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Abstract A search for a WZ resonance, in the fully lep-
tonic final state (electrons or muons), is performed using
139 fb−1 of data collected at a centre-of-mass energy of
13 TeV by the ATLAS detector at the Large Hadron Col-
lider. The results are interpreted in terms of a singly charged
Higgs boson of the Georgi–Machacek model, produced by
WZ fusion, and of a Heavy Vector Triplet, with the reso-
nance produced by WZ fusion or the Drell–Yan process.
No significant excess over the Standard Model prediction is
observed and limits are set on the production cross-section
times branching ratio as a function of the resonance mass for
these processes.
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1 Introduction

Searches for diboson resonances provide an essential test of
theories of electroweak symmetry breaking beyond the Stan-
dard Model (BSM): new charged scalar diboson resonances
arise in various models with an extended Higgs sector [1–3]
and vector resonances are predicted in various BSM scenar-
ios [4–9]. In this article, a search for a WZ resonance pro-
duced via either the Drell–Yan process or vector-boson fusion
(VBF) is conducted in the fully leptonic decay channel �ν��

(� = e or μ) in proton–proton (pp) collisions. The pp col-
lision data, with an integrated luminosity of 139 fb−1, were
collected by the ATLAS detector [10] at the Large Hadron
Collider (LHC) at a centre-of-mass energy of

√
s = 13 TeV.

In the Minimal Supersymmetric Standard Model the tree-
level coupling of the charged Higgs boson to WZ is loop-
induced [11], and therefore strongly suppressed compared
to fermionic couplings. Tree-level coupling to massive vec-
tor bosons, is, however, present in extensions of the Stan-
dard Model (SM) with higher-isospin scalar fields [12–14].
In this article, the Georgi–Machacek (GM) model [15,16] is
used as a benchmark. Because it preserves custodial sym-
metry at tree level, it is not strongly constrained [17]. The
GM model extends the Higgs sector of the Standard Model
by including one real and one complex triplet. A parame-
ter, sin θH , representing the mixing of the vacuum expecta-
tion values, determines the contribution of the triplets to the
masses of the W and Z bosons. The physical scalar states
are organized into different custodial multiplets: a fiveplet
(H++

5 , H+
5 , H0

5 , H−
5 , H−−

5 ) that is fermiophobic but cou-
ples to W and Z bosons, a triplet, and two singlets, one of
which is identified as the observed 125 GeV Higgs boson with
SM properties. Single production of H±

5 occurs by vector-
boson fusion and, in this analysis, the assumption that the
triplet states are heavier than the fiveplet scalars implies that
it can only decay to W±Z . The cross-section is proportional
to sin2 θH . The singly charged members of this fiveplet are
the object of the present search in the VBF channel.
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Parameterized Lagrangians [18–20] incorporating a Heavy
Vector Triplet (HVT) allow the results of searches for vector
resonances to be interpreted in a generic way. In this article,
a simplified phenomenological Lagrangian [19] is used. The
new heavy vector resonance, W ′, couples to the Higgs field
and longitudinally polarized SM gauge bosons by virtue of
the equivalence theorem [21], and this coupling is parame-
terized by the product of two parameters gV cH . It couples
to the fermions via the combination (g2/gV )cF , where g is
the SM SU(2) gauge coupling. The parameter gV represents
the typical strength of the vector-boson interaction, while
the parameters cH and cF are expected to be of the order
of unity in most models. The vector-boson scattering pro-
cess, pp → W ′ j j → WZ j j , is only sensitive to the gauge
boson coupling and, in this case, the benchmark model used
to interpret the results assumes no coupling of the heavy vec-
tor resonance to fermions.

In nearly all of the parameter space explored in the present
analysis and for both benchmark models, the intrinsic width
of the resonance is below 4%, which is less than the exper-
imental resolution. Results are provided for the VBF and
Drell–Yan production modes separately for the HVT pro-
cess, neglecting possible signal leakage between them since
the VBF contribution is quite small relative to Drell–Yan,
always below 1%, and since the VBF benchmark model con-
sidered here assumes no coupling to fermions. Representa-
tive Feynman diagrams for the production and decay of the
heavy resonances searched for in the present analysis are
shown in Fig. 1.

Searches for aW ′ in an extended gauge model, decaying to
WZ in the fully leptonic mode, at

√
s = 8 TeV with 20 fb−1 of

data have been performed by the ATLAS [22] and CMS [23]
Collaborations. The present analysis extends searches for res-
onant WZ production, performed by ATLAS in Run 2 of the
LHC using pp collision data at

√
s = 13 TeV [24], with

36 fb−1 of integrated luminosity.
Exclusion limits from searches of diboson resonances with

different final states are summarized in Refs. [25–27]. The
results from searches for heavy VV and V H vector res-
onances (V = W or Z ) and their combination, based on
Run 1 data and on Run 2 data in the fully hadronic (qqqq),
semileptonic (�νqq, ��qq, ννqq), and fully leptonic (����,
�ν��, ��νν) final states are given in Refs. [28–33]. The vari-
ous decay channels generally differ in sensitivity in different
mass regions. The fully leptonic channel is found to be more
sensitive to resonances with mass below ∼ 1 TeV because
of the low background, in spite of the low branching ratio.
For the VBF process, the present analysis aims to comple-
ment previous explorations of the HVT phase space since
other channels are mostly insensitive when the coupling of
the heavy vectors to fermions is close to zero.

Limits on the GM model have also been set, based on an
analysis of opposite-charge WW production by ATLAS [34],

using data at
√
s = 13 TeV. Searches [35,36] by the CMS

Collaboration for a singly-charged and a doubly-charged
Higgs boson, produced via VBF and decaying respectively
into WZ and WW in the fully leptonic mode, using an inte-
grated luminosity of 137 fb−1, have yielded limits on the
coupling parameter of the GM model, assuming degenerate
masses of H±

5 and H±±
5 . Upper bounds at 95% confidence

level (CL) on sin θH vary between ∼ 0.2 and 0.55 in the
mass range 200–2000 GeV. In the present analysis, in addi-
tion to the larger data set, several improvements relative to the
previously published analysis [24] have been implemented,
most notably the implementation of multivariate techniques
for the VBF signal selection.

2 The ATLAS detector

The ATLAS detector [10] has a cylindrical geometry with a
nearly 4π coverage in solid angle.1 The inner detector (ID),
consisting of silicon pixel, silicon microstrip and transition
radiation detectors, is surrounded by a thin superconducting
solenoid providing a 2 T axial magnetic field. It allows precise
reconstruction of tracks from charged particles and measure-
ment of their momenta up to a pseudorapidity of |η| = 2.5.
High-granularity lead/liquid-argon (LAr) sampling electro-
magnetic and steel/scintillator-tile hadron calorimeters, at
larger radius, provide energy measurements in the central
pseudorapidity range |η| < 1.7. In the endcap and forward
regions, LAr calorimeters for both the electromagnetic and
hadronic energy measurements extend the region of angu-
lar acceptance up to |η| = 4.9. Outside the calorimeters,
the muon spectrometer incorporates multiple layers of trig-
ger and tracking chambers in a magnetic field produced by a
system of superconducting toroid magnets, enabling an inde-
pendent precise measurement of muon track momenta for
|η| < 2.7. The ATLAS trigger system consists of a hardware-
based level-1 trigger followed by a software-based high-level
trigger [37]. An extensive software suite [38] is used in the
reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data acquisition
systems of the experiment.

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.

123



Eur. Phys. J. C           (2023) 83:633 Page 3 of 34   633 

Fig. 1 Representative Feynman diagrams for heavy resonance production and decay to WZ bosons a HVT W ′ production via Drell–Yan, b HVT
W ′ production via vector boson fusion and c GM H±

5 production via vector boson fusion. The subsequent decays to the �+�−�±ν are also shown

3 Data and Monte Carlo samples

The data used were collected from 2015 to 2018 with the
ATLAS detector from pp collisions at a centre-of-mass
energy of 13 TeV at the LHC, and initially selected by requir-
ing that a set of quality criteria for detector and data condi-
tions be satisfied [39].

Events were required to pass combinations of single-
electron or single-muon triggers [40,41]. The transverse
momentum (pT) thresholds of the leptons in 2015 were
24 GeV for electrons and 20 GeV for muons, with both sat-
isfying a loose isolation requirement based only on ID track
information. Due to the higher instantaneous luminosity in
2016–2018 the trigger threshold was increased to 26 GeV for
both the electrons and muons, and tighter isolation require-
ments were applied. An additional electron (muon) trigger
with a pT threshold of 60 (50) GeV and no isolation require-
ment, and a single-electron trigger requiring pT > 120 GeV
with less restrictive electron identification criteria, were used
to increase the selection efficiency, which reached almost
100%, relative to the offline selections [40,41]. With these
conditions, the integrated luminosity used in this analysis is
139 fb−1.

Simulated signal events and background processes with
prompt leptons were used to model the benchmark physics
processes and optimize the selection cuts. They were pro-
duced by Monte Carlo (MC) generators with the detec-
tor response modelled by the Geant toolkit [42,43] inte-
grated into the ATLAS simulation infrastructure. For some
samples, the calorimeter response is obtained from a fast
parameterized detector simulation [44], instead of full sim-
ulation by Geant. The effect of multiple interactions in
the same and neighbouring bunch crossings (pile-up) was
modelled by overlaying the simulated hard-scattering event
with inelastic pp events generated with Pythia8.186 [45]
using the NNPDF2.3LO set of parton distribution functions
(PDF) [46] and the A3 set of tuned parameters (tune) [47].
The distribution of the number of pile-up events reproduces
the bunch structure and the average number of interactions
per bunch crossing in the various run periods. A pileup weight

is defined, which is applied to Monte Carlo to correct for
the difference between the distribution of average number of
interactions used to produce the sample and that measured
for the recorded data. For all samples, except those generated
with Sherpa [48], theEVTGEN1.2.0 program [49] was used
to simulate the properties of the b- and c-hadron decays.

The GM VBF benchmark signal samples, pp → H±
5 j j →

W±Z j j → �±ν�+�− j j , vetoing W or Z bosons in the
s-channel, were produced with MadGraph 2.7.2 [50] at
next-to-leading order (NLO) in QCD [1,51]; the generator is
referred to asMADGRAPH hereafter. The signal simulation
is produced for the mass range 200 GeV to 1 TeV in the H5-
plane defined in Refs. [1,52], using the tool GMCALC [53].
The parameter sin θH was set to 0.5 for masses up to 800 GeV
and 0.25 for higher masses to be compatible with present con-
straints [52]. The matrix element calculation employed the
NNPDF3.0NLO [54] set of PDFs. Events were interfaced
to Pythia 8.186 for the modelling of the parton shower,
hadronization, and underlying event, using the A14 tuning
parameters [55] and with the dipole recoil shower scheme
to prevent the generation of excess central jet radiation [56].
For these samples, a minimum pT of 15 GeV (10 GeV) for
the jets (leptons) was required during event generation. The
signal samples were produced in 25 GeV mass steps up to
600 GeV and 100 GeV mass steps up to 1 TeV.

Two benchmark models of HVT production via the Drell–
Yan process, qq ′ → W ′ → WZ → �ν��, are used to
interpret the results. Model A is typical of weakly cou-
pled vector resonances arising from an extension of the SM
gauge group [57] with an additional SU(2) symmetry, and
the branching ratios to fermions and gauge bosons are com-
parable. Model B is representative of an HVT produced
in a strongly-coupled scenario, as in a Composite Higgs
model [58] with suppressed fermionic couplings. The param-
eter gV was set to 1 for Model A and to 3 for Model B.
For both models, cF is set to 1 and is assumed to be the
same for all types of fermions. The simulated signal sam-
ples for Model A were generated at leading order (LO)
in QCD with MadGraph 2.6.5 using the model file pro-
vided by the authors of Ref. [19]. The parton-level simu-
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lated events were hadronized with Pythia 8.186, using the
NNPDF23_lo_as_0130_qed PDF set and A14 tune. The
signal samples were produced for vector resonances with
masses ranging from 250 to 5 TeV, in steps of 25 GeV below
600 GeV, 100 GeV between 600 GeV and 2 TeV, 200 GeV
from 2 TeV to 3 TeV and 500 GeV above. For interpretation
in terms of Model B, the Model A simulation is used and
the cross-sections were simply scaled. This is justified since
the intrinsic resonance width remains well below the experi-
mental resolution and the angular distributions are the same
for both models.

For the VBF production mode of heavy vector resonances,
which is expected to have a low cross-section, the benchmark
model used is also based on the HVT parameterization. The
coupling parameters gV and cH are set to 1 and all other cou-
plings of the heavy triplet, including cF , are set to 0 in order to
maximize the VBF contribution. The simulated signal sam-
ples were generated at LO in QCD with MadGraph 2.6.5
using the model file provided by the authors of Ref. [19].
The parton-level simulated events were hadronized with
Pythia 8.186, using the NNPDF23_lo_as_0130_qed
PDF set and A14 tune. A dijet invariant mass of at least
150 GeV is required in this case at event generation. The
simulation samples were generated for masses ranging from
300 GeV to 2 TeV, in steps of 25 GeV (100 GeV) up to
(beyond) 600 GeV.

The background sources include processes with two or
more electroweak gauge bosons, namely VV and VVV
(V = Z , W ) as well as processes with top quarks, such
as t t̄ , t t̄V , and single top-quark, and processes with gauge
bosons produced in association with jets or photons.

The dominant background for this search is the SM
QCD mediated WZ process, referred to as WZ-QCD
here. It includes processes up to order four in the elec-
troweak coupling constant, αEW , and is modelled using
Sherpa 2.2.2 [48]. The WZ sample includes up to one
jet calculated at NLO in QCD, while second and third jets
were calculated at LO in QCD and merged with the parton
shower. In order to estimate an uncertainty due to genera-
tor and parton shower modelling, an alternative NLO WZ-
QCD sample was produced using MadGraph 2.6.5 with
FxFx merging [59] of up to two extra jets, using the PDF set
NNPDF30_nlo_as_118. The hadronization was performed
with Pythia 8.186with the A14 tune. A sample of the purely
electroweak process WZ j j → �ν �� j j , including processes
of order six in αEW ( WZ-EWK), was generated separately
with MadGraph 2.7.3 together with Pythia 8.244 using
the A14 tune [55] and the NNPDF3.0NLO [54] PDF set.
To estimate an uncertainty due to the parton shower mod-
elling, a sample using the same MadGraph 2.7.3 matrix
element but Herwig 7.2.1 for the parton shower was pro-
duced. According to the SM, a small amount of interference
occurs between electroweak and QCD WZ production. This

was modelled with MadGraph 2.7.3 + Pythia 8.244 using
the A14 tune [55] and the NNPDF3.0NLO [54] PDF set and
combined with the simulated WZ-EWK sample.

Samples of qq̄ → Z Z → 4�, qq̄ → Z Z → �� νν

and triboson events were generated with Sherpa 2.2.2 [60]
using matrix elements at NLO accuracy in QCD for up to
one additional parton and at LO accuracy for up to three
additional parton emissions. The simulation included off-
shell effects and Higgs boson contributions. The purely elec-
troweak process qq̄ → Z Z j j → 4�j j and the gg →
Z Z process were also generated with Sherpa 2.2.2 [60].
The LO-accurate matrix elements were matched to a par-
ton shower based on Catani–Seymour dipole factoriza-
tion [61,62] using the MEPS@LO prescription [63–66].
Samples were generated using the NNPDF3.0NNLO PDF
set [54], and SHERPAparton-shower parameter values.

The t t̄V processes were modelled using the Mad-

Graph 2.3.3 [50] generator at NLO in QCD with the
NNPDF3.0NLO [54] PDF set. The events were interfaced to
PYTHIA8.210 [67] using the A14 tune and the NNPDF2.3
LO [54] PDF set.

Finally, samples of SM backgrounds with at least one
misidentified or non-prompt lepton, including Zγ , Wγ ,
Drell–Yan Z → ��, W → �ν as well as top-quark pairs and
single top-quark have been generated to assist in estimating
the fake/non-prompt lepton background. Events with V γ in
the final state were simulated with the SHERPA [2.2.4] [60]
generator. Matrix elements at LO accuracy in QCD for up to
three additional parton emissions were matched and merged
with the SHERPAparton shower [61–66]. The samples were
generated using the NNPDF3.0NNLO PDF set [54], along
with the dedicated set of tuned parton-shower parameters
developed by the SHERPAauthors. Drell–Yan Z → ��

and W → �ν were produced with Powhegboxv1 gener-
ator [68–71] at NLO accuracy for the hard-scattering pro-
cesses of W and Z boson production and decay in the elec-
tron, muon, and τ -lepton channels. The events were inter-
faced to PYTHIA8.186 [45] for the modelling of the parton
shower, hadronization, and underlying event, with parame-
ters set according to the AZNLOtune [72]. The CT10NLO
PDF set [73] was used for the hard-scattering processes,
whereas the CTEQ6L1 PDF set [74] was used for the parton
shower. The effect of QED final-state radiation was simulated
with (PHOTOS)++ 3.52 [75,76]. For top-quark pairs and sin-
gle top-quark productions the Powhegboxv2 [68–70,77]
generator was used at NLO with the NNPDF3.0NLO [54]
PDF set. The events were interfaced with PYTHIA8.230 [67]
using the A14 tune [55] and the NNPDF2.3LO PDF set.

SM backgrounds with Higgs bosons (H, t t̄ H, V H ) con-
tribute less than 0.1% of the total background because of the
low cross-section and the requirement of a well-reconstructed
leptonically decaying Z boson. These backgrounds were
neglected.
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4 Object reconstruction and identification

Electron candidates are reconstructed from energy deposits in
the electromagnetic calorimeter which are matched to a well-
reconstructed ID track [78]. Only electrons with transverse
energy ET >7 GeV and within the pseudorapidity range of
|η| < 2.47, excluding the barrel–endcap transition region
1.37 < |η| < 1.52 are considered. Muons are identified
either by matching muon spectrometer tracks with tracks in
the ID or by using the calorimeter-based muon identifica-
tion [79,80]. They are required to have transverse momen-
tum pT > 5 GeV (pT > 15 GeV if calorimeter tagged) and
pseudorapidity |η| < 2.7.

Identification and isolation criteria, either ‘loose’, ‘medium’
or ‘tight’ as described in Refs. [78,79], are applied to elec-
tron and muon candidates. Identification criteria are based
on shower shapes and track parameters for electrons, and on
track parameters for muons. The isolation criteria use infor-
mation about ID tracks and calorimeter energy deposits in a
fixed cone of size 	R = 0.2 around each lepton. Four lepton
categories are designed using the identification and isolation
criteria: Baseline electrons and muons are required to sat-
isfy ‘loose’ identification and isolation criteria (for muons
with pT > 300 GeV the dedicated ‘High pT identification’
is required [80]). The Loose, Tight Z and Tight W leptons
are defined as subsets of the Baseline lepton selection with
pT > 25 GeV. For the Tight Z leptons the ‘medium’ iden-
tification and ‘tight’ isolation criteria are applied, while for
Tight W leptons the ‘tight’ identification and ‘tight’ isola-
tion criteria are applied. The tighter identification and isola-
tion requirement applied to the lepton of the W candidate is
motivated by lower background rates for leptons from the Z
candidate, which are well constrained by the requirement on
their invariant mass.

Electron and muon candidates are required to originate
from the primary vertex. The primary vertex is defined, using
tracks with pT > 500 MeV, as the vertex candidate with
the highest

∑
pT

2 of its associated tracks. The transverse
impact parameter of the track (d0) is calculated relative to
the beam line. For all four lepton categories, the longitudi-
nal impact parameter, z0 (the difference between the value
of z at the point of the track where d0 is defined and the
longitudinal position of the primary vertex), is required to
satisfy |z0 · sinθ | < 0.5 mm, where θ is the polar angle of
the track momentum at the reference point. Furthermore, for
the Loose, Tight Z and Tight W leptons the significance of
the transverse impact parameter of the track, |d0/σd0 |, where
σd0 stands for the resolution of d0, must be smaller than 3.0
for muons and less than 5.0 for electrons.

Jets are based on particle-flow objects built from noise-
suppressed positive-energy topological clusters of cells in
the calorimeter and reconstructed tracks [81]. The anti-kt
algorithm [82,83] with a radius parameter of R = 0.4

is used. For jets, the main backgrounds are either beam-
induced, due to proton collisions upstream of the interaction
point, from cosmic-ray showers or highly coherent calorime-
ter noise. These jets are considered ‘unclean’ and nearly all
are rejected by applying a set of quality criteria. Further-
more, to mitigate contamination from the pile-up, a jet ver-
tex tagger [84,85], using information about tracks associated
with the primary vertex and pile-upvertices, is applied to jets
with pT < 60 GeV and |η| < 2.4. In the forward region,
pile-upjet tagging that exploits jet shapes and topological
jet correlations in pile-upinteractions is applied to jets with
pT < 120 GeV and 2.5 < |η| < 4.5 [85].

The flavour of jets is determined using a deep-learning
neural network, DL1r [86,87]. The DL1r b-tagging is based
on distinctive features of b-hadron decays in terms of the
impact parameters of the tracks and the displaced vertices
reconstructed in the inner detector. The b-tagging algorithm
has an efficiency of 85% in simulated t t̄ events, a light-flavour
jet misidentification probability of 3% and a c-jet misidenti-
fication probability of about 33%.

Two levels of jet selections are used: theBaseline jets have
pT > 30 GeV and |η| < 4.5, while for VBF jets, which are
a subset of Baseline jets, the pile-upremoval using the jet
vertex tagger and a b-tagging veto are applied, as described
above, since they are mostly forward jets and not initiated by
b-quarks.

To avoid cases where the detector response to a single
physical object is reconstructed as two different final-state
objects, an overlap-removal procedure is applied to theBase-
line selected leptons and jets. If two electrons share the
same track then the lower-pT electron is discarded. Elec-
trons that share the same track as a selected muon with a
muon spectrometer track are also discarded; but in the case of
a calorimeter-tagged muon, it is the muon which is rejected.
A jet is removed if its separation from an electron satisfies
	R < 0.2; the electron is removed if the separation satisfies
0.2 < 	R < 0.4. For nearly collinear muons and jets, the jet
is removed if it is separated from the muon by 	R < 0.2 and
if it has less than three tracks, or if the energy and momentum
differences between the muon and the jet are small; otherwise
the muon is removed if the separation satisfies 	R < 0.4.

The missing transverse momentum, Emiss
T , in an event is

calculated as the magnitude of the negative vectorial sum
of the transverse momenta of all Baseline selected and cal-
ibrated physics objects that can be matched to the primary
vertex. A component called the “soft term” is calculated from
the residual tracks that originate from the primary vertex but
are not associated with any other object and is added to the
Emiss

T calculation [88].
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5 Event selection

In this search all final states with three charged leptons (e
or μ) and missing transverse momentum from WZ leptonic
decays are considered. The search begins with a WZ baseline
selection, and two selections are defined in order to build sig-
nal regions (SRs) targeting the Drell–Yan and VBF produc-
tions modes. A cut-based selection is used to build the Drell–
Yan signal region, while for the VBF selection, an artificial
neural network (ANN) was trained. An alternative, cut-based
selection for the VBF is also presented in the Appendix. The
invariant mass of the WZ candidates, m(WZ), built with the
leptons and Emiss

T is used as the discriminating variable. A
summary of all the selections used to define the analysis sig-
nal regions (SRs) and control regions (CRs) can be found in
Table 1.

5.1 Baseline selection of WZ events

The baseline selection is a set of event criteria applied to
data and all simulated samples before defining more specific
analysis regions. First, there is a requirement of good quality
for the recorded events, based on the working conditions of
all subdetectors. Events are vetoed if they have one or more
unclean jets. All events are required to contain a primary
vertex with at least two associated tracks.

Events are required to contain exactly three leptons meet-
ing the Loose selection criteria defined in Sect. 4. In order to
reduce the ZZ background, events with four or more leptons
meeting the Baseline criteria are vetoed. To ensure that the
trigger efficiency is well determined, at least one of the three
candidate leptons must be trigger-matched and is required
to have pT>27 GeV. A Z candidate must be present. It
is defined by two leptons of the same flavour and opposite
charge with an invariant mass that is consistent with the Z
boson pole mass (mZ ): |m�� − mZ | < 20 GeV. If there is
more than one pair of leptons that can form a Z candidate,
the one with invariant mass closest to the Z boson pole mass
is chosen. The third lepton is then taken as the W boson
lepton candidate. The leptons assigned to the W and Z can-
didates are then required to satisfy the Tight W or Tight Z
selection criteria defined in Sect. 4. Finally, the missing trans-
verse momentum in the event is required to be greater than
25 GeV.

To reconstruct the four-vector of the W boson, the Emiss
T of

the event is assumed to be due to the neutrino. The longitudi-
nal component pz(ν) of the neutrino momentum is estimated
by constraining the invariant mass of the �ν system to be the
pole mass of the W boson, where the charged lepton is the
one assigned to the W candidate. A quadratic equation leads
to two solutions. If they are real, the one with the smaller
magnitude of |pz(ν)| is chosen, otherwise, the real part is
chosen. The choice of the solution was optimized using truth

Fig. 2 The acceptance (A) times efficiency (ε) of the HVT W ′ in the
Drell–Yan signal region for different mass points and for the individual
channels μνμμ, eνee, μνee, eνμμ, and the sum of all channels. The
uncertainty includes both the statistical and experimental systematic
components

information. The invariant mass of the WZ system is then
calculated.

5.2 Drell–Yan process selection

For a heavy resonance produced essentially at rest in the s-
channel, it is expected that the selected W and Z bosons have
transverse momenta close to 50% of the resonance mass. A
boson pT to resonance mass ratio variable is therefore defined
as the ratio pT(V )/m(WZ) of the boson transverse momen-
tum to the WZ invariant mass. To reduce the contribution
from non-resonant WZ production, events passing the WZ
preselection are required to have a boson pT to resonance
mass ratio greater than 0.35 for both bosons. The combined
detector acceptance and signal selection efficiency (A × ε)
of the Drell–Yan HVT W ′ selection, relative to the generated
signal events, is shown in Fig. 2. There, decays of W and
Z bosons into all flavours of leptons are included at event
generation. The A× ε values decrease for resonance masses
above approximately 2 TeV due to the collinearity of elec-
trons from highly boosted Z −→ ee decays, for which the
lepton isolation is less efficient.

5.3 Vector boson fusion process selection

The VBF process (pp → W ′ j j → WZ j j) is characterized
by the presence of two jets with a large rapidity gap resulting
from quarks from which a vector boson has been radiated.
To select the signal events, an artificial neural network with
a binary classification task is used: events are categorized as
belonging either to a VBF process or to the background. The
ANN training is implemented using the Keras package [89]
running on top of the TensorFlow package [90]. An ANN
training region is defined by requiring events to have at least
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Table 1 Summary of the event selections for signal and control regions. Definitions of some variables used in this table can be found in Sects. 5.2
and 5.3

Baseline WZ selection

Event cleaning and primary vertex
Single-electron or single-muon trigger

Exactly 3 Loose leptons (e or μ) with pT >25 GeV (pT >27 GeV for the trigger-matched lepton)
ZZ veto: veto events with additional Baseline leptons

Z candidate: A Tight Z same-flavour-opposite-sign lepton pair with |m�� − mZ | < 20 GeV
W candidate: Tight W lepton requirements on ’non-Z leptons’ and Emiss

T > 25 GeV

Selection Drell–Yan VBF

Signal region pT(V )/m(WZ) > 0.35 At least 2 VBF jets

mjj > 100 GeV

Veto events with b-tagged jets

ANN Output > 0.82

WZ-QCD control region (pT(W )/m(WZ) ≤ 0.35 or At least 2 VBF jets

pT(Z)/m(WZ) ≤ 0.35) m jj > 500 GeV

pT(V )/m(WZ) > 0.1 Veto events with b-tagged jets

ANN Output < 0.82

ZZ control region Additional Baseline lepton Additional Baseline lepton

No Emiss
T requirement No Emiss

T requirement

At least 2 VBF jets

a pair of jets satisfying theVBF jets selection, and from those,
the pair with the highest-pT is required to have an invariant
mjj >100 GeV. The ANN is trained in this region with sim-
ulated H±

5 events as signal, against the SM WZ-EWK and
WZ-QCD events as background. The H±

5 simulation is used
for the training because the kinematic variables show very
similar distributions for the GM and HVT benchmark signals
and the training yielded similar results.

In order to minimize the statistical uncertainty, a 4-fold
cross-validation technique was applied. A rectified linear
unit, or a ReLU, was used as an activation function at each
node [91]. The space of hyperparameters was scanned and
a final set was chosen to ensure optimal performance of the
network. The training was performed with 100 epochs, Nes-
terov’s momentum of 0.7 [92], and two hidden layers of 45
neurons each. To avoid overfitting, a regularization technique
was employed. For each input sample, a hidden layer was
randomly removed with a probability parameter (dropout) of
0.2, allowing for a noisy training process.

The distributions of the loss function and of accuracy vs
epochs were monitored for the training and validations sets
and no sign of overtraining was observed.

The input variables2 used for the ANN optimization are
listed in Table 2. These were chosen on the basis of their
impact in the training and such that highly correlated vari-

2 The “event centrality” is a measure of the smaller pseu-
dorapidity difference between the most forward jet and the
most forward lepton in either hemisphere. It is defined as:

Table 2 Variables used for ANN training

Training variable Definition

mjj Invariant mass of the two leading-pT jets

	φjj Difference in φ of the two leading-pT jets

ηW , ηZ Pseudorapidities of the reconstructed gauge
bosons

η j1 Leading-pT jet pseudorapidity

ζLep Event centrality

Emiss
T Missing transverse momentum

HT Scalar pT sum of the VBF jets and the
leptons from the WZ decay

ables are not used simultaneously. The loss in expected sig-
nificance when adding or exchanging some of the variables
was evaluated for each set of variables until the optimal set
was found.

All the mass samples of simulated H±
5 GM events are used

simultaneously to define the “signal” for the training. After
training, the threshold for the ANN output score is chosen in
such a way that it maximizes the significance for the lowest
mass point (200 GeV). The advantage of this approach is that

Footnote 2 continued

ζLep = min
{[

min(η�1 , η�2 , η�3 ) − min(η j1 , η j2 )],
[max(η j1 , η j2 ) − max(η�1 , η�2 , η�3 )

]}
,

with �1, �2, �3 being the three leptons from the WZ decay and j1, j2 the
leading-pTand subleading-pTVBF jets.
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Fig. 3 Distribution of the ANN score in the WZ-QCD VBF control
region and the VBF signal region. The background predictions are
obtained from a background-only simultaneous fit to the VBF signal
region, the WZ-QCD VBF and ZZ VBF control regions as described
in Sect. 8. The uncertainty in the total background prediction, shown as
a hashed area, combines statistical and systematic contributions. The
distributions for the HVT VBF model W ′ and GM H±

5 simulations are
shown normalized to the data integral. The vertical dotted line shows
the threshold value for the ANN output score used to define the VBF
signal region

it greatly reduces the training effort and a single signal region
can be used. It was verified that the alternative of using one
ANN training per mass point does not significantly improve
the performance. The training is then applied to both GM and
HVT Model samples. A minimum value of 0.82 on the ANN
output maximizes the significance and is chosen to define
the signal region. After all selection cuts are applied the VBF
signal region effectively starts at mjj > 500 GeV. This signal
region was blinded until the background and its uncertainties
in the control regions had been evaluated (Sect. 6).

The distribution shapes and correlations of all input vari-
ables to the ANN were found to be well modelled by MC
simulation in the WZ-QCD control region (see Sect. 6 for
definition). This is exemplified by the good description of
the ANN output score distribution of data in the WZ-QCD
control region and VBF signal region shown in Fig. 3.

The acceptance times efficiency A× ε of the ANN-based
VBF selection as a function of the mass of the VBF H±

5 and

Fig. 4 The acceptance (A) times efficiency (ε) of VBF H±
5 and HVT

W ′ selection after the ANN-based VBF selection at different mass
points for the individual channels μνμμ, eνee, μνee, eνμμ, and the
sum of all channels. The uncertainty includes both the statistical and
experimental systematic components

of the HVT W ′ boson, relative to the generated signal events,
is shown in Fig. 4. There, decays of W and Z bosons into all
flavours of charged leptons are included at event generation.
For the H±

5 and the HVT bosons the A × ε value is in the
range 2–12% and 2–5% respectively for resonance masses
ranging between 200 and 1000 GeV, the difference being due,
with approximately equal importance, to the generator-level
selection and the different angular distributions of the final
products.

6 Background estimation

The backgrounds are classified into two groups: the irre-
ducible backgrounds where all reconstructed lepton candi-
dates are prompt (arise from the primary process) and the
reducible backgrounds where at least one of the lepton can-
didates is not prompt. Non-prompt leptons are also referred
to as “fake/non-prompt” leptons.
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The contributions from the irreducible backgrounds WZ-
QCD, WZ-EWK, ZZ, VVV and t t̄V are estimated using
MC simulation. The normalizations of WZ-QCD and ZZ are
constrained by data in a simultaneous fit using the signal
region and dedicated control regions. Each signal region has
two associated CRs designed to match that particular SR’s
event topology and jet multiplicity, as summarized in Table 1.

The dominant source of irreducible background is QCD-
mediated production of WZ dibosons. Two CRs are created
to constrain it. One is referred to as the WZ-QCD Drell–Yan
CR and is dedicated to the Drell–Yan analysis. It is defined
by selecting the subsample of WZ events that fulfill all the
Drell–Yan event selection except the boson pT to resonance
mass ratio. The lower bound on the boson pT to resonance
mass ratio is set to 0.1 to bring this CR close to the signal
region. The second CR, referred to as theWZ-QCD VBF CR,
is dedicated to the VBF analyses. It is defined by selecting
from the WZjj subsample the events that fail the ANN output
score requirement, and have mjj > 500 GeV. The high mjj

requirement is applied in order to match the signal region’s
event topology. In both CRs the WZ-QCD contribution is
around 80%.

To extract the ZZ background normalization, two ZZ-
enriched control regions are defined after applying the WZ
event preselection described in Sect. 5.1. The presence of at
least a fourth lepton candidate satisfying the Baseline identi-
fication criteria is required and no requirement on the missing
transverse momentum is applied. This region is used for the
Drell–Yan process analysis and is referred to as the ZZ Drell–
Yan CR. For the VBF selection, the events in the ZZ VBF
CR must have, in addition, at least two VBF tagged-jets.

The QCD-mediated production of ZZ events represents
91% (80%) of the ZZ Drell–Yan CR (ZZ VBF CR), while the
contribution of ZZ events from electroweak-mediated pro-
duction ZZ is small. In the following the sum of the two
components is referred as the ZZ background.

To validate the modelling of the t t̄V background, a dedi-
cated validation region is built by requiring the WZjj events
to have at least one b-tagged jet. Since no significant data
mis-modelling was observed, the m(WZ) shape and normal-
ization of this background are taken from simulation.

The reducible backgrounds originate from Drell–Yan
Z → ��, W → �ν, Zγ , t t̄ , Wt and WW processes where
jets or photons were misidentified as leptons. For both analy-
sis regions the normalizations of the reducible backgrounds
are estimated using a data-driven method. The method is
based on a global matrix which exploits differences between
the characteristics of real and fake/non-prompt leptons on
a statistical basis. Details of the method can be found in
Ref. [93]. The shape in the Drell–Yan analysis is obtained
from the data-driven method. In the VBF analysis, due to the
fewer data events, the shapes are taken from simulation.

7 Systematic uncertainties

Systematic uncertainties from the theoretical modelling and
the object and event reconstruction have an impact in the
signal and control regions used. The search sensitivity is
then affected by their effects on background estimates, signal
acceptance, and the shape of the distributions of the invariant
mass discriminant. Depending on the nature of the uncer-
tainty these can be classified into two groups: (a) theoreti-
cal uncertainties associated with the MC modelling of both
the background and signal processes and (b) experimental
uncertainties related to the detector and reconstruction per-
formance. The uncertainties and the methods used to eval-
uate them are discussed below. Unless explicitly stated, the
uncertainties quoted are the uncertainties in the quantities
themselves, not their impact on the search sensitivity.

7.1 Theoretical uncertainties

Systematic uncertainties in the theoretical modelling by the
event generators used to evaluate the WZ-QCD, WZ-EWK
and Z Z templates are considered. For the WZ-QCD and Z Z
backgrounds that have data-driven normalization only the
shape variations of the reconstructed m(WZ) distribution are
considered. Uncertainties due to higher-order QCD correc-
tions are evaluated by varying the renormalization and factor-
ization scales independently by factors of two and one-half.
For the WZ-QCD background only a small shape effect is
observed and used in the fit. For the WZ-EWK background
the uncertainties in the m(WZ) shape grow with the mass
from 8 to 15%. The uncertainties due to the PDF and the αs

value used in the PDF determination are evaluated using the
PDF4LHC prescription [94]. For the WZ-QCD background
they are estimated to have a small shape component but are
nevertheless included in the fit. For the WZ-EWK they are
added in quadrature, and the total uncertainty stays between 5
to 6% in all mass bins for both the Drell–Yan and VBF selec-
tions. A modelling uncertainty in the WZ-QCD background
template including effects of the parton shower model, is esti-
mated by comparing predictions of the m(WZ) distribution
from the Sherpa and MadGraph MC generators. The dif-
ference between the two predictedm(WZ) distribution shapes
is used as an uncertainty band centred around the nominal
Sherpa prediction. A parton shower modelling uncertainty
in the WZ-EWK background template is estimated using two
MC samples with different parton shower models, Pythia
and Herwig. This modelling uncertainty has no effect on the
m(WZ) distribution’s normalization at low mass, but grows
to 5% at high mass.

For the Z Z background the shape uncertainties originat-
ing from the renormalization and factorization scales, as well
as from the PDF and the chosen value of αs are evaluated in
a similar way.
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The theoretical uncertainties described above are evalu-
ated in all the analysis signal and control regions and treated
as uncorrelated across those regions in the statistical analysis.

An uncertainty of 20% is assigned to the t t̄V and VVV
cross-sections [95–97]. It consists of contributions from PDF
uncertainties and QCD scale uncertainties.

Uncertainties in the signal acceptances due to PDF and
scale choices are also evaluated. These uncertainties are cal-
culated following the procedure described above, for several
resonance mass points, and for each model, production pro-
cess and decay. The theoretical uncertainties of the HVT
signals are evaluated to be less than 20% for all production
modes and they are 30% for the GM model.

7.2 Experimental uncertainties

Experimental uncertainties arise from the determination of
the luminosity, the lepton trigger efficiency, the reconstruc-
tion and identification efficiencies of leptons and jets, and the
missing transverse momentum.

The uncertainty in the integrated luminosity is 1.7%. It
is derived following a methodology similar to that detailed
in Ref. [98], using the LUCID-2 detector for the baseline
luminosity measurements [99], and calibrating the luminos-
ity scale using x-y beam-separation scans. A variation in the
pile-upreweighting of MC events is included to cover the
uncertainty in the ratio of the predicted and measured inelas-
tic cross-sections [100].

Systematic uncertainties affecting the reconstruction and
energy calibration of jets are propagated through the analysis.
They are the dominant experimental uncertainties in the VBF
selection. Those due to the jet energy scale and resolution are
obtained from simulations and in situ techniques [101]. The
uncertainties in the b-tagging efficiency and the mis-tag rate
are also taken into account. The effect of jet uncertainties on
the expected number of events ranges up to 15% in the VBF
selection.

Uncertainties in the efficiencies of the lepton triggers are
found to be negligible. The uncertainties due to the elec-
tron and muon reconstruction, identification and isolation
requirements are estimated using tag-and-probe methods in
Z → �� events in data and simulation [78,79]. Uncertainties
in the lepton energy scale and resolution are also assessed.
The impact of lepton uncertainties on the expected number
of events is typically below 1%.

The uncertainty in the measurement of missing transverse
momentum is estimated by propagating the uncertainties in
the transverse momenta of preselected leptons and jets, as
well as those in the soft term [88].

An uncertainty in the prediction of the fake/non-prompt
background is also taken into account because it affects the
shape and normalization of the background distributions. The
total uncertainty is about 60% (more than 100%) for the

Drell–Yan (VBF) selections. It is larger for the VBF selection
because of the higher statistical uncertainty.

8 Results

8.1 Statistical analysis strategy

TheWZ invariant mass distribution is used as the discriminat-
ing variable. The bin widths were chosen to be comparable to
the expected resolution for the resonance model under inves-
tigation, and at the same time to optimize the sensitivity of the
search while reducing the impact of statistical fluctuations.

A profile-likelihood-ratio test statistic [102] is used to test
the compatibility of the background-only hypothesis with
the data and to test the signal-plus-background hypothesis.
The binned likelihood function is constructed by consider-
ing, in each bin, the contributions of the backgrounds and of
a hypothetical signal of given strength relative to a bench-
mark model’s production cross-section. In the absence of an
observed signal, exclusion limits on the presence of a sig-
nal are then derived using the CLs method [103]. All lepton
flavours and data taking periods are combined together for
the profile-likelihood-ratio test since there was no significant
gain in splitting the samples before the statistical analysis.

Simultaneous maximum-likelihood fits to the observed
binned distributions of m(WZ) in the signal regions and their
dedicated WZ and ZZ control regions are performed. Sepa-
rate fits are performed for the Drell–Yan and VBF selections.
The normalizations of theWZ-QCD andZZ contributions are
freely floating parameters in these fits and are constrained by
the data in both the SRs and dedicated CRs. The ratio of
the fitted contributions in the CR and SR is allowed to vary
within the theoretical uncertainties. The normalizations and
shapes of all other backgrounds are allowed to vary within
their uncertainties.

Systematic uncertainties, described in Sect. 7, and their
correlations are incorporated in the likelihood as nuisance
parameters with Gaussian constraints. Most of the system-
atic uncertainties are taken to be correlated between the SR
and CRs and fit simultaneously in these regions, with the
theoretical uncertainties of the ZZ, WZ-QCD and WZ-EWK
backgrounds being the only exceptions.

Two fit configurations are used, referred to as the Drell–
Yan and VBF configurations. The Drell–Yan fits include
the Drell–Yan SR, WZ-QCD CR and ZZ-CR. In the VBF
configuration, fits include the VBF-SR, WZjj-QCD CR and
ZZjj-CR. Separate fits are performed for the different mod-
els tested and for different resonance mass hypotheses. The
Drell–Yan configuration is used to search for a W ′ boson pre-
dicted by the HVT benchmark. Two VBF fits are performed
using the VBF configuration: one for the search for a VBF-
produced W ′ predicted by the HVT model, and the other for
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Table 3 Expected and observed yields in the Drell–Yan and VBF signal
regions. The yields and uncertainties are presented after the background-
only fit to the data in the Drell–Yan or VBF signal regions. The uncer-
tainty in the total background estimate is smaller than the sum in quadra-
ture of the individual background contributions due to anti-correlations
between the estimated backgrounds from different sources

Drell–Yan signal region VBF signal region

WZ-QCD 1734 ± 77 29 ± 4

WZ-EWK 89 ± 10 26 ± 3

VVV + t t̄V 148 ± 27 0.9 ± 0.2

ZZ 95 ± 5 5 ± 1

Fakes/non-
prompt
leptons

88 ± 49 0.3 ± 0.8

Total background 2155 ± 71 61 ± 6

Observed 2155 66

the search for a charged Higgs boson, H±
5 , as predicted by

the GM model.

8.2 Data and background comparisons

To test the compatibility of the data and the background
expectations, the data are first fit to the background-only
hypothesis, separately in the Drell–Yan and VBF configu-
rations.

The post-fit background yields are summarized in Table 3
for the Drell–Yan and VBF signal regions. In both cases the
fit is able to adjust the SM ZZ and WZ-QCD background
normalizations using the data in signal and control regions.
In the Drell–Yan fit, the ZZ background normalization is
increased by around 10% while the WZ-QCD background
is decreased by 10% relative to the pre-fit predictions. Some
mild pulls in the modelling uncertainties by less than one
standard deviation from their pre-fit values are visible in the
Drell–Yan fit. In the VBF fits, the normalization of the ZZ
background is consistent with the pre-fit value while theWZ-
QCD background is reduced by around 30%. Apart from the
mild pulls in the Drell–Yan signal region, none of the other
nuisance parameters are significantly pulled or constrained
relative to their pre-fit values in any of the background-only
fits.

The post-fit m(WZ) distributions in the signal regions and
their respective WZ-QCD and ZZ control regions are shown
in Fig. 5 for the Drell–Yan selection and in Fig. 6 for the
VBF selection. The bottom panels show that the observed
mass distributions are in good agreement with the estimated
post-fit background contributions in all signal and control
regions.

The largest observed excess is in the VBF category at
m(WZ) around 375 GeV, as shown in Fig. 6c. The local signif-

icances for VBF produced signals of a charged Higgs boson
H±

5 or an HVT W ′ boson are 2.8 and 2.5 standard devia-
tions, respectively. The respective global significances cal-
culated using the look-elsewhere effect as in Ref. [104], and
evaluated up to a mass of 1.2 TeV, are 1.6 and 1.7 standard
deviations. In the Drell–Yan signal region the largest differ-
ence between the data and the SM background prediction is
located around a mass of 1.1 TeV with a local significance
of 1.2 standard deviations.

8.3 Impact of systematic uncertainties

The effects of systematic uncertainties on the search are stud-
ied for hypothesized signals using a signal-strength parame-
ter μ, which is the ratio of the extracted cross-section to the
injected hypothesized signal cross-section. For this study,
the signal production cross-section is set to be equal to the
expected median upper limits (Sect. 8.4). The expected rela-
tive uncertainties in the best-fit μ value after the maximum-
likelihood fit are shown in Table 4 for two reference models
and mass points: Drell–Yan production of a W ′ boson in the
HVT model with massm(W ′) = 1100 GeV, and VBF produc-
tion of an H±

5 in the GM model with massm(H±
5 ) = 375 GeV.

The individual sources of systematic uncertainty are com-
bined into fewer background modelling and experimental
categories. For signals with higher mass, the data statistical
uncertainty is dominant. The uncertainties with the largest
impact on the sensitivity of the searches are from the nor-
malization of the irreducible backgrounds WZ-QCD and ZZ,
from the theory modelling of the WZ background (in the
table this includes QCD and EWK components), from the
reducible background shape and normalization, and from the
sizes of the MC samples. Uncertainties related to luminos-
ity and pile-upalso play a relevant role in both signal regions.
The jet uncertainties, such as those in the jet energy scale and
resolution, naturally have a large impact in the VBF search.

8.4 Limits on the production of heavy resonances

Constraints on the production of heavy resonances are
derived by repeating the test of the signal-plus-background
hypothesis for different signal models. Upper limits on cross-
sections times branching fraction to WZ are calculated using
the asymptotic approximation [102].

For the HVT model search, Fig. 7 presents the observed
and expected limits on σ × B(W ′ → WZ) at 95% CL as a
function of the W ′ mass for the HVT model in the Drell–Yan
signal region. Masses below 2.4 TeV can be excluded for
Model A and 2.5 TeV for Model B. For resonance masses
above 2 TeV the exclusion limits become weaker due to the
poorer acceptance at high mass (see Fig. 2). Regarding the
VBF production mode, 95% CL limits on σ ×B(W ′ → WZ)

are shown in Fig. 8 for the benchmark model with cF = 0
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Fig. 5 Comparisons of the data and the expected background distri-
butions of the WZ invariant mass in the a WZ-QCD, b the ZZ con-
trol regions and c the Drell–Yan signal region. The background pre-
dictions are obtained from a background-only simultaneous fit to the
Drell–Yan signal region and its control regions. For illustration, the
expected distributions from HVT W ′ resonances (model A) with masses

of 800 GeV and 1.4 TeV, with the latter normalized to four times its pre-
dicted cross-section, are shown in the signal region. The bottom panels
show the ratios of the data to the post-fit background predictions. The
uncertainty in the total background prediction, shown as a hashed area,
combines statistical and systematic contributions
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Fig. 6 Comparisons of the data and the expected background distribu-
tions of the WZ invariant mass in a the WZ-QCD VBF control region,
b the ZZ VBF control region and c the VBF signal region. The back-
ground predictions are obtained from a background-only simultane-
ous fit to the VBF signal region and its two control regions. For illus-
tration, the expected distributions from an H±

5 GM model resonance

(sin θH = 0.5) with a mass of 375 GeV and from an HVT W ′ (model A)
of mass 600 GeV are shown in the signal region, with the predicted cross
sections scaled by 0.5 and 4, respectively. The bottom panels show the
ratios of the data to the post-fit background predictions. The uncertainty
in the total background prediction, shown as a hashed area, combines
statistical and systematic contributions
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Table 4 Dominant relative
uncertainties in the best-fit
signal-strength parameter (μ)
for a hypothetical HVT signal of
mass m(W ′) = 1 100 GeV in the
Drell–Yan signal region and a
GM signal of mass
m(H±

5 ) = 375 GeV in the VBF
signal region. For this study, the
production cross-sections of the
signals are set to the expected
median upper limits at these two
mass values. Uncertainties with
smaller contributions are not
included

Source of uncertainty 	μ/μ [%]

Drell–Yan signal region VBF signal region
m(W ′) = 1100 GeV m(H±

5 ) = 375 GeV

WZ-QCD + ZZ normalization 2 11

WZ background: parton shower 6 1

WZ background: scale, PDF 5 8

Fake/non-prompt background 3 1

ZZ background: scale, PDF 0.2 < 0.1

VVV + t t̄V modelling 3 1

Electron identification 6 3

Muon identification 1 4

Jet uncertainty 0.8 16

Flavour tagging 0 1

Missing transverse momentum 0.2 0.5

MC statistical uncertainty 10 5

Luminosity 2 8

Pile-up 0.1 8

Total systematic uncertainty 16 22

Data statistical uncertainty 54 55

Total 56 59

Fig. 7 Observed and expected 95% CL exclusion upper limits on σ ×
B(W ′ → WZ) for the Drell–Yan production of a W ′ boson in the HVT
model as a function of its mass. The LO theory predictions for HVT
Model A with gV = 1 and Model B with gV = 3 are also shown

and different values of gV cH . Thus, they close a gap left by
the limits obtained by searches in the Drell–Yan process as
cF approaches zero.

Because of large mass mixing, which depends on the cou-
pling gV cH , between the SM gauge bosons and V ′, the the-
ory curves start at different values of V’ mass, close to the
limit of validity of the HVT model. Masses below 340 GeV,
700 GeV, 945 GeV and 1145 GeV can be excluded for the
HVT VBF model with cF = 0 and gV cH = 1.0, 2.0, 3.0 and
4.0, respectively.

For the H±
5 GM search, observed and expected exclusion

limits at 95% CL on σ × B(H±
5 → WZ) and on the mixing

parameter sin θH are shown in Fig. 9. The latter are about
35% stronger than in the previous publication [24]. They are
comparable to the CMS results [36], based on the combi-
nation of searches for singly and doubly charged members
of the H5 fiveplet. The shaded regions show the parameter
space for which the H±

5 width exceeds 5% and 10% of mH±
5

.
The intrinsic width of the scalar resonance is narrower than
the detector resolution in the mass region explored.

As a test of the asymptotic approximation used in the sta-
tistical analysis, limits are also computed with ensembles of
pseudo-experiments in all signal and control regions. The
cross-section upper limits obtained in that case agree in all
cases for masses below 500 GeV. At higher masses, where
event yields become smaller, the discrepancy between the
two methods become larger, but they remain within 6–10%.

9 Conclusions

A search was performed for resonant WZ production in fully
leptonic final states (electrons and muons) using 139 fb−1 of√
s = 13 TeV pp collision data collected by the ATLAS

experiment at the LHC. Two different production processes
are considered, Drell–Yan and vector-boson fusion.

The data in the Drell–Yan selection are found to be con-
sistent with Standard Model predictions. The results are used
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Fig. 8 Observed and expected 95% CL upper limits on σ × B(W ′ →
WZ) for the VBF production of a W ′ boson in the HVT benchmark with
parameter cF = 0, as a function of its mass. The LO theory predictions for
HVT VBF benchmark with different values of the coupling parameters
gV and cH are also shown

Fig. 9 Observed and expected 95% CL upper limits a on σ×B(H±
5 →

WZ) and b on the parameter sinθH of the GM model as a function of
mH±

5
. The shaded region shows where the theoretical intrinsic width of

the resonance would be larger than 5% or 10% of the mass

to derive upper limits at 95% confidence level on the cross-
section times branching ratio for heavy vector triplet produc-
tion in benchmark Model A (Model B) with coupling con-
stant gV = 1 (gV = 3) as a function of the resonance mass,
with no evidence of heavy vector resonance production for
masses below 2.4 (2.5) TeV.

In the case of the VBF production process, limits on the
production cross-section times branching ratio to WZ of a
hypothetical resonance are obtained as a function of the mass
for a heavy vector triplet or for a charged member of the
fiveplet scalar in the Georgi–Machacek model. Values of the
parameter sin θH > 0.3 are excluded for masses between
200 GeV and 1 TeV. The results show a local excess of events
over the Standard Model expectations at a resonance mass
of around 375 GeV. The local significances for signals of a
heavy vector W ′ boson or a H±

5 are 2.5 and 2.8 standard devi-
ations respectively. The respective global significances cal-
culated considering the look-elsewhere effect are 1.7 and 1.6
standard deviations respectively. With no evidence of heavy
W ′ vector-resonance production, limits on the production
times branching ratio for the heavy vector triplet VBF pro-
duction process have been obtained as a function of mass.
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Appendix

For the vector-boson fusion analysis a cut-based selection
was also developed, to facilitate reinterpretations of our
results outside the ATLAS Collaboration and to serve in par-
allel to confirm the stability of the results obtained with the
ANN.

The VBF cut-based signal region selection is built on
top of the baseline WZ selection described in Sect. 5.1 by
requiring events to have at least two VBF jets with mjj >

500 GeV and rapidity separation |	yjj| > 3.5. The combined
detector acceptance and signal selection efficiency A × ε of
the cut-based VBF selection as a function of the mass of the
VBF H±

5 and of the HVT W ′ boson, relative to the generated
signal events, is shown in Fig. 10.

Following the same strategy as the nominal analysis, two
control regions are defined so as to constrain the WZ-QCD
and ZZ background. The WZ-QCD VBF cut-based control
region is defined by inverting the |	yjj| requirement, and the
nominal ZZ VBF control region is used. Figure 11 shows
comparisons of the data and the expected background dis-
tributions. The background predictions are obtained from a
background-only simultaneous fit to the VBF cut-based sig-
nal region and the WZ-QCD and ZZ VBF control regions.

Fig. 10 The acceptance times efficiency of VBF H±
5 and

HVT W ′ selection using a cut-based VBF selection is
shown at different mass points for the individual channels
μ+μ−μ±, μ+μ−e±, e+e−μ±, e+e−e± and the sum of all chan-
nels. The error includes statistical and experimental systematic
uncertainties

Constraints on the production of heavy resonances are
derived by repeating the fit to the signal-plus-background
hypothesis for different signal models using the cut-based
analysis. For the HVT model search, Fig. 12 presents the
observed and expected limits on σ × B(W ′ → WZ) at
95% CL as a function of the W ′ mass. Masses below
370 GeV, 590 GeV, 895 GeV and 1100 GeV for HVT VBF
production can be excluded for the HVT VBF model with
cF = 0 and gV cH = 1.0, 2.0, 3.0 and 4.0, respectively. The
sensitivity of the ANN-based analysis is better than that of the
cut-based analysis thanks to the utilization of the neural net-
work that better exploits the difference between signals and
backgrounds. In the cut-based analysis the relative contri-
bution of background is more important in the signal region,
leading to overall higher expected and observed limits. In the
region around 375 GeV in particular due to statistics fluctu-
ations in the data both methods of analysis yield consistent
observed limits.
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Fig. 11 Comparisons of the observed data and the expected back-
ground distributions of the WZ invariant mass using the cut based VBF
selection are shown for a WZ-QCD VBF control region, b ZZ VBF
control region and c the VBF signal region. The background predic-
tions are obtained from a background-only simultaneous fit to the VBF
cut-based signal region and the WZ-QCD and ZZ VBF control regions.
For illustration, the expected distributions from an H±

5 GM model res-

onance (sin θH = 0.5) with mass of 375 GeV and from an HVT W ′
(model A) of mass 600 GeV are shown in the signal region, with the
latter predicted cross sections scaled by 10. The bottom panel show the
ratio of the observed data to the background predictions. The uncertainty
in the total background prediction, shown as a hashed area, combines
statistical and systematic contributions
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Fig. 12 Using the cut-based VBF selection, the observed and expected
95% CL upper limits on σ × B(W ′ → WZ) for the VBF production
of a W ′ boson in the HVT with parameter cF = 0, as a function of its
mass. The LO theory predictions for HVT VBF model with different
values of the coupling parameters gV and cH are also shown

Fig. 13 Using the cut-based VBF selection, the observed and expected
95% CL upper limits on a the σ × B(H±

5 → WZ) and b the parameter
sin θH of the GM Model as a function of mH±

5
. The shaded regions

show where the theoretical intrinsic width of the resonance would be
larger than 5% and 10% of the mass

For the H±
5 GM search, observed and expected exclu-

sion limits at 95% CL on σ × B(H±
5 → WZ) and on the

mixing parameter sin θH are shown in Fig. 13. The intrinsic
width of the scalar resonance, for sin θH= 0.5, is narrower
than the detector resolution in the mass region explored. The
shaded regions show the parameter space where the H±

5
width exceeds 5% and 10% of mH±

5
. The expected limits

extracted using the cut-based analysis are, for both models,
between 30 and 50% less stringent than the ones extracted
using the ANN signal region selection.

References

1. D. de Florian et al., Handbook of LHC Higgs Cross Sections:
4. Deciphering the Nature of the Higgs Sector, vol. 2 (2016).
arXiv:1610.07922 [hep-ph]

2. I.P. Ivanov, Building and testing models with extended Higgs sec-
tors. Prog. Part. Nucl. Phys. 95, 160 (2017). arXiv:1702.03776
[hep-ph]

3. J. Steggemann, Extended Scalar Sectors. Annu. Rev. Nucl. Part.
Sci. 70, 197 (2020)

4. K. Agashe, R. Contino, A. Pomarol, The minimal com-
posite Higgs model. Nucl. Phys. B 719, 165 (2005).
arXiv:hep-ph/0412089

5. G. Giudice, C. Grojean, A. Pomarol, R. Rattazzi, The
strongly-interacting light Higgs. JHEP 06, 045 (2007).
arXiv:hep-ph/0703164

6. R. Foadi, M.T. Frandsen, T.A. Ryttov, F. Sannino, Minimal walk-
ing technicolor: set up for collider physics. Phys. Rev. D 76,
055005 (2007). arXiv:0706.1696 [hep-ph]

7. L. Randall, R. Sundrum, A large mass hierarchy from a
small extra dimension. Phys. Rev. Lett. 83, 3370 (1999).
arXiv:hep-ph/9905221

8. C. Csaki, C. Grojean, H. Murayama, L. Pilo, J. Terning, Gauge
theories on an interval: unitarity without a Higgs boson. Phys.
Rev. D 69, 055006 (2004). arXiv:hep-ph/0305237

9. C. Csaki, C. Grojean, J. Terning, Alternatives to an elementary
Higgs. Rev. Mod. Phys. 88, 045001 (2016). arXiv:1512.00468
[hep-ph]

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

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

12. R.N. Mohapatra, J.C. Pati, Left-right gauge symmetry and an “iso-
conjugate” model of CP violation. Phys. Rev. D 11, 566 (1975)

13. N. Arkani-Hamed, A.G. Cohen, E. Katz, A.E. Nelson, The littlest
Higgs. JHEP 07, 034 (2002). arXiv:hep-ph/0206021

14. T. Han, H.E. Logan, B. McElrath, L.-T. Wang, Phenomenol-
ogy of the little Higgs model. Phys. Rev. D 67, 095004 (2003).
arXiv:hep-ph/0301040

15. H. Georgi, M. Machacek, Doubly charged Higgs bosons. Nucl.
Phys. B 262, 463 (1985)

16. M.S. Chanowitz, M. Golden, Higgs boson triplets with M(W ) =
M(Z) cos θw . Phys. Lett. B 165, 105 (1985)

17. K. Hartling, K. Kumar, H.E. Logan, Indirect constraints on the
Georgi–Machacek model and implications for Higgs boson cou-

123

http://arxiv.org/abs/1610.07922
http://arxiv.org/abs/1702.03776
http://arxiv.org/abs/hep-ph/0412089
http://arxiv.org/abs/hep-ph/0703164
http://arxiv.org/abs/0706.1696
http://arxiv.org/abs/hep-ph/9905221
http://arxiv.org/abs/hep-ph/0305237
http://arxiv.org/abs/1512.00468
http://arxiv.org/abs/hep-ph/0503173
http://arxiv.org/abs/hep-ph/0206021
http://arxiv.org/abs/hep-ph/0301040


Eur. Phys. J. C           (2023) 83:633 Page 19 of 34   633 

plings. Phys. Rev. D 91, 015013 (2015). arXiv:1410.5538 [hep-
ph]

18. J. de Blas, J.M. Lizana, M. Perez-Victoria, Combining searches
of Z ′ and W ′ bosons. JHEP 01, 166 (2013). arXiv:1211.2229
[hep-ph]

19. D. Pappadopulo, A. Thamm, R. Torre, A. Wulzer, Heavy vec-
tor triplets: bridging theory and data. JHEP 09, 060 (2014).
arXiv:1402.4431 [hep-ph]

20. D. Greco, D. Liu, Hunting composite vector resonances at
the LHC: naturalness facing data. JHEP 12, 126 (2014).
arXiv:1410.2883 [hep-ph]

21. M.S. Chanowitz, M.K. Gaillard, The TeV physics of strongly
interacting W s and Z s. Nucl. Phys. B 261, 379 (1985)

22. ATLAS Collaboration, Search for WZ resonances in the fully
leptonic channel using pp collisions at

√
s = 8 T eV with the

ATLAS detector. Phys. Lett. B 737, 223 (2014). arXiv:1406.4456
[hep-ex]

23. CMS Collaboration, Search for new resonances decaying via WZ
to leptons in proton.proton collisions at

√
s = 8 T eV . Phys. Lett.

B 740, 83 (2015). arXiv:1407.3476 [hep-ex]
24. ATLAS Collaboration, Search for resonant WZ production in

the fully leptonic final state in proton.proton collisions at
√
s =

13 T eV with the ATLAS detector. Phys. Lett. B 787, 68 (2018).
arXiv:1806.01532 [hep-ex]

25. ATLAS Collaboration, ATLAS Heavy Particle Searches—95%
CL Exclusion Limits, 2021. https://atlas.web.cern.ch/Atlas/
GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-033/
fig_01.png. Accessed 8 July 2022

26. ATLAS Collaboration, Summary of Diboson Resonance Searches
from the ATLAS Experiment, ATL-PHYS-PUB-2021-018, 2021.
https://cds.cern.ch/record/2771783. Accessed 8 July 2022

27. CMS Collaboration, Overview of CMS Diboson results,
2022. https://twiki.cern.ch/twiki/bin/view/CMSPublic/
PhysicsResultsB2G#Summary_of_public_Diboson_result.
Accessed 8 July 2022

28. ATLAS Collaboration, Combination of searches for WW , WZ
and Z Z resonances in pp collisions at

√
s = 8 TeV with the

ATLAS detector. Phys. Lett. B755, 285 (2016). arXiv:1512.05099
[hep-ex]

29. ATLAS Collaboration, Searches for heavy diboson resonances in
pp collisions at

√
s = 13 T eV with the ATLAS detector. JHEP

09, 173 (2016). arXiv:1606.04833 [hep-ex]
30. ATLAS Collaboration, Search for heavy diboson resonances in

semileptonic final states in pp collisions at
√
s = 13 TeV

with the ATLAS detector. Eur. Phys. J. C 80, 1165 (2020).
arXiv:2004.14636 [hep-ex]

31. CMS Collaboration, Combination of searches for heavy reso-
nances decaying to WW , WZ , Z Z , WH , and ZH boson pairs in
proton–proton collisions at

√
s = 8 TeV and 13 TeV. Phys. Lett.

B 774, 533 (2017). arXiv:1705.09171 [hep-ex]
32. CMS Collaboration, Combination of CMS searches for heavy

resonances decaying to pairs of bosons or leptons. Phys. Lett.
B 798, 134952 (2019). arXiv:1906.00057 [hep-ex]

33. CMS Collaboration, Search for heavy resonances decaying to
WW , WZ , or WH boson pairs in a final state of a lepton and
a large jet in proton.proton collisions at

√
s = 13 TeV. Phys. Rev.

D 105, 032008 (2021). arXiv:2109.06055 [hep-ex]
34. ATLAS Collaboration, Search for heavy resonances decaying

into WW in the evμ v final state in pp collisions at
√
s =

13 TeV with the ATLAS detector. Eur. Phys. J. C 78, 24 (2018).
arXiv:1710.01123 [hep-ex]

35. CMS Collaboration, Observation of electroweak production of
same-sign W boson pairs in the two jet and two same-sign lepton
final state in proton–proton collisions at 13 TeV. Phys. Rev. Lett.
120 , 081801 (2018). arXiv:1709.05822 [hep-ex]

36. CMS Collaboration, Search for charged Higgs bosons produced
in vector boson fusion processes and decaying into vector boson
pairs in proton–proton collisions at

√
s = 13 T eV . Eur. Phys. J.

C 81, 723 (2021). arXiv:2104.04762 [hep-ex]
37. ATLAS Collaboration, Performance of the ATLAS trigger system

in 2015. Eur. Phys. J. C 77, 317, (2017).arXiv:1611.09661 [hep-
ex]

38. ATLAS Collaboration, The ATLAS Collaboration software and
firmware, ATL-SOFT-PUB-2021-001, 2021. https://cds.cern.ch/
record/2767187. Accessed 8 July 2022

39. ATLAS Collaboration, ATLAS data quality operations and per-
formance for 2015.2018 data-taking. JINST 15, P04003 (2020).
arXiv:1911.04632 [physics.ins-det]

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

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

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

43. ATLAS Collaboration, The ATLAS simulation infrastructure.
Eur. Phys. J. C 70, 823, (2010).arXiv:1005.4568 [physics.ins-det]

44. ATLAS Collaboration, The simulation principle and perfor-
mance of the ATLAS fast calorimeter simulation FastCaloSim,
ATL-PHYS-PUB-2010-013, 2010. https://cds.cern.ch/record/
1300517. Accessed 8 July 2022

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

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

47. 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. Accessed 8
July 2022

48. T. Gleisberg et al., Event generation with SHERPA 1.1. JHEP 02,
007 (2009). arXiv: 0811.4622 [hep-ph]

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

50. 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).
arXiv:1405.0301 [hep-ph]

51. C. Degrande, K. Hartling, H.E. Logan, A.D. Peterson, M. Zaro,
Automatic predictions in the Georgi–Machacek model at next-
to-leading order accuracy. Phys. Rev. D 93, 035004 (2016).
arXiv:1512.01243 [hep-ph]

52. H.E. Logan, M.B. Reimer, Characterizing a benchmark scenario
for heavy Higgs boson searches in the Georgi–Machacek model.
Phys. Rev. D 96, 095029 (2017). arXiv:1709.01883 [hep-ph]

53. K. Hartling, K. Kumar, H.E. Logan, GMCALC: a calculator for
the Georgi–Machacek model. (2014). arXiv:1412.7387 [hep-ph]

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

55. ATLAS Collaboration, ATLAS Pythia 8 tunes to 7 TeV data,
ATL-PHYS-PUB-2014-021, 2014. https://cds.cern.ch/record/
1966419. Accessed 8 July 2022

56. A. Ballestrero et al., Precise predictions for same-sign W-
boson scattering at the LHC. Eur. Phys. J. C 78, 671 (2018).
arXiv:1803.07943 [hep-ph]

57. V. Barger, W.-Y. Keung, E. Ma, Gauge model with light W and Z
bosons. Phys. Rev. D 22, 727 (1980)

58. R. Contino, D. Pappadopulo, D. Marzocca, R. Rattazzi, On the
effect of resonances in composite Higgs phenomenology. JHEP
10, 081 (2011). arXiv:1109.1570 [hep-ph]

123

http://arxiv.org/abs/1410.5538
http://arxiv.org/abs/1211.2229
http://arxiv.org/abs/1402.4431
http://arxiv.org/abs/1410.2883
http://arxiv.org/abs/1406.4456
http://arxiv.org/abs/1407.3476
http://arxiv.org/abs/1806.01532
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-033/fig_01.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-033/fig_01.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-033/fig_01.png
https://cds.cern.ch/record/2771783
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G#Summary_of_public_Diboson_result
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G#Summary_of_public_Diboson_result
http://arxiv.org/abs/1512.05099
http://arxiv.org/abs/1606.04833
http://arxiv.org/abs/2004.14636
http://arxiv.org/abs/1705.09171
http://arxiv.org/abs/1906.00057
http://arxiv.org/abs/2109.06055
http://arxiv.org/abs/1710.01123
http://arxiv.org/abs/1709.05822
http://arxiv.org/abs/2104.04762
https://cds.cern.ch/record/2767187
https://cds.cern.ch/record/2767187
http://arxiv.org/abs/1911.04632
http://arxiv.org/abs/1909.00761
http://arxiv.org/abs/2004.13447
https://cds.cern.ch/record/1300517
https://cds.cern.ch/record/1300517
http://arxiv.org/abs/0710.3820
http://arxiv.org/abs/1207.1303
https://cds.cern.ch/record/2206965
http://arxiv.org/abs/0811.4622
http://arxiv.org/abs/1405.0301
http://arxiv.org/abs/1512.01243
http://arxiv.org/abs/1709.01883
http://arxiv.org/abs/1412.7387
http://arxiv.org/abs/1410.8849
https://cds.cern.ch/record/1966419
https://cds.cern.ch/record/1966419
http://arxiv.org/abs/1803.07943
http://arxiv.org/abs/1109.1570


  633 Page 20 of 34 Eur. Phys. J. C           (2023) 83:633 

59. R. Frederix, S. Frixione, Merging meets matching in MC@NLO .
JHEP 12, 061 (2012). arXiv:1209.6215 [hep-ph]

60. E. Bothmann et al., Event generation with Sherpa 22. SciPost
Phys. 7, 034 (2019). arXiv:1905.09127 [hep-ph]

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

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

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

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

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

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

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

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

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

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

71. S. Alioli, P. Nason, C. Oleari, E. Re, NLO vector-boson produc-
tion matched with shower in POWHEG. JHEP 07, 060 (2008).
arXiv:0805.4802 [hep-ph]

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

√
s = 7T eV

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

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

74. J. Pumplin et al., New generation of parton distributions with
uncertainties from global QCD analysis. JHEP 07, 012 (2002).
arXiv:hep-ph/0201195

75. P. Golonka, Z. Was, PHOTOS Monte Carlo: a precision tool for
QED corrections in Z and W decays. Eur. Phys. J. C 45, 97 (2006).
arXiv:hep-ph/0506026

76. N. Davidson, T. Przedzinski, Z. Was, PHOTOS Interface in C++:
technical and physics documentation. Comput. Phys. Commun.
199, 86 (2016). arXiv:1011.0937 [hep-ph]

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

78. ATLAS Collaboration, Electron and photon performance mea-
surements with the ATLAS detector using the 2015.2017
LHC proton–proton collision data. JINST 14, P12006 (2019).
arXiv:1908.00005 [hep-ex]

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

√
s = 13 T eV .

Eur. Phys. J. C 76, 292 (2016). arXiv:1603.05598 [hep-ex]
80. 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). arXiv:2012.00578

[hep-ex]

81. ATLAS Collaboration, Jet reconstruction and performance using
particle flow with the ATLAS detector. Eur. Phys. J. C 77, 466
(2017). arXiv:1703.10485 [hep-ex]

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

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

84. 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). arXiv:1510.03823 [hep-
ex]

85. ATLAS Collaboration, Tagging and suppression of pileup jets
with the ATLAS detector, ATLAS-CONF-2014-018, 2014.
https://cds.cern.ch/record/1700870. Accessed 8 July 2022

86. 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). arXiv:1907.05120

[hep-ex]
87. ATLAS Collaboration, Measurement of the b-jet identification

efficiency for high transverse momentum jets in t t̄events in
the lepton + jets channel with the ATLAS detector using Run
2 data, ATL-PHYS-PUB-2021-004, 2021. https://cds.cern.ch/
record/2753734. Accessed 8 July 2022

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

√
s = 13 T eV . Eur. Phys. J. C 78,

903 (2018). arXiv:1802.08168 [hep-ex]
89. F. Chollet et al., Keras, 2015. https://github.com/fchollet/keras.

Accessed 8 July 2022
90. M. Abadi et al., TensorFlow: large-scale machine learning on

heterogeneous systems, software available from tensorflow.org
(2015). https://www.tensorflow.org/. Accessed 8 July 2022

91. V. Nair, G.E. Hinton, Rectified linear units improve restricted
Boltzmann machines, in ICML’10: Proceedings of the 27th
International Conference on International Conference on
Machine Learning, Madison, WI, USA: Omnipress, 2010 807.
isbn:9781605589077

92. I. Sutskever, J. Martens, G. Dahl, G. Hinton, On the importance
of initialization and momentum in deep learning, in Proceed-
ings of the 30th International Conference on Machine Learning,
Proceedings of Machine Learning Research 3, Atlanta, Geor-
gia, USA: PMLR, 2013 1139, vol. 28, ed. by S. Dasgupta and
D. McAllester

93. ATLAS Collaboration, Measurements of W ± Z production cross
sections in pp collisions at

√
s = 8 TeV with the ATLAS detector

and limits on anomalous gauge boson self-couplings. Phys. Rev.
D 93, 092004 (2016). arXiv:1603.02151 [hep-ex]

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

95. ATLAS Collaboration, Multi-boson simulation for 13 TeV
ATLAS analyses, ATL-PHYS-PUB-2016-002, 2016. https://cds.
cern.ch/record/2119986. Accessed 8 July 2022

96. ATLAS Collaboration, Measurement of the t t̄ Z and t t̄W
cross sections in proton.proton collisions at

√
s = 13 T eV

with the ATLAS detector. Phys. Rev. D 99, 072009 (2019).
arXiv:1901.03584 [hep-ex]

97. ATLAS Collaboration, Evidence for the production of three mas-
sive vector bosons with the ATLAS detector. Phys. Lett. B 798,
134913 (2019). arXiv:1903.10415 [hep-ex]

123

http://arxiv.org/abs/1209.6215
http://arxiv.org/abs/1905.09127
http://arxiv.org/abs/0808.3674
http://arxiv.org/abs/0709.1027
http://arxiv.org/abs/1111.1220
http://arxiv.org/abs/1207.5030
http://arxiv.org/abs/hep-ph/0109231
http://arxiv.org/abs/0903.1219
http://arxiv.org/abs/1410.3012
http://arxiv.org/abs/hep-ph/0409146
http://arxiv.org/abs/0709.2092
http://arxiv.org/abs/1002.2581
http://arxiv.org/abs/0805.4802
http://arxiv.org/abs/1406.3660
http://arxiv.org/abs/1007.2241
http://arxiv.org/abs/hep-ph/0201195
http://arxiv.org/abs/hep-ph/0506026
http://arxiv.org/abs/1011.0937
http://arxiv.org/abs/0907.4076
http://arxiv.org/abs/1908.00005
http://arxiv.org/abs/1603.05598
http://arxiv.org/abs/2012.00578
http://arxiv.org/abs/1703.10485
http://arxiv.org/abs/0802.1189
http://arxiv.org/abs/1111.6097
http://arxiv.org/abs/1510.03823
https://cds.cern.ch/record/1700870
http://arxiv.org/abs/1907.05120
https://cds.cern.ch/record/2753734
https://cds.cern.ch/record/2753734
http://arxiv.org/abs/1802.08168
https://github.com/fchollet/keras
https://www.tensorflow.org/
http://arxiv.org/abs/1603.02151
http://arxiv.org/abs/1510.03865
https://cds.cern.ch/record/2119986
https://cds.cern.ch/record/2119986
http://arxiv.org/abs/1901.03584
http://arxiv.org/abs/1903.10415


Eur. Phys. J. C           (2023) 83:633 Page 21 of 34   633 

98. ATLAS Collaboration, Luminosity determination in pp col-
lisions at

√
s = 13 T eV using the ATLAS detector at

the LHC, ATLAS-CONF-2019-021, 2019. https://cds.cern.ch/
record/2677054. Accessed 8 July 2022

99. G. Avoni et al., The new LUCID-2 detector for luminosity mea-
surement and monitoring in ATLAS. JINST 13, P07017 (2018)

100. ATLAS Collaboration, Measurement of the Inelastic Pro-
ton.Proton Cross Section at

√
s = 13 T eV with the ATLAS

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

101. ATLAS Collaboration, Jet energy scale measurements and their
systematic uncertainties in proton.proton collisions at

√
s =

13 T eV with the ATLAS detector. Phys. Rev. D 96, 072002
(2017). arXiv:1703.09665 [hep-ex]

102. G. Cowan, K. Cranmer, E. Gross, O. Vitells, Asymptotic formulae
for likelihood-based tests of new physics. Eur. Phys. J. C 71, 1554
(2011). arXiv:1007.1727 [physics.data-an] [Erratum: Eur. Phys.
J. C 73 (2013) 2501]

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

104. T. C. C. The ATLAS Collaboration and T. L. H. C. Group, Pro-
cedure for the LHC Higgs boson search combination in sum-
mer 2011, ATL-PHYS-PUB-2011-011, 2011. https://cds.cern.ch/
record/1375842. Accessed 8 July 2022

105. ATLAS Computing Acknowledgements, Technical report,
CERN, 2021, https://cds.cern.ch/record/2776662. Accessed 8
July 2022

ATLAS Collaboration�

G. Aad101 , B. Abbott119 , D. C. Abbott102 , K. Abeling55 , S. H. Abidi29 , A. Aboulhorma35e ,
H. Abramowicz150 , H. Abreu149 , Y. Abulaiti116 , A. C. Abusleme Hoffman136a , B. S. Acharya68a,68b,o ,
B. Achkar55 , L. Adam99 , C. Adam Bourdarios4 , L. Adamczyk84a , L. Adamek154 , S. V. Addepalli26 ,
J. Adelman114 , A. Adiguzel21c , S. Adorni56 , T. Adye133 , A. A. Affolder135 , Y. Afik36 , M. N. Agaras13 ,
J. Agarwala72a,72b , A. Aggarwal99 , C. Agheorghiesei27c , J. A. Aguilar-Saavedra129f , A. Ahmad36 ,
F. Ahmadov38,w , W. S. Ahmed103 , X. Ai48 , G. Aielli75a,75b , I. Aizenberg167 , M. Akbiyik99 ,
T. P. A. Åkesson97 , A. V. Akimov37 , K. Al Khoury41 , G. L. Alberghi23b , J. Albert163 , P. Albicocco53 ,
M. J. Alconada Verzini89 , S. Alderweireldt52 , M. Aleksa36 , I. N. Aleksandrov38 , C. Alexa27b ,
T. Alexopoulos10 , A. Alfonsi113 , F. Alfonsi23b , M. Alhroob119 , B. Ali131 , S. Ali147 , M. Aliev37 ,
G. Alimonti70a , C. Allaire36 , B. M. M. Allbrooke145 , P. P. Allport20 , A. Aloisio71a,71b , F. Alonso89 ,
C. Alpigiani137 , E. Alunno Camelia75a,75b, M. Alvarez Estevez98 , M. G. Alviggi71a,71b , Y. Amaral Coutinho81b ,
A. Ambler103 , C. Amelung36, C. G. Ames108 , D. Amidei105 , S. P. Amor Dos Santos129a , S. Amoroso48 ,
K. R. Amos161 , C. S. Amrouche56, V. Ananiev124 , C. Anastopoulos138 , N. Andari134 , T. Andeen11 ,
J. K. Anders19 , S. Y. Andrean47a,47b , A. Andreazza70a,70b , S. Angelidakis9 , A. Angerami41,y ,
A. V. Anisenkov37 , A. Annovi73a , C. Antel56 , M. T. Anthony138 , E. Antipov120 , M. Antonelli53 ,
D. J. A. Antrim17a , F. Anulli74a , M. Aoki82 , J. A. Aparisi Pozo161 , M. A. Aparo145 , L. Aperio Bella48 ,
C. Appelt18 , N. Aranzabal36 , V. Araujo Ferraz81a , C. Arcangeletti53 , A. T. H. Arce51 , E. Arena91 ,
J F. Arguin107 , S. Argyropoulos54 , J.-H. Arling48 , A. J. Armbruster36 , O. Arnaez154 , H. Arnold113 ,
Z. P. Arrubarrena Tame108, G. Artoni74a,74b , H. Asada110 , K. Asai117 , S. Asai152 , N. A. Asbah61 ,
E. M. Asimakopoulou159 , J. Assahsah35d , K. Assamagan29 , R. Astalos28a , R. J. Atkin33a , M. Atkinson160,
N. B. Atlay18 , H. Atmani62b, P. A. Atmasiddha105 , K. Augsten131 , S. Auricchio71a,71b , A. D. Auriol20 ,
V. A. Austrup169 , G. Avner149 , G. Avolio36 , K. Axiotis56 , M. K. Ayoub14c , G. Azuelos107,ac , D. Babal28a ,
H. Bachacou134 , K. Bachas151,q , A. Bachiu34 , F. Backman47a,47b , A. Badea61 , P. Bagnaia74a,74b ,
M. Bahmani18 , A. J. Bailey161 , V. R. Bailey160 , J. T. Baines133 , C. Bakalis10 , O. K. Baker170 ,
P. J. Bakker113 , E. Bakos15 , D. Bakshi Gupta8 , S. Balaji146 , R. Balasubramanian113 , E. M. Baldin37 ,
P. Balek132 , E. Ballabene70a,70b , F. Balli134 , L. M. Baltes63a , W. K. Balunas32 , J. Balz99 , E. Banas85 ,
M. Bandieramonte128 , A. Bandyopadhyay24 , S. Bansal24 , L. Barak150 , E. L. Barberio104 , D. Barberis57b,57a ,
M. Barbero101 , G. Barbour95, K. N. Barends33a , T. Barillari109 , M-S. Barisits36 , J. Barkeloo122 ,
T. Barklow142 , R. M. Barnett17a , P. Baron121 , D. A. Baron Moreno100 , A. Baroncelli62a , G. Barone29 ,
A. J. Barr125 , L. Barranco Navarro47a,47b , F. Barreiro98 , J. Barreiro Guimarães da Costa14a , U. Barron150 ,
M. G. Barros Teixeira129a , S. Barsov37 , F. Bartels63a , R. Bartoldus142 , A. E. Barton90 , P. Bartos28a ,
A. Basalaev48 , A. Basan99 , M. Baselga49 , I. Bashta76a,76b , A. Bassalat66,z , M. J. Basso154 , C. R. Basson100 ,
R. L. Bates59 , S. Batlamous35e, J. R. Batley32 , B. Batool140 , M. Battaglia135 , M. Bauce74a,74b , P. Bauer24 ,
A. Bayirli21a , J. B. Beacham51 , T. Beau126 , P. H. Beauchemin157 , F. Becherer54 , P. Bechtle24 ,
H. P. Beck19,p , K. Becker165 , C. Becot48 , A. J. Beddall21d , V. A. Bednyakov38 , C. P. Bee144 , L. J. Beemster15,
T. A. Beermann36 , M. Begalli81b,81d , M. Begel29 , A. Behera144 , J. K. Behr48 , C. Beirao Da Cruz E Silva36 ,
J. F. Beirer55,36 , F. Beisiegel24 , M. Belfkir115b , G. Bella150 , L. Bellagamba23b , A. Bellerive34 ,

123

https://cds.cern.ch/record/2677054
https://cds.cern.ch/record/2677054
http://arxiv.org/abs/1606.02625
http://arxiv.org/abs/1703.09665
http://arxiv.org/abs/1007.1727
https://cds.cern.ch/record/1375842
https://cds.cern.ch/record/1375842
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/0000-0002-1002-1652
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/0000-0002-2126-4246
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
http://orcid.org/0000-0003-2127-373X
http://orcid.org/0000-0002-3207-9783
http://orcid.org/0000-0002-4826-2662
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/0000-0002-3623-1228
http://orcid.org/0000-0001-6918-9065
http://orcid.org/0000-0003-1616-3587
http://orcid.org/0000-0003-2664-3437
http://orcid.org/0000-0003-3664-8186
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/0000-0001-9864-7985
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/0000-0003-0914-8178
http://orcid.org/0000-0003-2872-7116
http://orcid.org/0000-0002-3407-0918
http://orcid.org/0000-0001-5317-9794
http://orcid.org/0000-0001-9696-9497
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/0000-0001-9608-543X
http://orcid.org/0000-0002-9148-4658
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


  633 Page 22 of 34 Eur. Phys. J. C           (2023) 83:633 

P. Bellos20 , K. Beloborodov37 , K. Belotskiy37 , N. L. Belyaev37 , D. Benchekroun35a , F. Bendebba35a ,
Y. Benhammou150 , D. P. Benjamin29 , M. Benoit29 , J. R. Bensinger26 , S. Bentvelsen113 , L. Beresford36 ,
M. Beretta53 , D. Berge18 , E. Bergeaas Kuutmann159 , N. Berger4 , B. Bergmann131 , J. Beringer17a ,
S. Berlendis7 , G. Bernardi5 , C. Bernius142 , F. U. Bernlochner24 , T. Berry94 , P. Berta132 , A. Berthold50 ,
I. A. Bertram90 , O. Bessidskaia Bylund169 , S. Bethke109 , A. Betti44 , A. J. Bevan93 , M. Bhamjee33c ,
S. Bhatta144 , D. S. Bhattacharya164 , P. Bhattarai26, V. S. Bhopatkar6 , R. Bi128, R. Bi29,af, R. M. Bianchi128 ,
O. Biebel108 , R. Bielski122 , N. V. Biesuz73a,73b , M. Biglietti76a , T. R. V. Billoud131 , M. Bindi55 ,
A. Bingul21b , C. Bini74a,74b , S. Biondi23b,23a , A. Biondini91 , C. J. Birch-sykes100 , G. A. Bird20,133 ,
M. Birman167 , T. Bisanz36 , D. Biswas168,k , A. Bitadze100 , K. Bjørke124 , I. Bloch48 , C. Blocker26 ,
A. Blue59 , U. Blumenschein93 , J. Blumenthal99 , G. J. Bobbink113 , V. S. Bobrovnikov37 , M. Boehler54 ,
D. Bogavac36 , A. G. Bogdanchikov37 , C. Bohm47a , V. Boisvert94 , P. Bokan48 , T. Bold84a , M. Bomben5 ,
M. Bona93 , M. Boonekamp134 , C. D. Booth94 , A. G. Borbély59 , H. M. Borecka-Bielska107 , L. S. Borgna95 ,
G. Borissov90 , D. Bortoletto125 , D. Boscherini23b , M. Bosman13 , J. D. Bossio Sola36 , K. Bouaouda35a ,
J. Boudreau128 , E. V. Bouhova-Thacker90 , D. Boumediene40 , R. Bouquet5 , A. Boveia118 , J. Boyd36 ,
D. Boye29 , I. R. Boyko38 , J. Bracinik20 , N. Brahimi62d,62c , G. Brandt169 , O. Brandt32 , F. Braren48 ,
B. Brau102 , J. E. Brau122 , W. D. Breaden Madden59, K. Brendlinger48 , R. Brener167 , L. Brenner36 ,
R. Brenner159 , S. Bressler167 , B. Brickwedde99 , D. Britton59 , D. Britzger109 , I. Brock24 , G. Brooijmans41 ,
W. K. Brooks136f , E. Brost29 , P. A. Bruckman de Renstrom85 , B. Brüers48 , D. Bruncko28b,* , A. Bruni23b ,
G. Bruni23b , M. Bruschi23b , N. Bruscino74a,74b , L. Bryngemark142 , T. Buanes16 , Q. Buat137 , P. Buchholz140 ,
A. G. Buckley59 , I. A. Budagov38,* , M. K. Bugge124 , O. Bulekov37 , B. A. Bullard61 , S. Burdin91 ,
C. D. Burgard48 , A. M. Burger40 , B. Burghgrave8 , J. T. P. Burr32 , C. D. Burton11 , J. C. Burzynski141 ,
E. L. Busch41 , V. Büscher99 , P. J. Bussey59 , J. M. Butler25 , C. M. Buttar59 , J. M. Butterworth95 ,
W. Buttinger133 , C. J. Buxo Vazquez106, A. R. Buzykaev37 , G. Cabras23b , S. Cabrera Urbán161 , D. Caforio58 ,
H. Cai128 , Y. Cai14a,14d , V. M. M. Cairo36 , O. Cakir3a , N. Calace36 , P. Calafiura17a , G. Calderini126 ,
P. Calfayan67 , G. Callea59 , L. P. Caloba81b, D. Calvet40 , S. Calvet40 , T. P. Calvet101 , M. Calvetti73a,73b ,
R. Camacho Toro126 , S. Camarda36 , D. Camarero Munoz98 , P. Camarri75a,75b , M. T. Camerlingo76a,76b ,
D. Cameron124 , C. Camincher163 , M. Campanelli95 , A. Camplani42 , V. Canale71a,71b , A. Canesse103 ,
M. Cano Bret79 , J. Cantero161 , Y. Cao160 , F. Capocasa26 , M. Capua43b,43a , A. Carbone70a,70b ,
R. Cardarelli75a , J. C. J. Cardenas8 , F. Cardillo161 , T. Carli36 , G. Carlino71a , B. T. Carlson128,r ,
E. M. Carlson163,155a , L. Carminati70a,70b , M. Carnesale74a,74b , S. Caron112 , E. Carquin136f , S. Carrá70a,70b ,
G. Carratta23b,23a , F. Carrio Argos33g , J. W. S. Carter154 , T. M. Carter52 , M. P. Casado13,h , A. F. Casha154,
E. G. Castiglia170 , F. L. Castillo63a , L. Castillo Garcia13 , V. Castillo Gimenez161 , N. F. Castro129a,129e ,
A. Catinaccio36 , J. R. Catmore124 , V. Cavaliere29 , N. Cavalli23b,23a , V. Cavasinni73a,73b , E. Celebi21a ,
F. Celli125 , M. S. Centonze69a,69b , K. Cerny121 , A. S. Cerqueira81a , A. Cerri145 , L. Cerrito75a,75b ,
F. Cerutti17a , A. Cervelli23b , S. A. Cetin21d , Z. Chadi35a , D. Chakraborty114 , M. Chala129f , J. Chan168 ,
W. S. Chan113 , W. Y. Chan152 , J. D. Chapman32 , B. Chargeishvili148b , D. G. Charlton20 , T. P. Charman93 ,
M. Chatterjee19 , S. Chekanov6 , S. V. Chekulaev155a , G. A. Chelkov38,a , A. Chen105 , B. Chen150 , B. Chen163 ,
C. Chen62a, H. Chen14c , H. Chen29 , J. Chen62c , J. Chen26 , S. Chen152 , S. J. Chen14c , X. Chen62c ,
X. Chen14b,ab , Y. Chen62a , C. L. Cheng168 , H. C. Cheng64a , A. Cheplakov38 , E. Cheremushkina48 ,
E. Cherepanova113 , R. Cherkaoui El Moursli35e , E. Cheu7 , K. Cheung65 , L. Chevalier134 , V. Chiarella53 ,
G. Chiarelli73a , G. Chiodini69a , A. S. Chisholm20 , A. Chitan27b , Y. H. Chiu163 , M. V. Chizhov38 ,
K. Choi11 , A. R. Chomont74a,74b , Y. Chou102 , E. Y. S. Chow113 , T. Chowdhury33g , L. D. Christopher33g ,
K. L. Chu64a, M. C. Chu64a , X. Chu14a,14d , J. Chudoba130 , J. J. Chwastowski85 , D. Cieri109 , K. M. Ciesla84a ,
V. Cindro92 , A. Ciocio17a , F. Cirotto71a,71b , Z. H. Citron167,l , M. Citterio70a , D. A. Ciubotaru27b,
B. M. Ciungu154 , A. Clark56 , P. J. Clark52 , J. M. Clavijo Columbie48 , S. E. Clawson100 , C. Clement47a,47b ,
J. Clercx48 , L. Clissa23b,23a , Y. Coadou101 , M. Cobal68a,68c , A. Coccaro57b , R. F. Coelho Barrue129a ,
R. Coelho Lopes De Sa102 , S. Coelli70a , H. Cohen150 , A. E. C. Coimbra70a,70b , B. Cole41 , J. Collot60 ,
P. Conde Muiño129a,129g , S. H. Connell33c , I. A. Connelly59 , E. I. Conroy125 , F. Conventi71a,ad ,
H. G. Cooke20 , A. M. Cooper-Sarkar125 , F. Cormier162 , L. D. Corpe36 , M. Corradi74a,74b , E. E. Corrigan97 ,
F. Corriveau103,v , A. Cortes-Gonzalez18 , M. J. Costa161 , F. Costanza4 , D. Costanzo138 , B. M. Cote118 ,
G. Cowan94 , J. W. Cowley32 , K. Cranmer116 , S. Crépé-Renaudin60 , F. Crescioli126 , M. Cristinziani140 ,
M. Cristoforetti77a,77b,c , V. Croft157 , G. Crosetti43b,43a , A. Cueto36 , T. Cuhadar Donszelmann158 ,
H. Cui14a,14d , Z. Cui7 , A. R. Cukierman142 , W. R. Cunningham59 , F. Curcio43b,43a , P. Czodrowski36 ,

123

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/0000-0002-5360-5973
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/0000-0002-3824-409X
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/0000-0002-2697-4589
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/0000-0002-7820-3065
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/0000-0003-3807-7831
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/0000-0002-4117-3800
http://orcid.org/0000-0003-4541-4189
http://orcid.org/0000-0002-6511-7096
http://orcid.org/0000-0002-4478-3524
http://orcid.org/0000-0003-4058-5376
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/0000-0003-1990-2947
http://orcid.org/0000-0002-7836-4264
http://orcid.org/0000-0003-2966-6036
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
http://orcid.org/0000-0003-0211-2041
http://orcid.org/0000-0001-6288-5236
http://orcid.org/0000-0003-4241-7405
http://orcid.org/0000-0001-7314-7247
http://orcid.org/0000-0002-4034-2326
http://orcid.org/0000-0002-3468-9761
http://orcid.org/0000-0001-9973-7966
http://orcid.org/0000-0002-3034-8943
http://orcid.org/0000-0002-7985-9023
http://orcid.org/0000-0002-5895-6799
http://orcid.org/0000-0002-9936-0115
http://orcid.org/0000-0002-2554-2725
http://orcid.org/0000-0003-1586-5253
http://orcid.org/0000-0001-7987-9764
http://orcid.org/0000-0003-0447-5348
http://orcid.org/0000-0003-4977-2717
http://orcid.org/0000-0003-4027-3305
http://orcid.org/0000-0001-6793-3604
http://orcid.org/0000-0002-4086-1847
http://orcid.org/0000-0002-8912-4389
http://orcid.org/0000-0002-0967-2351
http://orcid.org/0000-0002-8772-0961
http://orcid.org/0000-0002-3150-8478
http://orcid.org/0000-0002-5842-2818
http://orcid.org/0000-0002-2562-9724
http://orcid.org/0000-0003-2176-4053
http://orcid.org/0000-0003-3762-7264
http://orcid.org/0000-0002-4210-2924
http://orcid.org/0000-0001-9851-4816
http://orcid.org/0000-0002-2458-9513
http://orcid.org/0000-0001-9214-8528
http://orcid.org/0000-0003-2262-4773
http://orcid.org/0000-0002-9487-9348
http://orcid.org/0000-0001-5841-3316
http://orcid.org/0000-0003-0748-694X
http://orcid.org/0000-0002-3243-5610
http://orcid.org/0000-0002-2204-5731
http://orcid.org/0000-0002-4549-2219
http://orcid.org/0000-0002-2681-8105
http://orcid.org/0000-0002-2509-0132
http://orcid.org/0000-0002-1971-0403
http://orcid.org/0000-0003-2848-0184
http://orcid.org/0000-0002-6425-2579
http://orcid.org/0000-0002-6190-8376
http://orcid.org/0000-0002-3533-3847
http://orcid.org/0000-0003-2751-3474
http://orcid.org/0000-0002-2037-7185
http://orcid.org/0000-0002-3081-4879
http://orcid.org/0000-0001-6556-856X
http://orcid.org/0000-0003-1831-6452
http://orcid.org/0000-0002-0842-0654
http://orcid.org/0000-0002-8920-4880
http://orcid.org/0000-0001-8341-5911
http://orcid.org/0000-0002-3777-0880
http://orcid.org/0000-0003-3210-1722
http://orcid.org/0000-0001-9952-934X
http://orcid.org/0000-0003-3122-3605
http://orcid.org/0000-0002-7478-0850
http://orcid.org/0000-0002-4876-5200
http://orcid.org/0000-0001-8195-7004
http://orcid.org/0000-0003-3309-0762
http://orcid.org/0000-0003-2368-4559
http://orcid.org/0000-0001-8985-5379
http://orcid.org/0000-0001-5200-9195
http://orcid.org/0000-0002-5145-3646
http://orcid.org/0000-0001-6437-0981
http://orcid.org/0000-0003-2301-1637
http://orcid.org/0000-0002-5092-2148
http://orcid.org/0000-0002-9412-7090
http://orcid.org/0000-0002-9187-7478
http://orcid.org/0000-0001-6000-7245
http://orcid.org/0000-0001-9127-6827
http://orcid.org/0000-0002-0215-2767
http://orcid.org/0000-0002-5575-1413
http://orcid.org/0000-0001-9297-1063
http://orcid.org/0000-0002-7107-5902
http://orcid.org/0000-0002-2532-3207
http://orcid.org/0000-0003-2136-4842
http://orcid.org/0000-0001-8729-466X
http://orcid.org/0000-0003-2485-0248
http://orcid.org/0000-0002-4970-7600
http://orcid.org/0000-0002-3279-3370
http://orcid.org/0000-0002-2064-2954
http://orcid.org/0000-0002-8056-8469
http://orcid.org/0000-0003-4920-6264
http://orcid.org/0000-0003-2444-8267
http://orcid.org/0000-0001-8363-9827
http://orcid.org/0000-0001-7002-652X
http://orcid.org/0000-0002-5769-7094
http://orcid.org/0000-0001-5980-5805
http://orcid.org/0000-0001-6457-2575
http://orcid.org/0000-0003-3893-9171
http://orcid.org/0000-0002-0127-1342
http://orcid.org/0000-0002-8731-4525
http://orcid.org/0000-0001-5990-4811
http://orcid.org/0000-0003-1494-7898
http://orcid.org/0000-0003-3519-1356
http://orcid.org/0000-0002-9923-1313
http://orcid.org/0000-0002-4317-2449
http://orcid.org/0000-0002-7834-1716
http://orcid.org/0000-0001-5517-8795
http://orcid.org/0000-0002-8682-9316
http://orcid.org/0000-0003-0723-1437


Eur. Phys. J. C           (2023) 83:633 Page 23 of 34   633 

M. M. Czurylo63b , M. J. Da Cunha Sargedas De Sousa62a , J. V. Da Fonseca Pinto81b , C. Da Via100 ,
W. Dabrowski84a , T. Dado49 , S. Dahbi33g , T. Dai105 , C. Dallapiccola102 , M. Dam42 , G. D’amen29 ,
V. D’Amico76a,76b , J. Damp99 , J. R. Dandoy127 , M. F. Daneri30 , M. Danninger141 , V. Dao36 , G. Darbo57b ,
S. Darmora6 , S. J. Das29 , A. Dattagupta122 , S. D’Auria70a,70b , C. David155b , T. Davidek132 , D. R. Davis51 ,
B. Davis-Purcell34 , I. Dawson93 , K. De8 , R. De Asmundis71a , M. De Beurs113 , S. De Castro23b,23a ,
N. De Groot112 , P. de Jong113 , H. De la Torre106 , A. De Maria14c , A. De Salvo74a , U. De Sanctis75a,75b ,
M. De Santis75a,75b , A. De Santo145 , J. B. De Vivie De Regie60 , D. V. Dedovich38, J. Degens113 , A. M. Deiana44 ,
F. Del Corso23b,23a , J. Del Peso98 , F. Del Rio63a , F. Deliot134 , C. M. Delitzsch49 , M. Della Pietra71a,71b ,
D. Della Volpe56 , A. Dell’Acqua36 , L. Dell’Asta70a,70b , M. Delmastro4 , P. A. Delsart60 , S. Demers170 ,
M. Demichev38 , S. P. Denisov37 , L. D’Eramo114 , D. Derendarz85 , F. Derue126 , P. Dervan91 , K. Desch24 ,
K. Dette154 , C. Deutsch24 , P. O. Deviveiros36 , F. A. Di Bello74a,74b , A. Di Ciaccio75a,75b , L. Di Ciaccio4 ,
A. Di Domenico74a,74b , C. Di Donato71a,71b , A. Di Girolamo36 , G. Di Gregorio73a,73b , A. Di Luca77a,77b ,
B. Di Micco76a,76b , R. Di Nardo76a,76b , C. Diaconu101 , F. A. Dias113 , T. Dias Do Vale141 , M. A. Diaz136a,136b ,
F. G. Diaz Capriles24 , M. Didenko161 , E. B. Diehl105 , L. Diehl54 , S. Díez Cornell48 , C. Diez Pardos140 ,
C. Dimitriadi24,159 , A. Dimitrievska17a , W. Ding14b , J. Dingfelder24 , I-M. Dinu27b , S. J. Dittmeier63b ,
F. Dittus36 , F. Djama101 , T. Djobava148b , J. I. Djuvsland16 , D. Dodsworth26 , C. Doglioni100,97 ,
J. Dolejsi132 , Z. Dolezal132 , M. Donadelli81c , B. Dong62c , J. Donini40 , A. D’Onofrio14c , M. D’Onofrio91 ,
J. Dopke133 , A. Doria71a , M. T. Dova89 , A. T. Doyle59 , M. A. Draguet125 , E. Drechsler141 , E. Dreyer167 ,
I. Drivas-koulouris10 , A. S. Drobac157 , D. Du62a , T. A. du Pree113 , F. Dubinin37 , M. Dubovsky28a ,
E. Duchovni167 , G. Duckeck108 , O. A. Ducu36 , D. Duda109 , A. Dudarev36 , M. D’uffizi100 , L. Duflot66 ,
M. Dührssen36 , C. Dülsen169 , A. E. Dumitriu27b , M. Dunford63a , S. Dungs49 , K. Dunne47a,47b ,
A. Duperrin101 , H. Duran Yildiz3a , M. Düren58 , A. Durglishvili148b , B. L. Dwyer114 , G. I. Dyckes17a ,
M. Dyndal84a , S. Dysch100 , B. S. Dziedzic85 , Z. O. Earnshaw145 , B. Eckerova28a , M. G. Eggleston51,
E. Egidio Purcino De Souza81b , L. F. Ehrke56 , G. Eigen16 , K. Einsweiler17a , T. Ekelof159 , P. A. Ekman97 ,
Y. El Ghazali35b , H. El Jarrari35e,147 , A. El Moussaouy35a , V. Ellajosyula159 , M. Ellert159 , F. Ellinghaus169 ,
A. A. Elliot93 , N. Ellis36 , J. Elmsheuser29 , M. Elsing36 , D. Emeliyanov133 , A. Emerman41 , Y. Enari152 ,
I. Ene17a , S. Epari13 , J. Erdmann49 , A. Ereditato19 , P. A. Erland85 , M. Errenst169 , M. Escalier66 ,
C. Escobar161 , E. Etzion150 , G. Evans129a , H. Evans67 , M. O. Evans145 , A. Ezhilov37 , S. Ezzarqtouni35a ,
F. Fabbri59 , L. Fabbri23b,23a , G. Facini95 , V. Fadeyev135 , R. M. Fakhrutdinov37 , S. Falciano74a ,
P. J. Falke24 , S. Falke36 , J. Faltova132 , Y. Fan14a , Y. Fang14a,14d , G. Fanourakis46 , M. Fanti70a,70b ,
M. Faraj68a,68b , A. Farbin8 , A. Farilla76a , T. Farooque106 , S. M. Farrington52 , F. Fassi35e , D. Fassouliotis9 ,
M. Faucci Giannelli75a,75b , W. J. Fawcett32 , L. Fayard66 , O. L. Fedin37,a , G. Fedotov37 , M. Feickert160 ,
L. Feligioni101 , A. Fell138 , D. E. Fellers122 , C. Feng62b , M. Feng14b , M. J. Fenton158 , A. B. Fenyuk37,
L. Ferencz48 , S. W. Ferguson45 , J. Ferrando48 , A. Ferrari159 , P. Ferrari113 , R. Ferrari72a , D. Ferrere56 ,
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