.org/0000-0002-1494-9538
http://orcid.org/0000-0002-1692-1678
http://orcid.org/0000-0002-9495-9145
http://orcid.org/0000-0003-1600-464X
http://orcid.org/0000-0001-5969-3786
http://orcid.org/0000-0002-9953-5333
http://orcid.org/0000-0002-2531-3463
http://orcid.org/0000-0002-3342-3566
http://orcid.org/0000-0003-0125-2165
http://orcid.org/0000-0002-9192-8028
http://orcid.org/0000-0003-0479-7689
http://orcid.org/0000-0002-2855-7738
http://orcid.org/0000-0002-5732-5645
http://orcid.org/0000-0002-9417-8613
http://orcid.org/0000-0001-6097-2256
http://orcid.org/0000-0001-5929-1357
http://orcid.org/0000-0001-6746-3374
http://orcid.org/0000-0002-6386-9788
http://orcid.org/0000-0003-2303-9306
http://orcid.org/0000-0002-9227-5217
http://orcid.org/0000-0002-8880-434X
http://orcid.org/0000-0001-8449-1019
http://orcid.org/0000-0001-8747-2809
http://orcid.org/0000-0002-3562-9592
http://orcid.org/0000-0002-2443-6525
http://orcid.org/0000-0003-4541-4189
http://orcid.org/0000-0002-6511-7096
http://orcid.org/0000-0002-4478-3524
http://orcid.org/0000-0002-4376-4911
http://orcid.org/0000-0003-4058-5376
http://orcid.org/0000-0002-3924-0445
http://orcid.org/0000-0002-7550-7821
http://orcid.org/0000-0002-4139-9543
http://orcid.org/0000-0003-4535-2926
http://orcid.org/0000-0003-3570-7332
http://orcid.org/0000-0003-2941-2829
http://orcid.org/0000-0002-7863-1166
http://orcid.org/0000-0001-8650-942X
http://orcid.org/0000-0002-8846-2714
http://orcid.org/0000-0002-7836-4264
http://orcid.org/0000-0003-2966-6036
http://orcid.org/0000-0002-3343-3529
http://orcid.org/0000-0002-0394-5646
http://orcid.org/0000-0001-7991-2018
http://orcid.org/0000-0002-1172-1052
http://orcid.org/0000-0003-1396-2826
http://orcid.org/0000-0002-8245-1790
http://orcid.org/0000-0001-8491-4376
http://orcid.org/0000-0001-8774-8887
http://orcid.org/0000-0001-8915-0184
http://orcid.org/0000-0002-4297-8539
http://orcid.org/0000-0002-1096-5290
http://orcid.org/0000-0001-6203-9347
http://orcid.org/0000-0003-3793-0159
http://orcid.org/0000-0001-6962-4573
http://orcid.org/0000-0002-7945-4392
http://orcid.org/0000-0003-0683-2177
http://orcid.org/0000-0002-4300-703X
http://orcid.org/0000-0002-1904-6661
http://orcid.org/0000-0002-8077-7850
http://orcid.org/0000-0001-9669-9642
http://orcid.org/0000-0002-0518-1459
http://orcid.org/0000-0001-5050-8441
http://orcid.org/0000-0002-3117-5415
http://orcid.org/0000-0002-9865-4146
http://orcid.org/0000-0002-4343-9094
http://orcid.org/0000-0001-7069-0295
http://orcid.org/0000-0003-2150-1296
http://orcid.org/0000-0002-5369-8540
http://orcid.org/0000-0002-2926-8962
http://orcid.org/0000-0002-5376-2397


  717 Page 30 of 42 Eur. Phys. J. C           (2022) 82:717 

D. G. Charlton20 , T. P. Charman92 , M. Chatterjee19 , S. Chekanov6 , S. V. Chekulaev164a , G. A. Chelkov79,y ,
A. Chen104 , B. Chen158 , B. Chen172 , C. Chen60a, H. Chen14c , H. Chen29 , J. Chen60c , J. Chen26 ,
S. Chen134 , S. J. Chen14c , X. Chen60c , X. Chen14b , Y. Chen60a , C. L. Cheng177 , H. C. Cheng62a ,
A. Cheplakov79 , E. Cheremushkina46 , E. Cherepanova79 , R. Cherkaoui El Moursli35e , E. Cheu7 ,
K. Cheung63 , L. Chevalier142 , V. Chiarella51 , G. Chiarelli71a , G. Chiodini67a , A. S. Chisholm20 ,
A. Chitan27b , Y. H. Chiu172 , M. V. Chizhov79 , K. Choi11 , A. R. Chomont72a,72b , Y. Chou101 , Y. S. Chow117,
T. Chowdhury33g , L. D. Christopher33g , M. C. Chu62a , X. Chu14a,14d , J. Chudoba138 , J. J. Chwastowski84 ,
D. Cieri113 , K. M. Ciesla84 , V. Cindro91 , A. Ciocio17 , F. Cirotto69a,69b , Z. H. Citron176,j , M. Citterio68a ,
D. A. Ciubotaru27b, B. M. Ciungu163 , A. Clark54 , P. J. Clark50 , J. M. Clavijo Columbie46 , S. E. Clawson99 ,
C. Clement45a,45b , L. Clissa23a,23b , Y. Coadou100 , M. Cobal66a,66c , A. Coccaro55b , R. F. Coelho Barrue137a ,
R. Coelho Lopes De Sa101 , S. Coelli68a , H. Cohen158, A. E. C. Coimbra36 , B. Cole39 , J. Collot58 ,
P. Conde Muiño137a,137g , S. H. Connell33c , I. A. Connelly57 , E. I. Conroy132 , F. Conventi69a,ae ,
H. G. Cooke20 , A. M. Cooper-Sarkar132 , F. Cormier171 , L. D. Corpe36 , M. Corradi72a,72b , E. E. Corrigan96 ,
F. Corriveau102,u , M. J. Costa170 , F. Costanza4 , D. Costanzo146 , B. M. Cote125 , G. Cowan93 , J. W. Cowley32 ,
K. Cranmer123 , S. Crépé-Renaudin58 , F. Crescioli133 , M. Cristinziani148 , M. Cristoforetti75a,75b ,
V. Croft166 , G. Crosetti41a,41b , A. Cueto36 , T. Cuhadar Donszelmann167 , H. Cui14a,14d , Z. Cui7 ,
A. R. Cukierman150 , W. R. Cunningham57 , F. Curcio41a,41b , P. Czodrowski36 , M. M. Czurylo61b ,
M. J. Da Cunha Sargedas De Sousa60a , J. V. Da Fonseca Pinto80b , C. Da Via99 , W. Dabrowski83a , T. Dado47 ,
S. Dahbi33g , T. Dai104 , C. Dallapiccola101 , M. Dam40 , G. D’amen29 , V. D’Amico74a,74b , J. Damp98 ,
J. R. Dandoy134 , M. F. Daneri30 , M. Danninger149 , V. Dao36 , G. Darbo55b , S. Darmora6 , A. Dattagupta129 ,
S. D’Auria68a,68b , C. David164b , T. Davidek140 , D. R. Davis49 , B. Davis-Purcell34 , I. Dawson92 ,
K. De8 , R. De Asmundis69a , M. De Beurs117 , S. De Castro23a,23b , N. De Groot116 , P. de Jong117 ,
H. De la Torre105 , A. De Maria14c , A. De Salvo72a , U. De Sanctis73a,73b , M. De Santis73a,73b , A. De Santo153 ,
J. B. De Vivie De Regie58 , D. V. Dedovich79, J. Degens117 , A. M. Deiana42 , J. Del Peso97 , F. Del Rio61a ,
F. Deliot142 , C. M. Delitzsch47 , M. Della Pietra69a,69b , D. Della Volpe54 , A. Dell’Acqua36 , L. Dell’Asta68a,68b ,
M. Delmastro4 , P. A. Delsart58 , S. Demers179 , M. Demichev79 , S. P. Denisov120 , L. D’Eramo118 ,
D. Derendarz84 , F. Derue133 , P. Dervan90 , K. Desch24 , K. Dette163 , C. Deutsch24 , P. O. Deviveiros36 ,
F. A. Di Bello72a,72b , A. Di Ciaccio73a,73b , L. Di Ciaccio4 , A. Di Domenico72a,72b , C. Di Donato69a,69b ,
A. Di Girolamo36 , G. Di Gregorio71a,71b , A. Di Luca75a,75b , B. Di Micco74a,74b , R. Di Nardo74a,74b ,
C. Diaconu100 , F. A. Dias117 , T. Dias Do Vale149 , M. A. Diaz144a , F. G. Diaz Capriles24 , M. Didenko170 ,
E. B. Diehl104 , S. Díez Cornell46 , C. Diez Pardos148 , C. Dimitriadi24,168 , A. Dimitrievska17 , W. Ding14b ,
J. Dingfelder24 , I.-M. Dinu27b , S. J. Dittmeier61b , F. Dittus36 , F. Djama100 , T. Djobava156b , J. I. Djuvsland16 ,
D. Dodsworth26 , C. Doglioni99,96 , J. Dolejsi140 , Z. Dolezal140 , M. Donadelli80c , B. Dong60c ,
J. Donini38 , A. D’onofrio14c , M. D’Onofrio90 , J. Dopke141 , A. Doria69a , M. T. Dova88 , A. T. Doyle57 ,
E. Drechsler149 , E. Dreyer176 , A. S. Drobac166 , D. Du60a , T. A. du Pree117 , F. Dubinin109 , M. Dubovsky28a ,
E. Duchovni176 , G. Duckeck112 , O. A. Ducu27b,36 , D. Duda113 , A. Dudarev36 , M. D’uffizi99 , L. Duflot64 ,
M. Dührssen36 , C. Dülsen178 , A. E. Dumitriu27b , M. Dunford61a , S. Dungs47 , K. Dunne45a,45b ,
A. Duperrin100 , H. Duran Yildiz3a , M. Düren56 , A. Durglishvili156b , B. Dutta46 , B. L. Dwyer118 ,
G. I. Dyckes17 , M. Dyndal83a , S. Dysch99 , B. S. Dziedzic84 , B. Eckerova28a , M. G. Eggleston49,
E. Egidio Purcino De Souza80b , L. F. Ehrke54 , G. Eigen16 , K. Einsweiler17 , T. Ekelof168 , Y. El Ghazali35b ,
H. El Jarrari35e,155 , A. El Moussaouy35a , V. Ellajosyula168 , M. Ellert168 , F. Ellinghaus178 , A. A. Elliot92 ,
N. Ellis36 , J. Elmsheuser29 , M. Elsing36 , D. Emeliyanov141 , A. Emerman39 , Y. Enari160 , I. Ene17 ,
J. Erdmann47 , A. Ereditato19 , P. A. Erland84 , M. Errenst178 , M. Escalier64 , C. Escobar170 , E. Etzion158 ,
G. Evans137a , H. Evans65 , M. O. Evans153 , A. Ezhilov135 , S. Ezzarqtouni35a, F. Fabbri57 , L. Fabbri23a,23b ,
G. Facini174 , V. Fadeyev143 , R. M. Fakhrutdinov120 , S. Falciano72a , P. J. Falke24 , S. Falke36 , J. Faltova140 ,
Y. Fan14a , Y. Fang14a , G. Fanourakis44 , M. Fanti68a,68b , M. Faraj60c , A. Farbin8 , A. Farilla74a ,
T. Farooque105 , S. M. Farrington50 , F. Fassi35e , D. Fassouliotis9 , M. Faucci Giannelli73a,73b , W. J. Fawcett32 ,
L. Fayard64 , O. L. Fedin135,n , G. Fedotov135 , M. Feickert169 , L. Feligioni100 , A. Fell146 , D. E. Fellers129 ,
C. Feng60b , M. Feng14b , M. J. Fenton167 , A. B. Fenyuk120, S. W. Ferguson43 , J. A. Fernandez Pretel52 ,
J. Ferrando46 , A. Ferrari168 , P. Ferrari117 , R. Ferrari70a , D. Ferrere54 , C. Ferretti104 , F. Fiedler98 ,
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