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Abstract A search for a light charged Higgs boson pro-
duced in decays of the top quark, t → H±b with H± → cs,
is presented. This search targets the production of top-quark
pairs t t̄ → WbH±b, with W → �ν (� = e, μ), result-
ing in a lepton-plus-jets final state characterised by an iso-
lated electron or muon and at least four jets. The search
exploitsb-quark and c-quark identification techniques as well
as multivariate methods to suppress the dominant t t̄ back-
ground. The data analysed correspond to 140 fb−1 of pp
collisions at

√
s = 13 TeV recorded with the ATLAS detec-

tor at the LHC between 2015 and 2018. Observed (expected)
95% confidence-level upper limits on the branching fraction
B(t → H±b), assuming B(t → Wb) + B(t → H±(→
cs)b) = 1.0, are set between 0.066% (0.077%) and 3.6%
(2.3%) for a charged Higgs boson with a mass between 60
and 168 GeV.
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1 Introduction

The discovery of the Higgs boson at the Large Hadron Col-
lider (LHC) in 2012 was a great achievement of the ATLAS
and CMS Collaborations [1,2], and has led to numerous mea-
surements to determine its properties [3,4]. One of the main
goals of these studies is to establish if the discovered Higgs
boson is the single fundamental scalar particle of the Stan-
dard Model (SM) or rather the first observed particle of an
extended scalar sector.

Extensions to the scalar sector are motivated by the solu-
tions they provide to several open questions in particle
physics. An extended scalar sector can modify the elec-
troweak phase transition and facilitate baryogenesis [5],
enhance vacuum stability, provide a dark-matter candi-
date [6,7] or yield a solution to the strong CP problem [8].
Many physics models beyond the SM (BSM) require an
extended scalar sector. For example, in the minimal super-
symmetric extension of the SM the existence of two Higgs
doublets is required [9]. In models with a Type-II seesaw
mechanism, Higgs triplets [10–14] are required.

Two-Higgs-doublet models (2HDMs) [15,16] are popu-
lar and simple extensions of the scalar sector and predict
the existence of two charged Higgs bosons, H+ and H−,
and two neutral Higgs bosons in addition to the discovered
neutral one. The various 2HDMs are categorised into types
defined by the Yukawa couplings of the fermions to the Higgs
doublets. The production mechanisms and decay modes of
charged Higgs bosons depend on the Yukawa couplings and
other model parameters, especially the ratio of the two Higgs-
doublet vacuum expectation values (tan β) and the charged
Higgs boson’s mass (mH±). Many phenomenology studies
advocate searching for a light charged Higgs bosons (below
the top-quark mass) in the decays to a charm quark and a
strange quark, H± → cs,1 to a charm quark and a bot-

1 Unless explicitly stated otherwise, charge conjugation is implied in
this paper; the notation cs is used in place of cs̄/c̄s.
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tom quark, H± → cb, and to a τ -lepton and a τ -neutrino,
H± → τντ [6,15]. The branching fraction for H± → cb
is typically smaller than for H± → cs, due to the differ-
ent values of the CKM matrix elements, Vcs � Vcb. In the
Type-I 2HDM, only the τντ and cs decay modes are relevant.
In Type-II and Type-X (or “lepton-specific”) models the cs
channel is dominant for values of tan β < 1. In Type-Y (or
“flipped”) models the cs and cb channels are important for
tan β > 5 [6]. For a 2HDM model where one doublet cou-
ples mainly to the third generation, while the other doublet
couples mainly to the first and second generations, the cs
and cb channels are dominant [17]. This is also the case for
leptophobic multiple-Higgs-doublet models [6].

Searches for H± → cs in top-quark decays have been
performed by the ATLAS and CMS Collaborations, based
on 4.7 fb−1 and 35.9 fb−1 of proton–proton (pp) collision
data collected at centre-of-mass energies of

√
s = 7 TeV

and
√
s = 13 TeV, respectively. The search performed by the

ATLAS Collaboration obtained 95% confidence level (CL)
observed (expected) upper limits on the branching fraction
B(t → H±b) ranging from 1.2% (1.5%) to 5.1% (8%),
assuming B(H± → cs) = 1.0, for mH± between 90 and
150 GeV [18]. The search performed by the CMS Collab-
oration obtained 95% CL observed (expected) upper limits
on B(t → H±b) ranging from 0.25% (0.29%) to 1.68%
(2.39%), assuming B(H± → cs) = 1.0, for mH± between
80 and 160 GeV [19]. Related searches for H± → cb in
top-quark decays were performed by the ATLAS and CMS
Collaborations using 139 fb−1 and 19.7 fb−1 of pp collision
data collected at

√
s = 13 TeV [20] and 8 TeV [21], respec-

tively. The most stringent observed limits onB(t → H±b)×
B(H± → cb) are set by ATLAS and range from 0.15 to
0.42% for mH± between 60 GeV and 160 GeV. In that analy-
sis a moderate excess of signal events is observed in the vicin-
ity of 130 GeV, with a global significance of 2.5σ . Searches
for H± → τν in 36.1 fb−1 of pp collision data recorded with
the ATLAS and CMS detectors at

√
s = 13 TeV were carried

out over a wide mass range, from 90 to 2000 GeV [22] or from
80 to 3000 GeV [23] respectively, covering the masses of light
and heavy charged Higgs bosons. The ATLAS (CMS) Col-
laboration set observed upper limits on the branching frac-
tion B(t → H±b) × B(H± → τν) ranging from 0.25 to
0.031% (0.36–0.079%) in the mass range between 90 GeV
(80 GeV) and 160 GeV. In the absence of other new physics,
measurements of the process b → sγ exclude in Type-II
and Type-Y models a charged Higgs boson with mass below
580 GeV independent of tan β [24].

This analysis searches for a charged Higgs boson with
a mass below the top-quark mass. In this regime the main
production mode for charged Higgs bosons is via t t̄ events,
with the charged Higgs boson emerging from rare top-
quark decays: t → H±b. This analysis focuses on the
t t̄ → WbH±b process, with W → �ν (� = e, μ) and

Fig. 1 Illustrative Feynman diagram of the signal process

H± → cs, resulting in a lepton-plus-jets final state (see
Fig. 1). Only events with an electron or muon, including
those produced via leptonically decaying τ -leptons, denoted
by τlep, are considered.

This paper is based on 140 fb−1 of pp collision data at√
s = 13 TeV. In contrast to previous H± → cs searches,

multivariate analysis techniques are deployed here to search
for a potential signal in the data. This approach exploits both
the kinematic properties of signal events, including the H±
candidate mass, and their flavour composition, which differs
from that of the mostly SM t t̄ background events. The kine-
matics of the top-quark decays are derived by reconstructing
the t t̄ event topology. Flavour-tagging algorithms are utilised
to tag jets as b-jets, c-jets or light-flavour jets. A dedicated
flavour-tagging scheme which facilitates simultaneous tag-
ging of b-jets and c-jets is adopted.

2 ATLAS detector

The ATLAS detector [25] at the LHC covers nearly the entire
solid angle around the collision point.2 It consists of an
inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic (ECAL) and hadronic calorime-

2 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-
axis along the beam pipe. The x-axis points from the IP to the cen-
tre of the LHC ring, and the y-axis points upwards. Polar coordi-
nates (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) and is equal to the rapidity
y = (1/2) ln

[
(E + pz)/(E − pz)

]
in the relativistic limit. Angular

distance is measured in units of �R ≡ √
(�y)2 + (�φ)2.
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ters, and a muon spectrometer (MS) incorporating three large
superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial
magnetic field and provides charged-particle tracking in the
range |η| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measure-
ments per track, the first hit generally being in the insertable
B-layer (IBL) installed before Run 2 [26,27]. It is followed
by the SemiConductor Tracker (SCT), which usually pro-
vides eight measurements per track. These silicon detectors
are complemented by the transition radiation tracker (TRT),
which enables radially extended track reconstruction up to
|η| = 2.0. The TRT also provides electron identification
information based on the fraction of hits (typically 30 in
total) above a higher energy-deposit threshold correspond-
ing to transition radiation.

The calorimeter system covers the pseudorapidity range
|η| < 4.9. Within the region |η| < 3.2, electromag-
netic calorimetry is provided by barrel and endcap high-
granularity lead/liquid-argon (LAr) calorimeters, with an
additional thin LAr presampler covering |η| < 1.8 to cor-
rect for energy loss in material upstream of the calorimeters.
Hadronic calorimetry is provided by the steel/scintillator-
tile calorimeter, segmented into three barrel structures within
|η| < 1.7, and two copper/LAr hadronic endcap calorime-
ters. The solid angle coverage is completed with forward cop-
per/LAr and tungsten/LAr calorimeter modules optimised for
electromagnetic and hadronic energy measurements respec-
tively.

The MS comprises separate trigger and high-precision
tracking chambers measuring the deflection of muons in a
magnetic field generated by the superconducting air-core
toroidal magnets. The field integral of the toroids ranges
between 2.0 and 6.0 T m across most of the spectrometer.
Three layers of precision chambers, each consisting of layers
of monitored drift tubes, cover the region |η| < 2.7, com-
plemented by cathode-strip chambers in the forward region,
where the background is highest. The muon trigger system
covers the range |η| < 2.4 with resistive-plate chambers in
the barrel, and thin-gap chambers in the endcap regions.

The luminosity is measured mainly by the LUCID-2 [28]
detector that records Cherenkov light produced in the quartz
windows of photomultipliers located close to the beam pipe.

Events are selected by the first-level trigger system imple-
mented in custom hardware, followed by selections made by
algorithms implemented in software in the high-level trig-
ger [29]. The first-level trigger accepts events from the 40
MHz bunch crossings at a rate below 100 kHz, which the
high-level trigger further reduces in order to record complete
events to disk at about 1 kHz.

A software suite [30] is used in data simulation, in the
reconstruction and analysis of real and simulated data, in

detector operations, and in the trigger and data acquisition
systems of the experiment.

3 Data and simulated event samples

This search is based on data collected from pp collisions
at the ATLAS experiment during LHC Run 2 at a centre-
of-mass energy of

√
s = 13 TeV. After applying quality

requirements, the dataset corresponds to an integrated lumi-
nosity of 140.1 ± 1.2 fb−1 [28,31]. Signal and background
processes, except multijet processes, were simulated using
Monte Carlo (MC) event generators.

The main background in this search is SM t t̄ pro-
duction. The production of t t̄ and single-top-quark events
in the tW -, s- and t-channels was modelled with the
PowhegBoxv2 [32–35] generator at next-to-leading order
(NLO), using the five-flavour scheme (four-flavour scheme
for single-top-quark t-channel events) with the NNPDF

[3.0nlo] [36] parton distribution function (PDF) set and the
hdamp parameter3 set to 1.5mtop [37]. The events were inter-
faced to Pythia8.230 [38] to model the parton shower
(PS), hadronisation, and underlying event. For all sam-
ples in this search, Pythia8 used the NNPDF2.3lo set
of PDFs [39], and its parameter values were set to those
of the A14 tune [40]. The decays of bottom and charm
hadrons were performed by EvtGen1.6.0 [41]. To assess
the uncertainty in the matching of NLO matrix elements
(ME) to the PS, the nominal samples were compared with
samples of t t̄ and single-top-quark events generated with
MadGraph5_aMC@NLO2.6.0 and 2.6.2 [42] respectively,
using the NNPDF3.0nlo set of PDFs, and interfaced with
Pythia8.230. The impact of using a different PS and
hadronisation model was evaluated by comparing the nom-
inal samples with alternative samples produced with the
PowhegBoxv2 generator using the NNPDF3.0nlo PDF
set and interfaced with Herwig [43,44]. Herwig7.13 and
Herwig7.16 were used for t t̄ and single-top-quark events,
respectively, and both used the Herwig7.1 default set
of tuned parameters [44,45] and the MMHT2014lo PDF
set [46]. The t t̄–tW interference was handled using the dia-
gram removal scheme [47]. The uncertainty associated with
this choice is estimated by comparing the nominal sample
with an alternative sample generated using the diagram sub-
traction scheme [37,47]. The t t̄ production cross-section
is calculated at next-to-next-to-leading-order and next-to-
next-to-leading-logarithm (NNLO+NNLL) accuracy [48].
The cross-sections for the three single-top-quark production

3 The hdamp parameter is a resummation damping factor and one of the
parameters that controls the matching of Powheg matrix elements to
the parton shower and thus effectively regulates the high-pT radiation
against which the t t̄ system recoils.
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channels are calculated at NLO [49–51]. Simulated t t̄ events
are categorised according to the flavour of additional jets in
the event, using the procedure described in Ref. [52]. Events
with at least one additional b-flavour or c-flavour jet are
labelled as t t̄ +HF (where HF stands for “heavy-flavour”).
The remaining events are labelled as t t̄ +LF (where LF
stands for “light-flavour”). This category is split into t t̄(ud)

and t t̄(cs) subcategories according to the decay of the W
bosons. If at least one W boson decays as W → cs the event
falls into the t t̄(cs) category, otherwise it falls into the t t̄(ud)

category. This categorisation is motivated by the fact that the
final state is identical for t t̄(cs) and signal events.

The rare top-quark processes considered in this analy-
sis are t t̄ H , t t̄W , t t̄ Z , t t̄ t t̄ , t t̄ t , t H jb, tW H , tW Z and
t Zq. The t t̄ H events were modelled with the same gen-
erators and versions as the exclusive t t̄ events. The t t̄W ,
t t̄ Z , tW Z and t t̄ t t̄ processes were modelled using Mad-

Graph5_aMC@NLO2.3.3, the t t̄ t process using Mad-

Graph5_aMC@NLO2.2.2, and the t H jb and tW H pro-
cesses using MadGraph5_aMC@NLO2.6.2, in all cases
at NLO with the NNPDF3.0nlo PDF (NNPDF3.1nlo for
the t t̄ t t̄ process). The t t̄ t and t Zq processes were modelled
with MadGraph2.2.2 at LO with the NNPDF2.3nlo PDF.
The events were then interfaced with Pythia8.186–8.235
and the decays of bottom and charm hadrons were simu-
lated using the EvtGen1.2.0–1.6.0 program. The t t̄ H , t t̄W
and t t̄ Z samples were normalised using cross-sections cal-
culated at NLO QCD and NLO EW accuracy using Mad-

Graph5_aMC@NLO as reported in Ref. [53].
The production of a W or Z/γ ∗ boson in association

with jets (V+ jets) and of dibosons (VV ) was modelled
with the Sherpa2.2.11 [54] and Sherpa2.2.1 generators,
respectively, for both the ME and PS. The only exception
is the VV → �ννν process, which was modelled with
Sherpa2.2.2. The NLO ME for up to two partons (one
parton) and leading-order ME for up to five (three) partons
were calculated with the Comix [55] and OpenLoops [56–
58] libraries for V+jets (VV ) events. They were matched
with the Sherpa PS [59] using the MEPS@NLO prescrip-
tion [60–63] and the set of tuned parameters developed by
the Sherpa authors. The NNPDF3.0nnlo set of PDFs was
used.

Signal events were modelled by first generating top-
quark pairs, similar to the SM t t̄ background, using the
PowhegBoxv2 generator at NLO with the NNPDF3.0nlo

PDF set and the hdamp parameter set to 1.5mtop. The decays
t → H±b and t → W±b were modelled by MadSpin [64]
using the Type-II 2HDM [15,65] for BSM decays. Sub-
sequent decays of the H± and W± bosons, as well as
the showering of the final-state hadrons, were modelled by
Pythia8.307. The W± were forced to decay leptonically,
with all three lepton flavours allowed. The H± were forced to
decay into a cs-quark pair. The decays of bottom and charm

hadrons were performed by EvtGen1.7.0. Signal samples
were generated with zero decay width for twelve charged-
Higgs-boson mass points: eleven in steps of 10 GeV from 60
GeV to 160 GeV, and one at 168 GeV. The signal samples
are denoted by H±

x , where x is the mass of the charged Higgs
boson in GeV. If the mass difference between the H± and
W bosons is smaller than one of their total widths, the inter-
ference term might be of the order of a few percent of the
H± contribution. The size and the sign of the interference
term depend on the model [66]. For larger mass differences,
the interference term can be omitted with high accuracy. The
interference term is neglected in this analysis for all mass
points. Production of charged Higgs bosons via single-top-
quark processes is neglected in this analysis because such
events usually do not contain a prompt lepton and are there-
fore suppressed by the event selection (cf. Sect. 4), and also
because the production cross-section is much smaller than
for t t̄ processes.

The effect of multiple interactions in the same and
neighbouring bunch crossings (pile-up) was modelled by
overlaying the simulated hard-scattering event with inelas-
tic pp events generated with Pythia8.186 [67] using the
NNPDF2.3lo PDF set and the A3 set of tuned parame-
ters [68]. Events in the nominal background samples were
passed through the full ATLAS detector simulation [69]
based on Geant4 [70]. Signal, t t̄ t t̄ , t H and alternative sam-
ples were passed through a fast simulation in which the
response of the calorimeter is parameterised [71]. Both sim-
ulation methods were found to provide a similar level of
modelling accuracy for the physics objects used in the anal-
ysis. A full list of samples used in this search is summarised
in Table 1.

4 Object definition and event selection

Tracks are required to have transverse momentum (pT)
greater than 500 MeV, |η| < 2.5, and at least seven hits
in the pixel and SCT detectors. A maximum of one (two)
of the expected hits may be missing from the pixel (SCT)
detector, and no more than one hit may be shared with other
tracks [72]. Events are required to have at least one primary
vertex reconstructed from two or more associated tracks [73].
If multiple vertices are found, the one with the highest scalar
sum of the p2

T of associated tracks is selected as the primary
vertex.

Electrons are reconstructed from topological energy clus-
ters in the ECAL that are matched to tracks in the ID [74].
Electrons are required to have pT > 10 GeV and |η| <

2.47, excluding the barrel–endcap transition region 1.37 <

|η| < 1.52. They must pass track-quality requirements fol-
lowed by a loose likelihood-based selection that requires
the shower profile to be compatible with that of the electro-
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Table 1 Generators used to simulate the signal and background pro-
cesses. The symbol q is used for u, d, c, s quarks. For the signal pro-
cesses the subscript “x” is a placeholder for the mass of the charged

Higgs boson in GeV. For the “Other top” and VV processes, only the
range of used generator versions is quoted. The exact generator version
used for each process is described in Sect. 3

Name Process ME generator PS and hadronisation

Signal

H±
x t t̄ → H±(→ cs)W∓(→ �ν�)bb̄ PowhegBoxv2 MadSpin + Pythia8.307 +

EvtGen1.7.0

Top-quark

t t̄(ud) t t̄ → W±(→ �ν�)W∓(→ ud)bb̄ PowhegBoxv2 Pythia8.230 + EvtGen1.6.0

t t̄(cs) t t̄ → W±(→ �ν�)W∓(→ cs)bb̄

t t̄ +HF t t̄ → W±(→ �ν�)W∓(→
qq̄)bb̄+≥1c/b

t t̄(allHad) t t̄ → W±(→ qq̄)W∓(→ qq̄)

tW tW

Single top single t-quark s- & t-channel

t t̄ H t t̄ H

Other top t t̄W , t t̄ Z , t t̄ t t̄ , t H jb, tW H , tW Z , MadGraph5_aMC@NLO2.3.3–
2.6.2

Pythia8.186–8.230 +
EvtGen1.2.0–1.6.0

t t̄ t , t Zq MadGraph2.2.2–2.3.3

Weak-boson

W+ jets W+ jets Sherpa2.2.11 Sherpa2.2.11

Z + jets Z + jets

VV WW , WZ , Z Z Sherpa2.2.1–2.2.2 Sherpa2.2.1– 2.2.2

magnetic shower. Electrons are required to have transverse
(d0) and longitudinal (z0) impact parameters, measured rel-
ative to the beam-line and primary vertex respectively, sat-
isfying |d0|/σ(d0) < 5 and |z0 sin θ | < 0.5 mm. Isolation
requirements are applied via a boosted decision tree (BDT)
which was trained on track-isolation, cluster-isolation, and
secondary-vertex information, referred to as “non-prompt-
lepton BDT” [75,76]. The electron energy scale and reso-
lution calibrations are obtained from Z → ee events and
applied to data and simulations, respectively [74].

Muon candidates are reconstructed by matching MS tracks
to ID tracks. In the absence of full tracks in the MS, muons can
be reconstructed from ID tracks extrapolated to the MS which
match at least three loosely aligned MS hits. The information
from the ID and the MS, and the energy loss in the calorime-
ters, are then used in a combined track fit [77]. Muons have
to satisfy pT > 10 GeV and |η| < 2.5, and pass quality
requirements based on the number of hits used to reconstruct
the tracks. Muons are also required to satisfy |d0|/σ(d0) < 3
and |z0 sin θ | < 0.5 mm. Lastly, isolation requirements are
also made based on the non-prompt-lepton BDT.

Jets are reconstructed with the anti-kt jet clustering algo-
rithm [78,79] with a radius parameter R = 0.4. The clus-
tering is applied to noise-suppressed positive-energy topo-
logical energy clusters [80,81] and charged-particle tracks,
processed using a particle-flow algorithm [82]. Jet ener-
gies are corrected for contributions from pile-up, calibrated

using energy- and η-dependent correction factors determined
from comparisons between particle-level objects and recon-
structed physics objects in simulated events, and then correc-
tions are applied to account for effects due to the initiating-
parton type and hadron composition [83]. In data, a residual
in situ correction is applied in order to correct for differences
relative to simulation. Jets in the analysis are required to have
pT > 25 GeV and |η| < 2.5. Jets with pT < 60 GeV and
|η| < 2.4 also have to pass a jet-vertex-tagger [84] require-
ment to reduce the number of selected jets which originate
from pile-up.

Jets containing b- or c-hadrons are identified with the
DL1r tagger [85], which is a multivariate classification algo-
rithm based on a deep neural network using information
about the impact parameters of tracks, the jet kinematics,
and displaced vertices. The b- and c-tagging scores are based
on log-likelihood ratios of the neural-network output scores.
To assign jets to top quarks or to H± boson candidates,
one needs to identify b- and c-quark-initiated jets simultane-
ously and distinguish them from the light-flavour jets. Cor-
rection factors are applied to the simulated events to com-
pensate for differences between data and simulation in the
b- and c-tagging efficiencies or misidentification rates for b-
jets, c-jets and light-flavour jets [86–88]. This search uses a
pseudo-continuous flavour-tagging (PCFT) calibration with
five exclusive calibrated bins. Jets passing a fixed b-tagging
working point (WP) defined by b-jet efficiencies, measured
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in t t̄ events, of 70% and 60% have PCFT scores of 3 and 4,
respectively. These two b-tagging WPs have background tag-
ging efficiencies for c-jets (light-jets) of 7.9% (0.18%) and
2.7% (0.05%), respectively [89]. Other jets (b-veto) receive
a PCFT score of 1 or 2 if they pass a fixed c-tagging score
defined by a c-jet efficiency of 45% or 24%, respectively.
These two c-tagging WPs have background tagging efficien-
cies for b-jets (light-jets) of 16.3% (7.4%) and 4.8% (0.9%),
respectively [89]. Jets passing none of the b- and c-tagging
WPs (untagged) are assigned a PCFT score of 0. Any jet
passing the loosest calibrated b(c)-tagging WP is referred to
as a b(c)-tagged jet.

The missing transverse momentum (pmiss
T ) is defined as

the negative vector sum of the transverse momenta of all
reconstructed and calibrated leptons and jets, and all tracks
matched to the primary vertex but not to other reconstructed
objects in the event [90]. The absolute value of pmiss

T is
denoted by Emiss

T .
An overlap-removal procedure is applied to resolve ambi-

guities where multiple physical objects are reconstructed
from the same detector signature. The angular distance �R
is used to measure the overlap of two reconstructed objects.
The following procedure is applied in order:

1. any calorimeter-tagged muon [77] sharing a track with an
electron is removed;

2. any electron sharing a track with a muon is removed;
3. any jet within �R = 0.2 of an electron is removed;
4. any electron within �R = 0.4 of a jet is removed;
5. any jet with less than 3 tracks that is within �R = 0.2 of

a muon is removed;
6. any jet with less than 3 tracks that has a muon ID track

ghost-associated [78,91] with it is removed;
7. any muon within �R = 0.4 of a jet is removed.

Events were recorded with a single-electron or single-
muon trigger with a threshold requirement imposed on the
lepton pT. For the data-taking periods 2015 and 2016–2018,
the lowest electron pT threshold was 24 GeV or 26 GeV
respectively, and similarly the lowest muon-pT threshold
was 20 GeV or 26 GeV. The trigger includes lepton iden-
tification and isolation requirements based on ID or ECAL
measurements [92–94]. Furthermore, events are required to
have exactly one offline reconstructed lepton with pT >

27 GeV that meets the “medium” identification and isola-
tion criteria [74,77]. Events with an additional lepton with
pT > 10 GeV that satisfies the medium identification criteria
are vetoed to reduce dileptonic t t̄ and Z + jets backgrounds.
The offline reconstructed lepton is required to be geometri-
cally matched (�R < 0.1) to the online reconstructed lepton
which fired the trigger. At least four jets with pT > 25 GeV
have to be present, and at least one is required to be b-
tagged. Finally, events in the signal region are required to

have exactly one “tight” identified and isolated lepton and at
least two b-tagged jets [74,77]. The t t̄ background contribu-
tion in the signal region is about 92%.

5 Background modelling

The main background in this search is t t̄ production in asso-
ciation with jets. As in many other analyses targeting a kine-
matic phase space similar to the signal region of this search,
differences between MC-based background predictions and
data are observed in multiple kinematic quantities [20,95].
This disagreement can be attributed to missing higher-order
QCD and electroweak corrections in t t̄ MC simulation lead-
ing to harder top-quark pT spectra in simulation than in
data [96]. A data-driven correction is derived to improve the
modelling of the t t̄ background and signal, particularly of
pT-dependent variables.

The correction is derived as a function of ST. The ST vari-
able is defined as the sum of the scalar transverse momenta
of all calibrated objects in the event, i.e. jets, leptons and
Emiss

T , and is therefore related to the transverse momenta of
individual top quarks. The corrections are derived in bins of
the number of jets in the event (Njets = 4, 5, 6, 7, 8,≥9), as
this quantity also shows discrepancies between MC events
and data and is correlated with ST. The correction is derived
in the signal region, since the t t̄ contribution is around 92%
in that region, and is applied to signal events as well as t t̄
events because the mismodelling is expected to affect the
signal MC prediction in the same way. It was checked that
the ST distribution in bins of Njets is similar for t t̄ and signal
events. A possible signal contribution in data will therefore
not change the correction weights and the correction will not
bias the signal extraction.

The t t̄ correction weights are defined as the ratio of data
templates (with non-t t̄ backgrounds subtracted) to MC t t̄
templates. In order to mitigate the effects of statistical fluctu-
ations in the data and simulation samples, a linear + exponen-
tial function is fitted to the derived t t̄ correction weights. The
fit is performed separately for even and odd event numbers to
avoid overfitting. The weights from the fit to even-numbered
events are applied to odd-numbered events and vice versa.

Figure 2 shows the ST and lepton-pT distributions after
applying the t t̄ correction. The red dashed line represents
the total background prediction before applying the correc-
tion. Agreement between the data and MC prediction clearly
improves for ST and other related distributions, especially at
high values. The ST and lepton-pT distributions of the alter-
native t t̄ MC samples differ significantly from those of the
nominal t t̄ sample. Hence, alternative t t̄ correction weights
are derived and applied to these events.

Multijet (MJ) processes can contribute to the background
when jets are misidentified as leptons or when real non-
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Fig. 2 Distribution of a ST and b lepton pT after applying the t t̄ correc-
tion. The processes t t̄(allHad), tW , Single top, t t̄ H , Other top, W+ jets,
Z + jets, and VV listed in Table 1 are combined with the multijet back-
ground in the “Other” category. The uncertainty band represents the

combined statistical and systematic uncertainty of the prediction. The
red dashed line represents the total background prediction before apply-
ing the correction

prompt leptons are produced in the decays of heavy-flavour
hadrons. A data-driven method commonly called the ABCD
method (see e.g. Ref. [97]) is used to estimate the MJ back-
ground in the signal region. The lepton isolation requirement
and the number of b-tagged jets are used to define the four
ABCD regions. The shape of the MJ background is esti-
mated from a region with a looser lepton-isolation require-
ment. The normalisation is derived from events with exactly
one b-tagged jet. The ABCD method is applied separately
to electron and muon events. The size of the total MJ back-
ground in the signal region is about 0.3% of the total esti-
mated background.4

6 Analysis strategy

The presence of a potential signal in data is quantified first
by reconstructing the t t̄ event topology, and then extracting
the signal using a BDT. The t t̄-system is reconstructed by
using calibrated physics objects, i.e. leptons, pmiss

T and jets,

4 The MJ background is considered when deriving the t t̄ correction.
The t t̄ correction weights are also applied in the MJ-enriched regions.
The reciprocal dependence of the MJ background estimate and the
t t̄ correction is considered when deriving the correction weights. The
impact on the correction weights is minor due to the overall small MJ
contribution.

as proxies for the lepton, neutrino and quarks from the top-
quark decays. Kinematic properties of the reconstructed t t̄-
system are then used to train a BDT to classify events as
signal or background.

6.1 t t̄-system reconstruction

The t t̄-system consists of a semileptonically decaying top
quark (tlep) and a hadronically decaying top quark (thad). The
tlep decays into a b-quark (blep) and a W boson, which decays
into a lepton and neutrino. The thad decays into a b-quark
(bhad) and a H± or W boson, which decays into c- and s-
quarks or other quarks ( j1, j2), respectively.

The lepton from the W -boson decay is unambiguously
identified as the single reconstructed lepton. The momentum
of the neutrino from the W -boson decay is reconstructed
using pmiss

T and a W -boson mass constraint. The neutrino
pseudorapidity, ην , is calculated by setting the invariant mass
of the lepton and neutrino equal to the W -boson mass,mW =
80.379 GeV [98]:

ην = η� ± arccosh

(
m2

W

2pν
T p

�
T

+ cos (φν − φ�)

)

.

This equation generally has two solutions and the one that is
chosen depends on the jet labelling, described below. If the
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argument of arccosh is exactly one, there is only one solution
(ην = η�). Due to reconstruction inefficiencies or additional
neutrinos in the event, e.g. from the decay of τlep, it may also
happen that the argument of arccosh is smaller than one, for
which arccosh is not defined. In this case the argument of
arccosh is set to one. This means ην = η�, in which case
the invariant mass of the lepton and the neutrino exceeds
mW . The latter case occurs for about 35% of the simulated
t t̄ events.

The labelling of the jets as blep, bhad, j1 and j2 suffers
from a combinatorics problem, which the analysis tries to
resolve by comparing the top-quark candidate’s mass with the
predicted top-quark mass. Because the mass resolution dif-
fers between semileptonically and hadronically decaying top
quarks, the approach adopted uses probability density func-
tions of the reconstructed top-quark masses (PDFt ). These
are built from t t̄ MC events, using reconstructed jets matched
to the generator-level (“truth”) quarks. Since there is only one
lepton candidate, no matching is applied for it. For the neu-
trino, if there are two solutions for ην , the one closest to the
true value of ην is selected. The “truth” quarks are geometri-
cally matched to the closest reconstructed jet within �R =
0.4. Theb- and c-quarks are only matched if the reconstructed
jet has a respective “truth” hadron (pT > 5 GeV) associated
with it. Other quark types are only matched to the recon-
structed jet if no heavy-flavour hadron is associated with it.
If multiple “truth” quarks are matched to the same recon-
structed jet, ambiguities are resolved by minimising the sum
of the (four) �R values between the “truth” quarks and any
reconstructed jet within �R = 0.4 of the “truth” quarks. In
roughly 53% of the events, at least one “truth” quark cannot
be matched to a reconstructed jet. Such cases are typically
associated with “truth” quarks produced outside the detector
acceptance. Such events are not considered in the PDFt . In
order to get a smooth prediction over the full top-quark mass
range, Crystal Ball + Cauchy and Crystal Ball + Gaussian
functions [99–101] are fitted to the tlep-mass and thad-mass
PDFt , respectively. The PDFt are shown with the correspond-
ing fits in Fig. 3.

The derived top-quark mass PDFt are then used to label
jets in an event. All possible permutations of blep, bhad, j1,
j2 labellings and ην solutions are built simultaneously. The
permutation with the largest product of the tlep-mass and
thad-mass PDFt , i.e. PDFtlep(m

cand
tlep

)×PDFthad(m
cand
thad

), is cho-
sen, and the jets are labelled accordingly. The highest PDFt

product value is denoted by Ptt̄ , and Ptt̄ divided by the sum
of PDFt product values for all considered permutations is
denoted by Ptt̄ .

However, a few physics-motivated requirements are
applied to limit the number of jet permutations. A maximum
of six jets are considered when building the permutations.
The b-jets are always considered, whereas the highest-pT

non-b-jets are considered first. The jets labelled as blep-jets

or bhad-jets have to be b-tagged and their PCFT scores are
required to be greater than or equal to the PCFT scores of
j1 and j2. It is also required that the pT of j1 is greater than
the pT of j2. This requirement removes redundant permuta-
tions, since interchanging j1 and j2 yields identical values for
the top-quark and charged-Higgs-boson candidate masses.
Finally, if multiple jets among bhad, j1, j2 are b-tagged and
the b-tagged jets have the same PCFT score, multiple per-
mutations will yield the same top-quark candidate mass. In
these rare cases the b-tagged jet with the larger pT is labelled
as the bhad-jet. In 64% of the events entering the PDFt , all
four jets are labelled correctly. The performance for signal
events is comparable.

6.2 Multivariate signal extraction

The multivariate signal extraction exploits differences
between the characteristics of the charged Higgs boson and
the W boson. These are the boson mass, spin and decay prop-
erties. These differences are seen in many variables related
to flavour-tagging and the kinematics of the top-quark decay
products. The discriminating variables are combined into a
single discriminant through the use of BDTs.

The BDT classifies events as signal-like or background-
like. Background-like events receive BDT scores close to
0, whereas signal-like events receive BDT scores close to 1.
Separate BDTs are trained for each signal mass-point hypoth-
esis with 5-fold cross-training and using the gradient boosting
technique [102]. All simulated background samples listed
in Sect. 3 are used in the BDT training. Events included
in the training have to pass the event selection described in
Sect. 4. Training and application are carried out within the
XGBoost [103] framework.

Any variable describing the properties of top quarks and
their decay products is considered as an input to the BDT
training. The final set of BDT input variables is obtained by
recursively removing variables with relatively small power to
separate the signal from the background, and low importance
in the BDT training, until a statistically significant loss in per-
formance is observed. The performance is quantified by the
area under the receiver-operating-characteristic curve. This
optimisation is performed with the 130 GeV signal sample.
The signal and t t̄ background kinematics are very similar for
the signal mass points close to the W -boson mass but differ
greatly for signal mass points closer to the top-quark mass;
the intermediate 130 GeV mass point covers both cases.

The final BDT uses the 26 input variables which are
listed in Table 2. The variables can be sorted into three cat-
egories: top-quark kinematic variables, event variables, and
flavour-tagging variables. The first category contains vari-
ables related to the kinematics of the top quarks and their
decay products. These variables are mainly sensitive to the
mass difference between the H± and W bosons. If the mass
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Fig. 3 Probability density functions of the reconstructed mass for a semileptonically and b hadronically decaying top quarks

Table 2 Final list of BDT input
variables used in the training

Variable type Variable name Definition

Top-quark kinematic variables

thad j1 pT pT of j1-labelled jet

j2 pT pT of j2-labelled jet

bhad pT pT of bhad-jet

bthad−rest
had p Momentum of bhad-jet in thad rest frame

dijet mass Invariant mass of j1+ j2 jets

( j1+bhad) mass Invariant mass of j1+bhad jets

( j2+bhad) mass Invariant mass of j2+bhad jets

cos θ Boson spin sensitive variable

tlep blep pT pT of blep-jet

Lepton pT pT of reconstructed lepton

W mass Invariant mass of reconstructed W boson

tlep mass Invariant mass of reconstructed tlep

tlep pT pT of reconstructed tlep

t t̄-system �R(blep,bhad) �R between the blep-jet and bhad-jet

t t̄ mass Invariant mass of thad+tlep

Event variables

Event level Njets Number of jets in the event

ST Scalar pT sum of all calibrated objects

Ptt̄ Normalised probability of correct jet labelling

Flavour-tagging variables

Flavour-tagging score j1 PCFT PCFT score of j1

j2 PCFT PCFT score of j2

bhad PCFT PCFT score of bhad-jet

blep PCFT PCFT score of blep-jet

Number of tags Nc-tagLo Number of jets passing loose c-tag WP (b-veto)

Nc-tagTi Number of jets passing tight c-tag WP (b-veto)

Nb-tag70 Number of jets passing 70% b-tag WP

Nb-tag60 Number of jets passing 60% b-tag WP
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difference is comparable to or larger than the dijet mass reso-
lution [83], the kinematic variables exhibit larger separation
power than variables in the other categories. The most impor-
tant variables (in order of decreasing area under the receiver-
operating-characteristic curve) are the invariant mass of j1
and j2 and the transverse momentum of the bhad-jet, fol-
lowed by the invariant mass of j1 and bhad-jet, the invariant
mass of j2 and bhad-jet, and the transverse momenta of j1 and
j2. Variables related to the t t̄-system, the tlep-quark and the
decay products provide separation power between signal and
non-t t̄ backgrounds. In addition, they can carry information
about possible wrong jet labelling and add information via
correlation with other input variables.

The cos θ variable is the only variable that is sensitive
to the spin of the boson from the thad decay and there-
fore shows separation power for any H± boson mass. The
angle θ is defined as the angle between the bhad-jet and the
up-type-quark-initiated jet from the hadronically decaying
boson (H± or W ) in the boson’s rest frame. The up-type-
quark-initiated jet is identified with the help of the PCFT
scores of j1 and j2. The c-tagged jets are prioritised over b-
tagged jets, which in turn are prioritised over untagged jets.
If the PCFT scores of j1 and j2 are identical, j1 is assigned
to be the jet from the up-type quark. The cos θ distribution is
flat for spin-0 particles, like the H± boson. For spin-1 par-
ticles, like the W boson, the distribution is more complex
because polarisation effects play a role, and there are fewer
events close to −1 and 1. However, it is difficult to identify
the quark flavours in the decay of the boson. In addition, the
cos θ distribution is heavily affected by jet resolution effects
because three jets are used in the calculation.

The second category of variables involves event variables.
The Ptt̄ variable facilitates the identification of wrongly
labelled jets and can also reject non-t t̄ background. The Njets

and ST variables are correlated with most top-quark kine-
matic variables. For example, an event with small bhad-jet
pT and large ST suggests a signal event with a high-mass
charged Higgs boson.

The third category contains flavour-tagging variables,
which are the PCFT scores of the four labelled jets and the
number of jets passing a given PCFT working point. Of spe-
cial interest are the PCFT scores of j1 and j2, as they are
sensitive to the different decay characteristics of the charged
Higgs boson. While all signal events involve a c-quark in the
boson decay, only about 50% of the t t̄ background events
share the same characteristic. Other flavour-tagging variables
are useful in rejecting non-t t̄ background and add informa-
tion via correlations with other variables. The distributions
of selected BDT input variables of different types and with
large separation power are shown in Fig. 4.

The optimisation of the BDT input variables was per-
formed with a baseline set of hyperparameters – including
tree depth and learning rate – determined by a lightweight

BDT hyperparameter scan. For the final training, the optimal
configuration of the BDT hyperparameters is determined for
each signal mass point separately with the help of the hyper-
opt [104] tool. The hyperopt tool performs a Bayesian opti-
misation using Tree-structured Parzen Estimators to obtain
the optimal parameter set from a given parameter range. It is
more efficient than grid or random searches because it uses
previous training steps to learn where the optimum is going to
be. To avoid any bias between the hyperparameter optimisa-
tion dataset and the final test dataset, the scan was carried out
using nested cross-training. For each of the 5-folds the scan
is performed using 4-fold cross-training on the other four
folds. For the final training the BDTs are retrained using all
four folds as training data. The BDT-score distributions after
training with the H±

80, H±
110, H±

130 and H±
150 signal samples

are shown in Fig. 5.

7 Systematic uncertainties

This section discusses systematic uncertainties the analysis is
sensitive to, including those affecting the detector response,
theoretical uncertainties, and modelling of signal and back-
ground processes that affect the normalisation and shapes of
the simulated signal and background distributions. The indi-
vidual systematic uncertainties are considered to be uncor-
related, while correlations for a given systematic uncertainty
are maintained across signal and background processes.

The uncertainty in the combined 2015–2018 integrated
luminosity is 0.83% [31], obtained using the LUCID-2 detec-
tor [28] for the primary luminosity measurements, com-
plemented by measurements using the inner detector and
calorimeters. This uncertainty is assigned to all physics pro-
cesses whose normalisations are taken from simulation. An
uncertainty in the correction of the pile-up distribution [105]
in simulation to that in data is taken into account as well.

Uncertainties in the calibration of physics objects affect all
simulated samples. Uncertainties associated with the trigger,
reconstruction, identification and isolation efficiency calibra-
tion [74,77], as well as the impact of the energy (momentum)
scale and resolution uncertainties [74,106] on the selection
efficiency are considered for electrons (muons). Jet energy
scale (JES) [107] and resolution (JER) [108] uncertainties
and the uncertainty in the efficiency of matching jets to the
primary vertex [84] are taken into account. The energy scale
and resolution uncertainties for leptons and jets are propa-
gated to the Emiss

T . In addition, the uncertainty in the Emiss
T

from tracks matched to the primary vertex but not to other
reconstructed objects [90] is considered. Corrections to simu-
lations to match the flavour-tagging and mistagging efficien-
cies in data are taken into account in bins of the jet pT [86–
88].

123



Eur. Phys. J. C           (2025) 85:153 Page 11 of 34   153 

Fig. 4 Distributions of selected BDT input variables. The variables
are defined in Table 2. The processes t t̄(allHad), tW , Single top, t t̄ H ,
Other top, W+ jets, Z + jets, VV listed in Table 1 are combined with
the multijet background in the “Other” category. The uncertainty band

represents the combined statistical and systematic uncertainty of the
prediction. Overlaid are the shapes for the H±

80 and H±
150 signal samples

normalised to the total background prediction

Uncertainties in the modelling of different processes are
assumed to be uncorrelated. Modelling uncertainties for pro-
cesses making a small contribution to the total background

yield (t t̄(allHad), t t̄ H and Other top samples) are neglected.
Some modelling uncertainties are estimated in the same way
for all processes. These are the uncertainties due to miss-
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Fig. 5 BDT-score distributions for the training with the a 80 GeV, b
110 GeV, c 130 GeV and d 150 GeV signal mass hypotheses after
performing background-only binned-likelihood fits to the distributions
as described in Sect. 8. The processes t t̄(allHad), tW , Single top, t t̄ H ,
Other top, W+ jets, Z + jets, VV listed in Table 1 are combined with the

multijet background in the “Other” category. The background yields are
normalised to their best-fit values. The uncertainty band represents the
combined statistical and systematic uncertainty of the prediction. Over-
laid is the signal shape normalised to B(t → H±(→ cs)b) = 1%. The
binning procedure for the BDT score is defined in Sect. 8

ing higher orders in the perturbative expansion of the par-
tonic cross-section, which are estimated by varying the renor-
malisation (μr) and factorisation (μf ) scales by a factor of

two. The uncertainties associated with the choice of PDF
are evaluated by using dedicated PDF error eigensets. The
PDF uncertainties are combined by calculating their standard
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deviation with respect to the nominal set or by summing the
differences in quadrature for Hessian sets. The uncertainty
related to the choice of strong coupling constant value αs is
evaluated by comparing predictions using PDF sets obtained
with two alternative αs values. The uncertainties in the pro-
duction cross-sections are included as normalisation uncer-
tainties [109–112] for all processes whose normalisations are
taken from simulation.

For top-quark processes the uncertainties associated with
the choice of generator for ME and PS simulation are assessed
by comparing the nominal sample with alternative samples
generated with aMC@NLO instead of PowhegBox and
with Herwig 7 instead of Pythia, respectively. The uncer-
tainty due to the choice of hdamp parameter value is deter-
mined by comparison with an alternative sample generated
with hdamp = 3mtop instead of 1.5mtop. The alternative
samples are described in detail in Sect. 3. The interference
between tW (b) and t t̄ processes [47] is handled using the dia-
gram removal scheme, which removes diagrams with inter-
mediate top quarks. The uncertainty associated with this pro-
cedure is evaluated with the help of an alternative tW sample
where a subtraction term is added to the matrix element to
cancel out the resonant top-quark pole contribution.

For top-quark and signal processes the uncertainties in the
amounts of initial- and final-state QCD radiation (ISR and
FSR) are estimated by varying the corresponding parame-
ter (Var3c) of the A14 PS tune and by varying the FSR
scale (μFSR

r ) by a factor of two, respectively. The system-
atic uncertainty introduced by the t t̄ correction, described in
Sect. 5, is estimated by performing an eigenvalue decompo-
sition of the fitted parameters and varying the eigenvalues
separately by one standard deviation. Uncertainties related
to the t t̄ ME, PS, hdamp parameter and FSR show, among the
considered systematic uncertainties, the largest shape differ-
ences in the high BDT-score regions and are therefore the
dominant uncertainties in this search.

For weak-boson processes, electroweak corrections at
next-to-leading order are estimated using the electroweak vir-
tual approximation. The electroweak and QCD components
are combined using an exponentiated prescription [113,114].
CKKW and QSF are two parameters of Sherpa that define
the scale for merging/matching jets from the ME with the PS,
and the scale used for resummation of soft gluon emissions,
respectively. Their impact on the BDT input observables is
measured at generator-level with the help of alternative sam-
ples in which the nominal values are varied. The observed
differences are covered by a 17% normalisation uncertainty.
The effect of NNLO correction factors on the cross-section
of single-boson processes is 5%. This is added as a normali-
sation uncertainty to all weak-boson processes.

To evaluate the systematic uncertainty of the multijet
background estimate, an alternative estimate is made in
which, instead of the lepton isolation criterion, a looser lepton

identification is used to define the ABCD regions. In addi-
tion, a conservative 50% normalisation uncertainty is added
to account for statistical uncertainties of the transfer factor
and MC uncertainties in regions B, C and D.

The uncertainty in the expected event count in each bin,
due to the finite MC sample sizes, is accounted for by one
Gaussian-constrained parameter per bin, which represents
the total uncertainty of the MC event content in that bin [115].

8 Statistical interpretation

The presence of a charged Higgs boson signal in data is quan-
tified with the help of binned maximum-likelihood fits to
the BDT-score distributions. The statistical model is imple-
mented using the Histfactory format [116]. Minimisation
of the likelihood function is performed in the pyhf frame-
work [117].

The parameter of interest is the branching fraction of the
process t → H±b (BH±), which is constrained to BH± ∈
[0, 0.1],5 while assuming B(t → Wb) + B(t → H±(→
cs)b) = 1.0. The t t̄ cross-section scaling factor (μt t̄ ) and the
fraction of t t̄ +HF events among t t̄ background events ( fHF)
are unconstrained parameters in the fit, with nominal values
of 1.0 and 0.1364, respectively. These parameters relate the
signal and background yields before the fit (pre-fit) and after
the fit (post-fit) as follows:6

NH±(post-fit) = μt t̄ × 2(1 − BH±) BH±

× NH±(pre-fit),

Ntt̄ +LF (post-fit) = μt t̄ × (1 − fHF) × (1 − BH±)2

× Ntt̄ +LF (pre-fit),

Ntt̄ +HF (post-fit) = μt t̄ × fHF × (1 − BH±)2

× Ntt̄ +HF (pre-fit).

The systematic uncertainties described in Sect. 7 are
implemented as Gaussian-constrained nuisance parameters
(NPs) in the fit. Systematic uncertainties with just one com-
ponent are symmetrised by mirroring the nominal template.
All two-point systematic uncertainties and some reweight-
ing systematic uncertainties with large statistical fluctuations
are smoothed. Uncertainties with a negligible impact on the
uncertainty of BH± are removed from the likelihood fit to
improve numerical performance.

The discovery significance of a signal in data is calculated
in a likelihood ratio test where the background-only hypoth-

5 The upper bound on BH± is justified by measurements setting lower
bounds on B(t → Wb) [118].
6 The event yields before the fit are set to the total expected t t̄ yield, so
that NH± (pre-fit) = Ntt̄ +LF (pre-fit) = Ntt̄ +HF (pre-fit). For the nominal
values of μt t̄ and fHF, and BH± = 0, one recovers the SM expectation.
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esis is compared with the signal-plus-background hypoth-
esis [119]. The asymptotic approximation is used to esti-
mate the probability distribution of the test statistic [120].
Upper limits on BH± are set by determining the BH± value
which can be rejected in 95% of the cases, i.e. at 95% con-
fidence level (CL), with respect to the best-fit signal-plus-
background hypothesis. The modified frequentist technique
(CLs) [121] is used to avoid excluding signal models where
the analysis has little sensitivity. The median upper limit,
referred to as the expected upper limit, and its 1σ and 2σ

expected variations are derived from a background-only Asi-
mov dataset [120].

The BDT-score templates are binned in such a way that the
number of bins is minimised, while maximising the expected
sensitivity and ensuring the stability of the fit and the validity
of the asymptotic approximation. This is achieved by starting
from templates with 10,000 equal-width bins and iteratively
merging bins from right to left – starting from the most dis-
criminating bins – until a bin in question fulfils all conditions.
Each bin is required to contain at least 20 expected back-
ground events, and the signal and background MC statistical
uncertainties have to be less than 20% and 10%, respectively.
Each bin has to pass a given S/

√
B threshold defined by the

S/
√
B ratio7 in the first merged bin. In order to retain shape

information in the low discriminating BDT-score region, a
maximum of 1000 bins may be merged into a single bin.
Additionally, the S/

√
B threshold may be adjusted for BDT

scores with very high or very low separation power such that
each template has at least 19 and no more than 49 bins.

9 Results

The binned maximum-likelihood fit described in Sect. 8 is
performed per signal mass-point hypothesis on the respec-
tive BDT-score distribution. Table 3 shows the data and back-
ground yields after the background-only fit of the BDT-score
distribution trained with the 130 GeV signal mass point.

The fitted μt t̄ values agree within their uncertainties with
the SM prediction of 1.0 for all mass points. The fHF param-
eter is measured to be 0.19 ± 0.02 for the H±

80 fit, which is
the most precise fit. The measured values of fHF in other
fits agree with this value within their uncertainties. This is a
larger heavy-flavour fraction than predicted by simulations,
but agrees with many other ATLAS analyses [20,122–126].
The fitted BH± values are equal to, or compatible with, zero
for most signal mass hypotheses. The largest signal signifi-
cance observed in data is for the 110 GeV mass point, with
a local p-value of 5% (1.5σ ).

7 S is the signal and B the total background prediction in the respective
bin.

Table 3 Data and background yields after the background-only fit of
the BDT-score distribution for the 130 GeV signal mass BDT training.
For comparison, the expected signal yield for BH± = 1% is added.
The sample names are defined in Table 1

Name Post-fit yields

t t̄(ud) 1,400,000 ± 76,000

t t̄(cs) 1,200,000 ± 92,000

t t̄ +HF 710,000 ± 150,000

tW 100,000 ± 23,000

Single top 68,000 ± 28,000

W+ jets 70,000 ± 29,000

Z + jets & VV 21,000 ± 9500

Other top & t t̄(allHad) & t t̄ H 17,000 ± 450

Multijet (MJ) 12,000 ± 6800

Total background 3,600,000 ± 11,000

Data 3,600,000

H±
130 (BH± = 1%) 38,000

The impact of systematic uncertainties on the BH± mea-
surement’s accuracy is estimated by fixing the NP under con-
sideration to its post-fit value, performing the fit and compar-
ing the uncertainty of the fitted BH± with the one from the
nominal fit. The results of these fits when fixing a group of
systematic uncertainties are summarised in Table 4. For the
80 GeV signal hypothesis the kinematics are very similar for
the signal and t t̄ processes. Therefore, the flavour-tagging
uncertainties have the largest impact on BH± . For other sig-
nal hypotheses the t t̄ modelling NPs, especially those for the
ME, PS, FSR and hdamp uncertainties, have the largest impact
on the BH± uncertainty. MC statistical uncertainties natu-
rally become more important with finer BDT-score binning.
Less impactful but still important are jet, single-top-quark
and weak-boson modelling uncertainties. Least impactful are
luminosity, pile-up, lepton and Emiss

T -related uncertainties.
Figure 6 shows the expected limits on BH± with their 1σ

and 2σ uncertainty bands. The expected limits are least strin-
gent for the 80 GeV mass point, at about 2.3%, as this signal
mass point is closest to the W-boson mass. For this mass
point, the flavour-tagging information is the most powerful
discriminant between signal and background. Moving away
from the W-boson mass the top-quark kinematics start to dif-
fer more and the limits improve. The most stringent limits are
expected for the 150 GeV mass point, at about 0.077%. Close
to the top-quark mass threshold the limits weaken again as the
acceptance decreases. The small acceptance is caused by the
low average momentum of the bhad-quark so that the result-
ing jets often fail the kinematic requirements. The solid line
in Fig. 6 represents the observed limits. The observed limits
vary between 0.066 to 3.6%. Expected and observed limits
agree within uncertainties.
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Table 4 Breakdown of the relative contributions to the uncertainty in
the extracted BH± in the likelihood fit to data. The contributions are
obtained by fixing the relevant NPs to their post-fit values in the likeli-
hood fit. The square root of the difference of the squares of the nominal
uncertainty and obtained uncertainty is divided by the nominal uncer-
tainty to obtain the relative impact. The sum in quadrature of the indi-

vidual components differs from the total uncertainty due to correlations
between uncertainties in the different groups. The uncertainty from data
statistical uncertainties is determined from fits with all NPs fixed to their
post-fit values. The total uncertainty in BH± for the fits with H±

80 and
H±

150 is 1.2% and 0.04%, respectively

H±
80 H±

150

Category Relative contribution Category Relative contribution

Data statistical 6% Data statistical 38%

Systematic 99.8% Systematic 93%

Flavour-tagging 64% t t̄ modelling 72%

MC statistical 64% MC statistical 35%

t t̄ modelling 50% Weak-boson and MJ modelling 27%

μt t̄ and fLF 21% Single-top-quark modelling 25%

Jet 19% μt t̄ and fLF 24%

Single-top-quark modelling 16% Jet 23%

Luminosity and pile-up 15% Flavour-tagging 20%

Weak-boson and MJ modelling 12% Lepton and Emiss
T 8%

Signal modelling 8% Luminosity and pile-up 7%

Lepton and Emiss
T 7% Signal modelling 5%

Fig. 6 Observed (solid line) and expected (dotted line) upper limits on
BH± for charged Higgs boson with masses between 60 and 168 GeV,
assuming B(t → Wb) + B(t → H±(→ cs)b) = 1.0. The ±1σ and
±2σ variations around the expected upper limit are indicated by the
green and yellow bands, respectively

10 Conclusions

A search for a light charged Higgs boson produced in decays
of the top quark, t → H±b, with H± → cs is performed in
the H± mass range from 60 to 168 GeV. The data analysed
corresponds to 140 fb−1 of pp collisions at

√
s = 13 TeV

recorded with the ATLAS detector at the LHC between 2015
and 2018. This analysis focuses on the lepton-plus-jets final
state, characterised by an isolated electron or muon and

at least four jets. The search exploits b-quark and c-quark
identification techniques as well as multivariate methods to
suppress the dominant t t̄ background. No significant sig-
nal excess is found in data. Observed and expected 95% CL
upper limits on the branching fractionB(t → H±b), assum-
ing B(t → Wb) + B(t → H±(→ cs)b) = 1.0, are found
to range from 0.066 to 3.6% and 0.077 to 2.3%, respectively,
depending on the mass of the charged Higgs boson. These
are the first direct limits on B(t → H±b) in the H± → cs
channel for charged Higgs bosons with masses of 60 GeV,
70 GeV and 168 GeV, and currently the most stringent limits
for masses between 120 GeV and 160 GeV.
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G. Mikenberg172 , M. Mikestikova134 , M. Mikuž95 , H. Mildner102 , A. Milic37 , D.W. Miller40 , E.H. Miller147 ,
L.S. Miller35 , A. Milov172 , D. A. Milstead48a,48b, T. Min114a, A.A. Minaenko38 , I.A. Minashvili153b ,
L. Mince60 , A.I. Mincer120 , B. Mindur87a , M. Mineev39 , Y. Mino89 , L.M. Mir13 , M. Miralles Lopez60 ,
M. Mironova18a , M.C. Missio116 , A. Mitra170 , V.A. Mitsou166 , Y. Mitsumori113 , O. Miu158 ,
P.S. Miyagawa96 , T. Mkrtchyan64a , M. Mlinarevic98 , T. Mlinarevic98 , M. Mlynarikova37 , S. Mobius20 ,
P. Mogg111 , M.H. Mohamed Farook115 , A.F. Mohammed14,114c , S. Mohapatra42 , G. Mokgatitswane34g ,
L. Moleri172 , B. Mondal145 , S. Mondal135 , K. Mönig49 , E. Monnier104 , L. Monsonis Romero166,
J. Montejo Berlingen13 , A. Montella48a,48b , M. Montella122 , F. Montereali78a,78b , F. Monticelli92 ,
S. Monzani70a,70c , A. Morancho Tarda43 , N. Morange67 , A.L. Moreira De Carvalho49 , M. Moreno Llácer166 ,
C. Moreno Martinez57 , J. M. Moreno Perez23b, P. Morettini58b , S. Morgenstern37 , M. Morii62 , M. Morinaga157 ,
M. Moritsu90 , F. Morodei76a,76b , P. Moschovakos37 , B. Moser129 , M. Mosidze153b , T. Moskalets45 ,
P. Moskvitina116 , J. Moss32,j , P. Moszkowicz87a , A. Moussa36d , E.J.W. Moyse105 , O. Mtintsilana34g ,
S. Muanza104 , J. Mueller132 , D. Muenstermann93 , R. Müller37 , G.A. Mullier164 , A. J. Mullin33,
J. J. Mullin131, A.E. Mulski62 , D.P. Mungo158 , D. Munoz Perez166 , F.J. Munoz Sanchez103 , M. Murin103 ,
W.J. Murray170,137 , M. Muškinja95 , C. Mwewa30 , A.G. Myagkov38,a , A.J. Myers8 , G. Myers108 ,
M. Myska135 , B.P. Nachman18a , O. Nackenhorst50 , K. Nagai129 , K. Nagano85 , R. Nagasaka157,
J.L. Nagle30,af , E. Nagy104 , A.M. Nairz37 , Y. Nakahama85 , K. Nakamura85 , K. Nakkalil5 , H. Nanjo127 ,
E.A. Narayanan45 , I. Naryshkin38 , L. Nasella72a,72b , M. Naseri35 , S. Nasri119b , C. Nass25 , G. Navarro23a ,
J. Navarro-Gonzalez166 , R. Nayak155 , A. Nayaz19 , P.Y. Nechaeva38 , S. Nechaeva24b,24a , F. Nechansky134 ,
L. Nedic129 , T.J. Neep21 , A. Negri74a,74b , M. Negrini24b , C. Nellist117 , C. Nelson106 , K. Nelson108 ,
S. Nemecek134 , M. Nessi37,g , M.S. Neubauer165 , F. Neuhaus102 , J. Neundorf49 , J. Newell94 , P.R. Newman21 ,
C.W. Ng132 , Y.W.Y. Ng49 , B. Ngair119a , H.D.N. Nguyen110 , R.B. Nickerson129 , R. Nicolaidou138 ,
J. Nielsen139 , M. Niemeyer56 , J. Niermann56 , N. Nikiforou37 , V. Nikolaenko38,a , I. Nikolic-Audit130 ,
K. Nikolopoulos21 , P. Nilsson30 , I. Ninca49 , G. Ninio155 , A. Nisati76a , N. Nishu2 , R. Nisius112 , J-
E. Nitschke51 , E.K. Nkadimeng34g , T. Nobe157 , T. Nommensen151 , M.B. Norfolk143 , B.J. Norman35 ,
M. Noury36a , J. Novak95 , T. Novak95 , L. Novotny135 , R. Novotny115 , L. Nozka125 , K. Ntekas162 ,
N.M.J. Nunes De Moura Junior84b , J. Ocariz130 , A. Ochi86 , I. Ochoa133a , S. Oerdek49,u , J.T. Offermann40 ,
A. Ogrodnik136 , A. Oh103 , C.C. Ohm148 , H. Oide85 , R. Oishi157 , M.L. Ojeda37 , Y. Okumura157 ,
L.F. Oleiro Seabra133a , I. Oleksiyuk57 , S.A. Olivares Pino140d , G. Oliveira Correa13 , D. Oliveira Damazio30 ,
J.L. Oliver162 , Ö.O. Öncel55 , A.P. O’Neill20 , A. Onofre133a,133e , P.U.E. Onyisi11 , M.J. Oreglia40 ,
G.E. Orellana92 , D. Orestano78a,78b , N. Orlando13 , R.S. Orr158 , L.M. Osojnak131 , R. Ospanov63a ,
Y. Osumi113, G. Otero y Garzon31 , H. Otono90 , P.S. Ott64a , G.J. Ottino18a , M. Ouchrif36d , F. Ould-Saada128 ,
T. Ovsiannikova142 , M. Owen60 , R.E. Owen137 , V.E. Ozcan22a , F. Ozturk88 , N. Ozturk8 , S. Ozturk83 ,
H.A. Pacey129 , A. Pacheco Pages13 , C. Padilla Aranda13 , G. Padovano76a,76b , S. Pagan Griso18a ,
G. Palacino69 , A. Palazzo71a,71b , J. Pampel25 , J. Pan175 , T. Pan65a , D.K. Panchal11 , C.E. Pandini117 ,
J.G. Panduro Vazquez137 , H.D. Pandya1 , H. Pang15 , P. Pani49 , G. Panizzo70a,70c , L. Panwar130 ,
L. Paolozzi57 , S. Parajuli165 , A. Paramonov6 , C. Paraskevopoulos54 , D. Paredes Hernandez65b , A. Pareti74a,74b ,
K.R. Park42 , T.H. Park158 , M.A. Parker33 , F. Parodi58a,58b , E.W. Parrish118 , V.A. Parrish53 , J.A. Parsons42 ,
U. Parzefall55 , B. Pascual Dias110 , L. Pascual Dominguez101 , E. Pasqualucci76a , S. Passaggio58b , F. Pastore97 ,
P. Patel88 , U.M. Patel52 , J.R. Pater103 , T. Pauly37 , F. Pauwels136 , C.I. Pazos161 , M. Pedersen128 ,
R. Pedro133a , S.V. Peleganchuk38 , O. Penc37 , E.A. Pender53 , S. Peng15 , G.D. Penn175 , K.E. Penski111 ,
M. Penzin38 , B.S. Peralva84d , A.P. Pereira Peixoto142 , L. Pereira Sanchez147 , D.V. Perepelitsa30,af ,
G. Perera105 , E. Perez Codina159a , M. Perganti10 , H. Pernegger37 , S. Perrella76a,76b , O. Perrin41 ,
K. Peters49 , R.F.Y. Peters103 , B.A. Petersen37 , T.C. Petersen43 , E. Petit104 , V. Petousis135 , C. Petridou156,d ,
T. Petru136 , A. Petrukhin145 , M. Pettee18a , A. Petukhov38 , K. Petukhova37 , R. Pezoa140f , L. Pezzotti37 ,
G. Pezzullo175 , A.J. Pfleger37 , T.M. Pham173 , T. Pham107 , P.W. Phillips137 , G. Piacquadio149 , E. Pianori18a ,
F. Piazza126 , R. Piegaia31 , D. Pietreanu28b , A.D. Pilkington103 , M. Pinamonti70a,70c , J.L. Pinfold2 ,
B.C. Pinheiro Pereira133a , J. Pinol Bel13 , A.E. Pinto Pinoargote138 , L. Pintucci70a,70c , K.M. Piper150 ,
A. Pirttikoski57 , D.A. Pizzi35 , L. Pizzimento65b , A. Pizzini117 , M.-A. Pleier30 , V. Pleskot136 , E. Plotnikova39,
G. Poddar96 , R. Poettgen100 , L. Poggioli130 , I. Pokharel56 , S. Polacek136 , G. Polesello74a , A. Poley146,159a ,
A. Polini24b , C.S. Pollard170 , Z.B. Pollock122 , E. Pompa Pacchi76a,76b , N.I. Pond98 , D. Ponomarenko69 ,

123

http://orcid.org/0000-0002-6934-3752
http://orcid.org/0009-0009-4494-6045
http://orcid.org/0000-0001-6512-0036
http://orcid.org/0000-0002-5445-5938
http://orcid.org/0000-0002-1822-1114
http://orcid.org/0000-0003-4779-3522
http://orcid.org/0000-0001-5454-3017
http://orcid.org/0000-0002-5508-530X
http://orcid.org/0000-0002-0473-2116
http://orcid.org/0000-0003-3552-6566
http://orcid.org/0000-0002-7497-0945
http://orcid.org/0000-0002-8396-9946
http://orcid.org/0000-0003-0162-2891
http://orcid.org/0000-0003-0460-3178
http://orcid.org/0000-0003-1277-2596
http://orcid.org/0000-0002-4119-6156
http://orcid.org/0000-0002-0384-6955
http://orcid.org/0000-0002-9173-8363
http://orcid.org/0000-0002-9485-9435
http://orcid.org/0000-0002-7083-1585
http://orcid.org/0000-0001-5539-3233
http://orcid.org/0000-0003-3863-3607
http://orcid.org/0000-0001-8055-4692
http://orcid.org/0000-0002-4688-3510
http://orcid.org/0000-0003-3759-0588
http://orcid.org/0000-0002-6307-1418
http://orcid.org/0000-0002-5511-2611
http://orcid.org/0000-0002-2236-3879
http://orcid.org/0000-0002-2984-8174
http://orcid.org/0000-0002-4276-715X
http://orcid.org/0000-0001-7863-583X
http://orcid.org/0000-0001-6381-5723
http://orcid.org/0000-0002-0494-9753
http://orcid.org/0000-0003-3714-0915
http://orcid.org/0000-0002-1533-8886
http://orcid.org/0000-0003-4863-3272
http://orcid.org/0000-0002-0287-8293
http://orcid.org/0000-0002-4893-6778
http://orcid.org/0000-0002-5786-3136
http://orcid.org/0000-0003-3587-646X
http://orcid.org/0000-0002-6399-1732
http://orcid.org/0000-0003-2028-1930
http://orcid.org/0000-0001-5911-6815
http://orcid.org/0000-0003-2688-234X
http://orcid.org/0000-0002-2082-8134
http://orcid.org/0000-0002-5003-1919
http://orcid.org/0000-0003-3006-6337
http://orcid.org/0000-0001-9878-4373
http://orcid.org/0000-0003-0196-3602
http://orcid.org/0000-0003-1025-3741
http://orcid.org/0000-0002-6965-7380
http://orcid.org/0000-0002-3169-7117
http://orcid.org/0000-0002-2551-5751
http://orcid.org/0000-0001-9213-904X
http://orcid.org/0000-0002-5578-6333
http://orcid.org/0000-0001-5010-886X
http://orcid.org/0000-0002-9939-8543
http://orcid.org/0000-0002-6974-1443
http://orcid.org/0000-0002-0479-2207
http://orcid.org/0000-0002-4870-4758
http://orcid.org/0000-0003-0047-7215
http://orcid.org/0000-0002-1986-5720
http://orcid.org/0000-0003-1113-3645
http://orcid.org/0000-0002-5719-7655
http://orcid.org/0000-0001-7139-7912
http://orcid.org/0000-0002-7834-4781
http://orcid.org/0000-0001-9324-057X
http://orcid.org/0000-0003-2129-1372
http://orcid.org/0000-0001-6357-0543
http://orcid.org/0000-0001-8251-7262
http://orcid.org/0000-0001-6993-9698
http://orcid.org/0000-0001-6750-5060
http://orcid.org/0000-0002-1720-0493
http://orcid.org/0000-0001-6508-3968
http://orcid.org/0000-0002-7926-7650
http://orcid.org/0000-0002-6729-4803
http://orcid.org/0000-0001-5269-6191
http://orcid.org/0000-0003-2233-9120
http://orcid.org/0000-0003-4449-6178
http://orcid.org/0000-0003-2168-4854
http://orcid.org/0000-0002-1786-2075
http://orcid.org/0000-0001-5099-4718
http://orcid.org/0000-0001-6223-2497
http://orcid.org/0000-0002-5835-0690
http://orcid.org/0000-0001-6771-0937
http://orcid.org/0000-0001-6187-9344
http://orcid.org/0000-0002-2567-7857
http://orcid.org/0000-0003-3215-6467
http://orcid.org/0000-0002-6374-458X
http://orcid.org/0000-0002-2388-1969
http://orcid.org/0000-0003-1710-6306
http://orcid.org/0000-0001-8442-2718
http://orcid.org/0000-0002-3504-0366
http://orcid.org/0000-0003-4189-4250
http://orcid.org/0000-0003-1691-4643
http://orcid.org/0000-0002-2562-0930
http://orcid.org/0000-0003-0982-3380
http://orcid.org/0000-0003-1024-0932
http://orcid.org/0000-0002-2191-2725
http://orcid.org/0000-0002-4285-0578
http://orcid.org/0000-0003-2741-0627
http://orcid.org/0000-0003-0056-6613
http://orcid.org/0000-0001-5420-9537
http://orcid.org/0000-0003-3561-0880
http://orcid.org/0000-0003-3133-7100
http://orcid.org/0000-0002-1560-0434
http://orcid.org/0000-0002-5662-3907
http://orcid.org/0000-0003-0703-103X
http://orcid.org/0000-0001-6042-6781
http://orcid.org/0000-0001-6412-4801
http://orcid.org/0000-0002-4871-784X
http://orcid.org/0000-0001-9191-8164
http://orcid.org/0000-0002-5985-4567
http://orcid.org/0000-0002-8098-4948
http://orcid.org/0000-0002-5108-0042
http://orcid.org/0000-0002-4172-7965
http://orcid.org/0000-0001-6988-0606
http://orcid.org/0000-0003-1418-3437
http://orcid.org/0000-0002-5910-4117
http://orcid.org/0000-0002-0623-9034
http://orcid.org/0000-0002-2684-9024
http://orcid.org/0000-0002-7672-7367
http://orcid.org/0000-0003-0056-8651
http://orcid.org/0000-0002-7386-901X
http://orcid.org/0000-0003-0101-6963
http://orcid.org/0000-0002-5171-8579
http://orcid.org/0000-0002-5713-3803
http://orcid.org/0000-0003-4194-1790
http://orcid.org/0000-0001-8978-7150
http://orcid.org/0000-0001-7316-0118
http://orcid.org/0000-0001-8434-9274
http://orcid.org/0000-0002-3819-2453
http://orcid.org/0000-0002-8565-0015
http://orcid.org/0000-0001-6917-2802
http://orcid.org/0000-0002-6252-266X
http://orcid.org/0000-0001-8190-4017
http://orcid.org/0000-0001-9135-1321
http://orcid.org/0000-0002-5807-8535
http://orcid.org/0000-0002-4326-9283
http://orcid.org/0000-0002-2157-9061
http://orcid.org/0000-0003-3723-1745
http://orcid.org/0000-0002-9175-4419
http://orcid.org/0000-0003-4222-8284
http://orcid.org/0000-0003-0069-8907
http://orcid.org/0000-0003-1267-7740
http://orcid.org/0000-0001-6545-1820
http://orcid.org/0000-0003-1681-1118
http://orcid.org/0000-0002-3048-489X
http://orcid.org/0000-0002-6848-7463
http://orcid.org/0000-0001-8158-8966
http://orcid.org/0000-0003-4014-7253
http://orcid.org/0000-0002-5080-2293
http://orcid.org/0000-0002-9048-1332
http://orcid.org/0000-0003-2257-0074
http://orcid.org/0000-0002-0174-4816
http://orcid.org/0000-0003-0800-7963
http://orcid.org/0000-0002-5809-325X
http://orcid.org/0000-0002-4542-6385
http://orcid.org/0000-0001-7984-5783
http://orcid.org/0000-0002-5736-1398
http://orcid.org/0000-0003-0371-1521
http://orcid.org/0000-0002-3195-8903
http://orcid.org/0000-0002-3053-0913
http://orcid.org/0000-0001-5165-8425
http://orcid.org/0000-0002-1630-694X
http://orcid.org/0000-0002-8774-7099
http://orcid.org/0000-0001-9252-6509
http://orcid.org/0000-0003-0828-6085
http://orcid.org/0000-0003-2262-0780
http://orcid.org/0000-0002-2024-5609
http://orcid.org/0000-0001-6156-1790
http://orcid.org/0000-0001-8763-0096
http://orcid.org/0000-0002-6468-518X
http://orcid.org/0000-0002-6025-4833
http://orcid.org/0000-0001-9025-0422
http://orcid.org/0000-0002-8015-7512
http://orcid.org/0000-0002-2173-3233
http://orcid.org/0000-0001-6930-7789
http://orcid.org/0000-0002-3834-7830
http://orcid.org/0000-0002-7613-5572
http://orcid.org/0000-0002-9320-8825
http://orcid.org/0000-0002-4784-6340
http://orcid.org/0000-0003-4616-6973
http://orcid.org/0000-0003-0700-0030
http://orcid.org/0000-0002-8601-2074
http://orcid.org/0000-0002-0713-6627
http://orcid.org/0000-0001-8772-1705
http://orcid.org/0000-0002-8104-7227
http://orcid.org/0000-0003-3471-2703
http://orcid.org/0000-0003-4201-7997
http://orcid.org/0000-0001-6203-2209
http://orcid.org/0000-0002-4753-4048
http://orcid.org/0000-0001-5103-5527
http://orcid.org/0000-0003-0616-245X
http://orcid.org/0000-0002-8690-9746
http://orcid.org/0000-0002-9538-0514
http://orcid.org/0000-0001-5091-9216
http://orcid.org/0000-0003-4803-5280
http://orcid.org/0000-0003-0760-5988
http://orcid.org/0000-0003-1052-7925
http://orcid.org/0000-0001-8083-6411
http://orcid.org/0000-0002-2954-1420
http://orcid.org/0000-0002-9404-835X
http://orcid.org/0000-0002-3890-9426
http://orcid.org/0000-0001-6820-0488
http://orcid.org/0000-0002-2684-1399
http://orcid.org/0000-0003-4643-6347
http://orcid.org/0000-0003-2481-8176
http://orcid.org/0000-0003-1125-6784
http://orcid.org/0000-0001-6533-6144
http://orcid.org/0000-0002-2325-6792
http://orcid.org/0000-0001-8210-1734
http://orcid.org/0000-0001-7951-0166
http://orcid.org/0000-0003-0014-3901
http://orcid.org/0000-0003-0999-5019
http://orcid.org/0000-0003-0278-9941
http://orcid.org/0000-0001-9794-2851
http://orcid.org/0000-0001-8648-4891
http://orcid.org/0000-0002-0664-9199
http://orcid.org/0000-0002-4700-1516
http://orcid.org/0000-0001-5732-9948
http://orcid.org/0000-0003-3838-1307
http://orcid.org/0000-0003-2605-8940
http://orcid.org/0000-0002-1199-945X
http://orcid.org/0000-0002-1946-1769
http://orcid.org/0000-0003-2149-3791
http://orcid.org/0000-0002-0352-4833
http://orcid.org/0000-0003-2461-4907
http://orcid.org/0000-0002-9281-1972
http://orcid.org/0000-0003-1499-3990
http://orcid.org/0000-0002-6492-3061
http://orcid.org/0000-0002-2858-9182
http://orcid.org/0000-0002-3179-8524
http://orcid.org/0000-0003-3028-4895
http://orcid.org/0009-0003-6804-4288
http://orcid.org/0000-0002-1910-0541
http://orcid.org/0000-0001-9798-8411
http://orcid.org/0000-0002-7160-4720
http://orcid.org/0000-0001-5954-0974
http://orcid.org/0000-0001-5164-9414
http://orcid.org/0000-0002-9470-6017
http://orcid.org/0000-0002-4858-6560
http://orcid.org/0000-0002-7673-1067
http://orcid.org/0000-0003-4701-9481
http://orcid.org/0000-0001-8160-2545
http://orcid.org/0000-0001-9200-5738
http://orcid.org/0000-0001-5962-7826
http://orcid.org/0000-0002-7467-2470
http://orcid.org/0000-0001-5191-2526
http://orcid.org/0000-0002-0598-5035
http://orcid.org/0000-0001-9082-035X
http://orcid.org/0000-0001-5950-8018
http://orcid.org/0000-0001-8533-3805
http://orcid.org/0000-0003-4281-0119
http://orcid.org/0000-0002-7139-9587
http://orcid.org/0000-0003-0907-7592
http://orcid.org/0000-0002-5433-3981
http://orcid.org/0009-0002-8629-4486
http://orcid.org/0009-0009-9369-5537
http://orcid.org/0000-0002-6956-9970
http://orcid.org/0000-0002-8082-424X
http://orcid.org/0000-0002-0928-3129
http://orcid.org/0000-0003-1664-5658
http://orcid.org/0000-0003-3424-7338
http://orcid.org/0000-0001-7913-3313
http://orcid.org/0000-0001-8732-6908
http://orcid.org/0000-0001-7292-2547
http://orcid.org/0000-0003-0426-6538
http://orcid.org/0000-0003-3451-9938
http://orcid.org/0000-0001-6418-8784
http://orcid.org/0000-0003-4955-5130
http://orcid.org/0000-0003-2078-6541
http://orcid.org/0000-0002-7654-1677
http://orcid.org/0000-0003-1702-7544
http://orcid.org/0000-0002-7380-6123
http://orcid.org/0000-0003-0221-3037
http://orcid.org/0000-0002-3059-735X
http://orcid.org/0000-0002-5575-6476
http://orcid.org/0000-0001-5957-6133
http://orcid.org/0000-0003-4903-9419
http://orcid.org/0000-0003-0533-2277
http://orcid.org/0000-0001-9208-3218
http://orcid.org/0000-0002-8126-9575
http://orcid.org/0000-0002-0654-8398
http://orcid.org/0000-0003-3344-791X
http://orcid.org/0000-0002-3802-8944
http://orcid.org/0000-0002-6653-1555
http://orcid.org/0000-0001-5524-7738
http://orcid.org/0000-0003-2436-6317
http://orcid.org/0000-0002-8859-1313
http://orcid.org/0000-0003-3651-4081
http://orcid.org/0000-0002-4531-2900
http://orcid.org/0000-0001-9233-5892
http://orcid.org/0000-0002-3664-8912
http://orcid.org/0000-0001-7850-8005
http://orcid.org/0000-0003-1381-5949
http://orcid.org/0000-0001-8007-0778
http://orcid.org/0000-0002-5282-5050
http://orcid.org/0000-0002-2397-4196
http://orcid.org/0000-0002-9639-7887
http://orcid.org/0000-0001-8524-1257
http://orcid.org/0000-0001-9616-1690
http://orcid.org/0000-0001-9842-9830
http://orcid.org/0000-0002-7669-4518
http://orcid.org/0009-0002-3707-1446
http://orcid.org/0000-0001-5193-1567
http://orcid.org/0000-0002-1814-2758
http://orcid.org/0000-0001-8891-1842
http://orcid.org/0000-0002-9461-3494
http://orcid.org/0000-0001-5435-497X
http://orcid.org/0000-0001-7424-4161
http://orcid.org/0000-0002-3304-0987
http://orcid.org/0000-0003-3210-6646
http://orcid.org/0000-0002-7915-0161
http://orcid.org/0000-0002-9929-9713
http://orcid.org/0000-0001-8636-0186
http://orcid.org/0000-0002-4063-0408
http://orcid.org/0000-0002-4986-6628
http://orcid.org/0000-0002-3690-3960
http://orcid.org/0000-0001-6285-0658
http://orcid.org/0000-0003-4528-6594
http://orcid.org/0000-0002-5966-0332
http://orcid.org/0000-0003-4213-1511


Eur. Phys. J. C           (2025) 85:153 Page 27 of 34   153 

L. Pontecorvo37 , S. Popa28a , G.A. Popeneciu28d , A. Poreba37 , D.M. Portillo Quintero159a , S. Pospisil135 ,
M.A. Postill143 , P. Postolache28c , K. Potamianos170 , P.A. Potepa87a , I.N. Potrap39 , C.J. Potter33 , H. Potti151 ,
J. Poveda166 , M.E. Pozo Astigarraga37 , A. Prades Ibanez77a,77b , J. Pretel168 , D. Price103 , M. Primavera71a ,
L. Primomo70a,70c , M.A. Principe Martin101 , R. Privara125 , T. Procter60 , M.L. Proffitt142 , N. Proklova131 ,
K. Prokofiev65c , G. Proto112 , J. Proudfoot6 , M. Przybycien87a , W.W. Przygoda87b , A. Psallidas47 ,
J.E. Puddefoot143 , D. Pudzha55 , D. Pyatiizbyantseva38 , J. Qian108 , D. Qichen103 , Y. Qin13 , T. Qiu53 ,
A. Quadt56 , M. Queitsch-Maitland103 , G. Quetant57 , R.P. Quinn167 , G. Rabanal Bolanos62 , D. Rafanoharana55 ,
F. Raffaeli77a,77b , F. Ragusa72a,72b , J.L. Rainbolt40 , J.A. Raine57 , S. Rajagopalan30 , E. Ramakoti38 ,
L. Rambelli58b,58a , I.A. Ramirez-Berend35 , K. Ran49,114c , D.S. Rankin131 , N.P. Rapheeha34g , H. Rasheed28b ,
V. Raskina130 , D.F. Rassloff64a , A. Rastogi18a , S. Rave102 , S. Ravera58b,58a , B. Ravina56 , I. Ravinovich172 ,
M. Raymond37 , A.L. Read128 , N.P. Readioff143 , D.M. Rebuzzi74a,74b , G. Redlinger30 , A.S. Reed112 ,
K. Reeves27 , J.A. Reidelsturz174 , D. Reikher126 , A. Rej50 , C. Rembser37 , M. Renda28b , F. Renner49 ,
A.G. Rennie162 , A.L. Rescia49 , S. Resconi72a , M. Ressegotti58b,58a , S. Rettie37 , J.G. Reyes Rivera109 ,
E. Reynolds18a , O.L. Rezanova38 , P. Reznicek136 , H. Riani36d , N. Ribaric52 , E. Ricci79a,79b ,
R. Richter112 , S. Richter48a,48b , E. Richter-Was87b , M. Ridel130 , S. Ridouani36d , P. Rieck120 , P. Riedler37 ,
E.M. Riefel48a,48b , J.O. Rieger117 , M. Rijssenbeek149 , M. Rimoldi37 , L. Rinaldi24b,24a , P. Rincke56,164 ,
T.T. Rinn30 , M.P. Rinnagel111 , G. Ripellino164 , I. Riu13 , J.C. Rivera Vergara168 , F. Rizatdinova124 ,
E. Rizvi96 , B.R. Roberts18a , S.S. Roberts139 , S.H. Robertson106,x , D. Robinson33 , M. Robles Manzano102 ,
A. Robson60 , A. Rocchi77a,77b , C. Roda75a,75b , S. Rodriguez Bosca37 , Y. Rodriguez Garcia23a ,
A. Rodriguez Rodriguez55 , A.M. Rodríguez Vera118 , S. Roe37, J.T. Roemer37 , A.R. Roepe-Gier139 , O. Røhne128 ,
R.A. Rojas105 , C.P.A. Roland130 , J. Roloff30 , A. Romaniouk80 , E. Romano74a,74b , M. Romano24b ,
A.C. Romero Hernandez165 , N. Rompotis94 , L. Roos130 , S. Rosati76a , B.J. Rosser40 , E. Rossi129 ,
E. Rossi73a,73b , L.P. Rossi62 , L. Rossini55 , R. Rosten122 , M. Rotaru28b , B. Rottler55 , C. Rougier91 ,
D. Rousseau67 , D. Rousso49 , A. Roy165 , S. Roy-Garand158 , A. Rozanov104 , Z.M.A. Rozario60 , Y. Rozen154 ,
A. Rubio Jimenez166 , A.J. Ruby94 , V.H. Ruelas Rivera19 , T.A. Ruggeri1 , A. Ruggiero129 , A. Ruiz-Martinez166 ,
A. Rummler37 , Z. Rurikova55 , N.A. Rusakovich39 , H.L. Russell168 , G. Russo76a,76b , J.P. Rutherfoord7 ,
S. Rutherford Colmenares33 , M. Rybar136 , E.B. Rye128 , A. Ryzhov45 , J.A. Sabater Iglesias57 , H.F-
W. Sadrozinski139 , F. Safai Tehrani76a , B. Safarzadeh Samani137 , S. Saha1 , M. Sahinsoy83 , A. Saibel166 ,
M. Saimpert138 , M. Saito157 , T. Saito157 , A. Sala72a,72b , D. Salamani37 , A. Salnikov147 , J. Salt166 ,
A. Salvador Salas155 , D. Salvatore44a,44b , F. Salvatore150 , A. Salzburger37 , D. Sammel55 , E. Sampson93 ,
D. Sampsonidis156,d , D. Sampsonidou126 , J. Sánchez166 , V. Sanchez Sebastian166 , H. Sandaker128 ,
C.O. Sander49 , J.A. Sandesara105 , M. Sandhoff174 , C. Sandoval23b , L. Sanfilippo64a , D.P.C. Sankey137 ,
T. Sano89 , A. Sansoni54 , L. Santi37,76b , C. Santoni41 , H. Santos133a,133b , A. Santra172 , E. Sanzani24a,24b ,
K.A. Saoucha163 , J.G. Saraiva133a,133d , J. Sardain7 , O. Sasaki85 , K. Sato160 , C. Sauer64b, E. Sauvan4 ,
P. Savard158,ad , R. Sawada157 , C. Sawyer137 , L. Sawyer99 , C. Sbarra24b , A. Sbrizzi24a,24b , T. Scanlon98 ,
J. Schaarschmidt142 , U. Schäfer102 , A.C. Schaffer45,67 , D. Schaile111 , R.D. Schamberger149 , C. Scharf19 ,
M.M. Schefer20 , V.A. Schegelsky38 , D. Scheirich136 , M. Schernau162 , C. Scheulen56 , C. Schiavi58a,58b ,
M. Schioppa44a,44b , B. Schlag147 , S. Schlenker37 , J. Schmeing174 , M.A. Schmidt174 , K. Schmieden102 ,
C. Schmitt102 , N. Schmitt102 , S. Schmitt49 , L. Schoeffel138 , A. Schoening64b , P.G. Scholer35 , E. Schopf129 ,
M. Schott25 , J. Schovancova37 , S. Schramm57 , T. Schroer57 , H-C. Schultz-Coulon64a , M. Schumacher55 ,
B.A. Schumm139 , Ph. Schune138 , A.J. Schuy142 , H.R. Schwartz139 , A. Schwartzman147 , T.A. Schwarz108 ,
Ph. Schwemling138 , R. Schwienhorst109 , F.G. Sciacca20 , A. Sciandra30 , G. Sciolla27 , F. Scuri75a ,
C.D. Sebastiani94 , K. Sedlaczek118 , S.C. Seidel115 , A. Seiden139 , B.D. Seidlitz42 , C. Seitz49 , J.M. Seixas84b ,
G. Sekhniaidze73a , L. Selem61 , N. Semprini-Cesari24a,24b , D. Sengupta57 , V. Senthilkumar166 , L. Serin67 ,
M. Sessa77a,77b , H. Severini123 , F. Sforza58a,58b , A. Sfyrla57 , Q. Sha14 , E. Shabalina56 , A.H. Shah33 ,
R. Shaheen148 , J.D. Shahinian131 , D. Shaked Renous172 , L.Y. Shan14 , M. Shapiro18a , A. Sharma37 ,
A.S. Sharma167 , P. Sharma81 , P.B. Shatalov38 , K. Shaw150 , S.M. Shaw103 , Q. Shen63c , D.J. Sheppard146 ,
P. Sherwood98 , L. Shi98 , X. Shi14 , S. Shimizu85 , C.O. Shimmin175 , J.D. Shinner97 , I.P.J. Shipsey129,* ,
S. Shirabe90 , M. Shiyakova39,v , M.J. Shochet40 , D.R. Shope128 , B. Shrestha123 , S. Shrestha122,ag ,
I. Shreyber38 , M.J. Shroff168 , P. Sicho134 , A.M. Sickles165 , E. Sideras Haddad34g , A.C. Sidley117 ,
A. Sidoti24b , F. Siegert51 , Dj. Sijacki16 , F. Sili92 , J.M. Silva53 , I. Silva Ferreira84b , M.V. Silva Oliveira30 ,
S.B. Silverstein48a , S. Simion67, R. Simoniello37 , E.L. Simpson103 , H. Simpson150 , L.R. Simpson108 ,
S. Simsek83 , S. Sindhu56 , P. Sinervo158 , S. Singh158 , S. Sinha49 , S. Sinha103 , M. Sioli24a,24b , I. Siral37 ,

123

http://orcid.org/0000-0003-2284-3765
http://orcid.org/0000-0001-9275-4536
http://orcid.org/0000-0001-9783-7736
http://orcid.org/0000-0003-1250-0865
http://orcid.org/0000-0002-7042-4058
http://orcid.org/0000-0001-5424-9096
http://orcid.org/0000-0002-0861-1776
http://orcid.org/0000-0001-8797-012X
http://orcid.org/0000-0001-7839-9785
http://orcid.org/0000-0002-1325-7214
http://orcid.org/0000-0002-0375-6909
http://orcid.org/0000-0002-9815-5208
http://orcid.org/0000-0002-0800-9902
http://orcid.org/0000-0001-8144-1964
http://orcid.org/0000-0002-3069-3077
http://orcid.org/0000-0003-1418-2012
http://orcid.org/0000-0001-7385-8874
http://orcid.org/0000-0003-2750-9977
http://orcid.org/0000-0002-6866-3818
http://orcid.org/0000-0002-2699-9444
http://orcid.org/0000-0002-5085-2717
http://orcid.org/0000-0002-2239-0586
http://orcid.org/0000-0002-6534-9153
http://orcid.org/0000-0003-0323-8252
http://orcid.org/0000-0002-5237-0201
http://orcid.org/0000-0002-2177-6401
http://orcid.org/0000-0002-3069-7297
http://orcid.org/0000-0003-1032-9945
http://orcid.org/0000-0002-9235-2649
http://orcid.org/0000-0003-0984-0754
http://orcid.org/0000-0003-2901-6834
http://orcid.org/0000-0001-9514-3597
http://orcid.org/0000-0002-7026-1412
http://orcid.org/0000-0002-6659-8506
http://orcid.org/0000-0003-4813-8167
http://orcid.org/0000-0002-0117-7831
http://orcid.org/0000-0002-6960-502X
http://orcid.org/0000-0001-5047-3031
http://orcid.org/0000-0002-0098-384X
http://orcid.org/0000-0003-4643-515X
http://orcid.org/0000-0002-2957-3449
http://orcid.org/0000-0002-0879-6045
http://orcid.org/0000-0003-1526-5848
http://orcid.org/0000-0002-7151-3343
http://orcid.org/0000-0002-7728-3278
http://orcid.org/0000-0002-4064-0489
http://orcid.org/0000-0001-7394-0464
http://orcid.org/0000-0002-5987-4648
http://orcid.org/0000-0001-6543-1520
http://orcid.org/0000-0003-4495-4335
http://orcid.org/0000-0002-9155-9453
http://orcid.org/0000-0001-5821-1490
http://orcid.org/0000-0003-3119-9924
http://orcid.org/0000-0001-8411-9620
http://orcid.org/0000-0001-8022-9697
http://orcid.org/0000-0001-9234-4465
http://orcid.org/0000-0002-5773-6380
http://orcid.org/0000-0002-5756-4558
http://orcid.org/0000-0003-1245-6710
http://orcid.org/0000-0002-0050-8053
http://orcid.org/0000-0002-3976-0985
http://orcid.org/0000-0002-1622-6640
http://orcid.org/0000-0001-9348-4363
http://orcid.org/0000-0001-8225-1142
http://orcid.org/0000-0002-5751-6636
http://orcid.org/0000-0002-3427-0688
http://orcid.org/0000-0003-4461-3880
http://orcid.org/0000-0002-6437-9991
http://orcid.org/0000-0002-4570-8673
http://orcid.org/0000-0003-3504-4882
http://orcid.org/0000-0001-8507-4065
http://orcid.org/0000-0001-5758-579X
http://orcid.org/0000-0002-5471-0118
http://orcid.org/0000-0001-6139-2210
http://orcid.org/0000-0002-0429-6959
http://orcid.org/0000-0002-9475-3075
http://orcid.org/0000-0002-8485-3734
http://orcid.org/0000-0003-2258-314X
http://orcid.org/0000-0003-2313-4020
http://orcid.org/0000-0002-6777-1761
http://orcid.org/0000-0002-7092-3893
http://orcid.org/0000-0001-8335-0505
http://orcid.org/0000-0002-1506-5750
http://orcid.org/0000-0001-7141-0304
http://orcid.org/0000-0003-4017-9829
http://orcid.org/0009-0001-6269-0954
http://orcid.org/0000-0003-3212-3681
http://orcid.org/0000-0002-4222-9976
http://orcid.org/0000-0001-8981-1966
http://orcid.org/0000-0001-6613-4448
http://orcid.org/0000-0002-3823-9039
http://orcid.org/0000-0002-2601-7420
http://orcid.org/0000-0002-9740-7549
http://orcid.org/0000-0003-0290-0566
http://orcid.org/0000-0002-4871-8543
http://orcid.org/0000-0001-7818-2324
http://orcid.org/0009-0008-3521-1920
http://orcid.org/0000-0002-3476-1575
http://orcid.org/0000-0003-1165-7940
http://orcid.org/0000-0001-9608-9940
http://orcid.org/0009-0000-3940-2355
http://orcid.org/0000-0002-1295-1538
http://orcid.org/0000-0003-4931-0459
http://orcid.org/0000-0002-4053-5144
http://orcid.org/0000-0002-3742-4582
http://orcid.org/0000-0002-8149-4561
http://orcid.org/0000-0002-2041-6236
http://orcid.org/0000-0001-9834-2671
http://orcid.org/0000-0001-5235-8256
http://orcid.org/0000-0003-1227-0852
http://orcid.org/0000-0003-4096-8393
http://orcid.org/0000-0001-6169-4868
http://orcid.org/0000-0001-7701-8864
http://orcid.org/0000-0002-1659-8284
http://orcid.org/0000-0002-3125-8333
http://orcid.org/0000-0002-3020-4114
http://orcid.org/0000-0002-4571-2509
http://orcid.org/0000-0003-2729-6086
http://orcid.org/0000-0002-1590-2352
http://orcid.org/0000-0002-9609-3306
http://orcid.org/0000-0002-8794-3209
http://orcid.org/0000-0001-5933-9357
http://orcid.org/0000-0001-7744-9584
http://orcid.org/0000-0002-6888-9462
http://orcid.org/0000-0003-2084-369X
http://orcid.org/0000-0001-6479-3079
http://orcid.org/0000-0001-9241-1189
http://orcid.org/0000-0003-3154-7386
http://orcid.org/0000-0002-6609-7250
http://orcid.org/0000-0001-9434-1380
http://orcid.org/0000-0003-2577-1875
http://orcid.org/0000-0001-7151-9983
http://orcid.org/0000-0003-0838-5980
http://orcid.org/0000-0001-7492-831X
http://orcid.org/0000-0002-2146-677X
http://orcid.org/0000-0001-9476-9854
http://orcid.org/0000-0003-3104-7971
http://orcid.org/0000-0003-0424-5729
http://orcid.org/0000-0002-9095-7142
http://orcid.org/0000-0003-4088-6275
http://orcid.org/0000-0002-6762-2213
http://orcid.org/0000-0002-9853-7468
http://orcid.org/0000-0001-7613-8063
http://orcid.org/0000-0003-1427-6668
http://orcid.org/0000-0002-0116-1012
http://orcid.org/0000-0002-1966-8567
http://orcid.org/0000-0003-0504-1453
http://orcid.org/0000-0002-4887-9224
http://orcid.org/0000-0001-6969-0634
http://orcid.org/0000-0001-9085-2175
http://orcid.org/0000-0002-6978-5964
http://orcid.org/0000-0002-2116-048X
http://orcid.org/0000-0001-9941-1966
http://orcid.org/0000-0001-6436-8814
http://orcid.org/0000-0002-5742-2541
http://orcid.org/0000-0001-8945-8760
http://orcid.org/0000-0003-3051-9607
http://orcid.org/0000-0003-1927-5322
http://orcid.org/0000-0003-4181-0678
http://orcid.org/0000-0002-5105-8021
http://orcid.org/0000-0002-4682-0667
http://orcid.org/0000-0001-8474-8531
http://orcid.org/0000-0002-6033-004X
http://orcid.org/0000-0001-7088-1745
http://orcid.org/0000-0002-0623-7426
http://orcid.org/0000-0003-2328-1952
http://orcid.org/0000-0003-0019-5410
http://orcid.org/0000-0001-7796-0120
http://orcid.org/0000-0002-0338-9707
http://orcid.org/0000-0001-9296-1498
http://orcid.org/0000-0002-7400-7286
http://orcid.org/0000-0002-9932-7622
http://orcid.org/0000-0002-3765-1320
http://orcid.org/0000-0001-5564-0935
http://orcid.org/0000-0003-2567-6392
http://orcid.org/0000-0003-0824-7326
http://orcid.org/0000-0002-8780-5885
http://orcid.org/0000-0002-3623-0161
http://orcid.org/0000-0003-4181-2788
http://orcid.org/0000-0001-5041-5659
http://orcid.org/0000-0002-8564-2373
http://orcid.org/0000-0002-3709-1554
http://orcid.org/0000-0001-6004-3510
http://orcid.org/0000-0003-4484-1410
http://orcid.org/0009-0005-7228-1539
http://orcid.org/0000-0002-9571-2304
http://orcid.org/0000-0003-0384-7672
http://orcid.org/0000-0001-9913-310X
http://orcid.org/0000-0002-4143-6201
http://orcid.org/0000-0001-5235-4095
http://orcid.org/0000-0003-2576-259X
http://orcid.org/0000-0002-6016-8011
http://orcid.org/0000-0002-7601-8528
http://orcid.org/0000-0003-1038-723X
http://orcid.org/0000-0001-5923-6999
http://orcid.org/0000-0003-0955-4213
http://orcid.org/0000-0001-8655-0609
http://orcid.org/0000-0002-9166-099X
http://orcid.org/0000-0003-1766-2791
http://orcid.org/0000-0002-1642-7186
http://orcid.org/0000-0003-1710-9291
http://orcid.org/0000-0003-4644-2579
http://orcid.org/0000-0002-9478-0671
http://orcid.org/0000-0001-9150-640X
http://orcid.org/0000-0002-7006-0864
http://orcid.org/0000-0002-6932-2804
http://orcid.org/0000-0002-2910-3906
http://orcid.org/0000-0001-8988-4065
http://orcid.org/0000-0003-1921-2647
http://orcid.org/0000-0001-5606-0107
http://orcid.org/0000-0002-2226-9874
http://orcid.org/0000-0002-2027-1428
http://orcid.org/0000-0001-8295-0605
http://orcid.org/0000-0002-8236-5251
http://orcid.org/0000-0002-1934-3041
http://orcid.org/0000-0002-2746-525X
http://orcid.org/0000-0002-0433-6439
http://orcid.org/0000-0003-4489-9145
http://orcid.org/0000-0002-2586-7554
http://orcid.org/0000-0001-7822-9663
http://orcid.org/0000-0003-1218-425X
http://orcid.org/0000-0002-0294-1205
http://orcid.org/0000-0002-8403-8924
http://orcid.org/0000-0003-1870-1967
http://orcid.org/0000-0001-6012-7191
http://orcid.org/0000-0002-0859-4312
http://orcid.org/0000-0002-9142-1948
http://orcid.org/0000-0003-0957-4994
http://orcid.org/0000-0003-0628-0579
http://orcid.org/0000-0002-1284-4169
http://orcid.org/0000-0001-5239-3609
http://orcid.org/0000-0002-2855-9549
http://orcid.org/0000-0002-4467-2461
http://orcid.org/0000-0003-1978-4928
http://orcid.org/0000-0003-1471-690X
http://orcid.org/0000-0002-1844-1723
http://orcid.org/0000-0001-8387-1853
http://orcid.org/0000-0002-8081-2353
http://orcid.org/0000-0002-4499-7215
http://orcid.org/0000-0003-2882-9796
http://orcid.org/0000-0002-9340-2214
http://orcid.org/0000-0002-4235-7265
http://orcid.org/0000-0003-0016-5246
http://orcid.org/0000-0001-9031-6751
http://orcid.org/0000-0001-7967-6385
http://orcid.org/0000-0002-0860-7240
http://orcid.org/0000-0002-1733-8388
http://orcid.org/0000-0002-5394-0317
http://orcid.org/0000-0002-3971-9595
http://orcid.org/0000-0003-1230-2842
http://orcid.org/0000-0002-5014-1245
http://orcid.org/0000-0002-6680-8366
http://orcid.org/0000-0001-5660-2690
http://orcid.org/0000-0003-0989-5675
http://orcid.org/0000-0001-6348-5410
http://orcid.org/0000-0002-2000-6210
http://orcid.org/0000-0001-7163-501X
http://orcid.org/0000-0002-8482-1775
http://orcid.org/0000-0001-9569-3089
http://orcid.org/0000-0003-1073-035X
http://orcid.org/0000-0003-2052-2386
http://orcid.org/0000-0002-1181-3061
http://orcid.org/0000-0003-4311-8597
http://orcid.org/0000-0002-4703-000X
http://orcid.org/0000-0003-4622-6091
http://orcid.org/0000-0001-5148-7363
http://orcid.org/0000-0002-4116-5309
http://orcid.org/0000-0002-8739-8554
http://orcid.org/0000-0002-3946-377X
http://orcid.org/0000-0003-2676-3498
http://orcid.org/0000-0001-9783-8878
http://orcid.org/0000-0003-3238-5382
http://orcid.org/0000-0002-1402-7525
http://orcid.org/0000-0003-3316-846X
http://orcid.org/0000-0002-4065-7352
http://orcid.org/0000-0002-3003-9905
http://orcid.org/0000-0002-0032-4473
http://orcid.org/0000-0003-4849-556X
http://orcid.org/0000-0002-6157-2016
http://orcid.org/0000-0002-2673-8527
http://orcid.org/0000-0002-1325-3432
http://orcid.org/0000-0002-5376-1546
http://orcid.org/0000-0001-9134-5925
http://orcid.org/0000-0001-8540-9654
http://orcid.org/0000-0002-5211-7177
http://orcid.org/0000-0003-2250-4181
http://orcid.org/0000-0002-3454-9558
http://orcid.org/0000-0001-7530-4162
http://orcid.org/0000-0001-9182-0634
http://orcid.org/0000-0002-8958-7826
http://orcid.org/0000-0002-4085-1227
http://orcid.org/0009-0003-3022-8858
http://orcid.org/0000-0002-6621-4111
http://orcid.org/0000-0001-9532-5075
http://orcid.org/0000-0001-9910-9345
http://orcid.org/0000-0001-8279-442X
http://orcid.org/0000-0002-2228-2251
http://orcid.org/0000-0002-3523-390X
http://orcid.org/0000-0003-4050-6420
http://orcid.org/0000-0002-3191-0061
http://orcid.org/0000-0002-4775-9669
http://orcid.org/0000-0002-3017-826X
http://orcid.org/0000-0002-9453-9415
http://orcid.org/0009-0005-3409-7781
http://orcid.org/0000-0001-7249-7456
http://orcid.org/0000-0001-8654-5973
http://orcid.org/0000-0002-0456-786X
http://orcid.org/0000-0002-5428-813X
http://orcid.org/0000-0002-3246-0330
http://orcid.org/0000-0002-3206-395X
http://orcid.org/0000-0002-4021-0374
http://orcid.org/0000-0002-3277-1999
http://orcid.org/0000-0002-2893-6412
http://orcid.org/0000-0002-5809-9424
http://orcid.org/0000-0001-6035-8109
http://orcid.org/0000-0002-5987-2984
http://orcid.org/0000-0002-0666-7485
http://orcid.org/0000-0003-2285-478X
http://orcid.org/0000-0001-7734-7617
http://orcid.org/0000-0003-2042-6394
http://orcid.org/0000-0002-9899-7413
http://orcid.org/0000-0003-3354-6088
http://orcid.org/0000-0002-4689-3903
http://orcid.org/0000-0002-9650-3846
http://orcid.org/0000-0003-1235-5178
http://orcid.org/0000-0002-5128-2373
http://orcid.org/0000-0001-5641-5713
http://orcid.org/0000-0002-3600-2804
http://orcid.org/0000-0002-2438-3785
http://orcid.org/0000-0002-0912-9121
http://orcid.org/0000-0003-4554-1831


  153 Page 28 of 34 Eur. Phys. J. C           (2025) 85:153 

E. Sitnikova49 , J. Sjölin48a,48b , A. Skaf56 , E. Skorda21 , P. Skubic123 , M. Slawinska88 , V. Smakhtin172,
B.H. Smart137 , S.Yu. Smirnov38 , Y. Smirnov38 , L.N. Smirnova38,a , O. Smirnova100 , A.C. Smith42 ,
D. R. Smith162, E.A. Smith40 , J.L. Smith103 , R. Smith147, M. Smizanska93 , K. Smolek135 , A.A. Snesarev38 ,
H.L. Snoek117 , S. Snyder30 , R. Sobie168,x , A. Soffer155 , C.A. Solans Sanchez37 , E.Yu. Soldatov38 ,
U. Soldevila166 , A.A. Solodkov38 , S. Solomon27 , A. Soloshenko39 , K. Solovieva55 , O.V. Solovyanov41 ,
P. Sommer51 , A. Sonay13 , W.Y. Song159b , A. Sopczak135 , A.L. Sopio53 , F. Sopkova29b , J.D. Sorenson115 ,
I.R. Sotarriva Alvarez141 , V. Sothilingam64a, O.J. Soto Sandoval140c,140b , S. Sottocornola69 , R. Soualah163 ,
Z. Soumaimi36e , D. South49 , N. Soybelman172 , S. Spagnolo71a,71b , M. Spalla112 , D. Sperlich55 ,
G. Spigo37 , B. Spisso73a,73b , D.P. Spiteri60 , M. Spousta136 , E.J. Staats35 , R. Stamen64a , A. Stampekis21 ,
E. Stanecka88 , W. Stanek-Maslouska49 , M.V. Stange51 , B. Stanislaus18a , M.M. Stanitzki49 , B. Stapf49 ,
E.A. Starchenko38 , G.H. Stark139 , J. Stark91 , P. Staroba134 , P. Starovoitov64a , S. Stärz106 , R. Staszewski88 ,
G. Stavropoulos47 , A. Stefl37 , P. Steinberg30 , B. Stelzer146,159a , H.J. Stelzer132 , O. Stelzer-Chilton159a ,
H. Stenzel59 , T.J. Stevenson150 , G.A. Stewart37 , J.R. Stewart124 , M.C. Stockton37 , G. Stoicea28b ,
M. Stolarski133a , S. Stonjek112 , A. Straessner51 , J. Strandberg148 , S. Strandberg48a,48b , M. Stratmann174 ,
M. Strauss123 , T. Strebler104 , P. Strizenec29b , R. Ströhmer169 , D.M. Strom126 , R. Stroynowski45 ,
A. Strubig48a,48b , S.A. Stucci30 , B. Stugu17 , J. Stupak123 , N.A. Styles49 , D. Su147 , S. Su63a ,
W. Su63d , X. Su63a , D. Suchy29a , K. Sugizaki157 , V.V. Sulin38 , M.J. Sullivan94 , D.M.S. Sultan129 ,
L. Sultanaliyeva38 , S. Sultansoy3b , T. Sumida89 , S. Sun173 , O. Sunneborn Gudnadottir164 , N. Sur104 ,
M.R. Sutton150 , H. Suzuki160 , M. Svatos134 , M. Swiatlowski159a , T. Swirski169 , I. Sykora29a , M. Sykora136 ,
T. Sykora136 , D. Ta102 , K. Tackmann49,u , A. Taffard162 , R. Tafirout159a , J.S. Tafoya Vargas67 , Y. Takubo85 ,
M. Talby104 , A.A. Talyshev38 , K.C. Tam65b , N. M. Tamir155, A. Tanaka157 , J. Tanaka157 , R. Tanaka67 ,
M. Tanasini149 , Z. Tao167 , S. Tapia Araya140f , S. Tapprogge102 , A. Tarek Abouelfadl Mohamed109 ,
S. Tarem154 , K. Tariq14 , G. Tarna28b , G.F. Tartarelli72a , M.J. Tartarin91 , P. Tas136 , M. Tasevsky134 ,
E. Tassi44a,44b , A.C. Tate165 , G. Tateno157 , Y. Tayalati36e,w , G.N. Taylor107 , W. Taylor159b ,
R. Teixeira De Lima147 , P. Teixeira-Dias97 , J.J. Teoh158 , K. Terashi157 , J. Terron101 , S. Terzo13 , M. Testa54 ,
R.J. Teuscher158,x , A. Thaler80 , O. Theiner57 , T. Theveneaux-Pelzer104 , O. Thielmann174 , D. W. Thomas97,
J.P. Thomas21 , E.A. Thompson18a , P.D. Thompson21 , E. Thomson131 , R.E. Thornberry45 , C. Tian63a ,
Y. Tian57 , V. Tikhomirov38,a , Yu.A. Tikhonov38 , S. Timoshenko38, D. Timoshyn136 , E.X.L. Ting1 ,
P. Tipton175 , A. Tishelman-Charny30 , S.H. Tlou34g , K. Todome141 , S. Todorova-Nova136 , S. Todt51,
L. Toffolin70a,70c , M. Togawa85 , J. Tojo90 , S. Tokár29a , K. Tokushuku85 , O. Toldaiev69 , M. Tomoto85,113 ,
L. Tompkins147,l , K.W. Topolnicki87b , E. Torrence126 , H. Torres91 , E. Torró Pastor166 , M. Toscani31 ,
C. Tosciri40 , M. Tost11 , D.R. Tovey143 , I.S. Trandafir28b , T. Trefzger169 , A. Tricoli30 , I.M. Trigger159a ,
S. Trincaz-Duvoid130 , D.A. Trischuk27 , B. Trocmé61 , A. Tropina39, L. Truong34c , M. Trzebinski88 ,
A. Trzupek88 , F. Tsai149 , M. Tsai108 , A. Tsiamis156 , P. V. Tsiareshka38, S. Tsigaridas159a , A. Tsirigotis156,r ,
V. Tsiskaridze158 , E.G. Tskhadadze153a , M. Tsopoulou156 , Y. Tsujikawa89 , I.I. Tsukerman38 , V. Tsulaia18a ,
S. Tsuno85 , K. Tsuri121 , D. Tsybychev149 , Y. Tu65b , A. Tudorache28b , V. Tudorache28b , A.N. Tuna62 ,
S. Turchikhin58a,58b , I. Turk Cakir3a , R. Turra72a , T. Turtuvshin39 , P.M. Tuts42 , S. Tzamarias156,d ,
E. Tzovara102 , F. Ukegawa160 , P.A. Ulloa Poblete140c,140b , E.N. Umaka30 , G. Unal37 , A. Undrus30 ,
G. Unel162 , J. Urban29b , P. Urrejola140a , G. Usai8 , R. Ushioda141 , M. Usman110 , F. Ustuner53 , Z. Uysal83 ,
V. Vacek135 , B. Vachon106 , T. Vafeiadis37 , A. Vaitkus98 , C. Valderanis111 , E. Valdes Santurio48a,48b ,
M. Valente159a , S. Valentinetti24a,24b , A. Valero166 , E. Valiente Moreno166 , A. Vallier91 , J.A. Valls Ferrer166 ,
D.R. Van Arneman117 , T.R. Van Daalen142 , A. Van Der Graaf50 , P. Van Gemmeren6 , M. Van Rijnbach37 ,
S. Van Stroud98 , I. Van Vulpen117 , P. Vana136 , M. Vanadia77a,77b , U.M. Vande Voorde148 , W. Vandelli37 ,
E.R. Vandewall124 , D. Vannicola155 , L. Vannoli54 , R. Vari76a , E.W. Varnes7 , C. Varni18b , T. Varol152 ,
D. Varouchas67 , L. Varriale166 , K.E. Varvell151 , M.E. Vasile28b , L. Vaslin85, G.A. Vasquez168 , A. Vasyukov39 ,
L.M. Vaughan124 , R. Vavricka102, T. Vazquez Schroeder37 , J. Veatch32 , V. Vecchio103 , M.J. Veen105 ,
I. Veliscek30 , L.M. Veloce158 , F. Veloso133a,133c , S. Veneziano76a , A. Ventura71a,71b , S. Ventura Gonzalez138 ,
A. Verbytskyi112 , M. Verducci75a,75b , C. Vergis96 , M. Verissimo De Araujo84b , W. Verkerke117 ,
J.C. Vermeulen117 , C. Vernieri147 , M. Vessella105 , M.C. Vetterli146,ad , A. Vgenopoulos102 , N. Viaux Maira140f ,
T. Vickey143 , O.E. Vickey Boeriu143 , G.H.A. Viehhauser129 , L. Vigani64b , M. Vigl112 , M. Villa24b,24a ,
M. Villaplana Perez166 , E. M. Villhauer53, E. Vilucchi54 , M.G. Vincter35 , A. Visibile117, C. Vittori37 ,
I. Vivarelli24a,24b , E. Voevodina112 , F. Vogel111 , J.C. Voigt51 , P. Vokac135 , Yu. Volkotrub87b , E. Von Toerne25 ,
B. Vormwald37 , V. Vorobel136 , K. Vorobev38 , M. Vos166 , K. Voss145 , M. Vozak117 , L. Vozdecky123 ,

123

http://orcid.org/0000-0003-3745-0454
http://orcid.org/0000-0002-5285-8995
http://orcid.org/0000-0003-3614-026X
http://orcid.org/0000-0003-3973-9382
http://orcid.org/0000-0001-6342-9283
http://orcid.org/0000-0002-9386-9092
http://orcid.org/0000-0002-7192-4097
http://orcid.org/0000-0002-6778-073X
http://orcid.org/0000-0002-2891-0781
http://orcid.org/0000-0002-0447-2975
http://orcid.org/0000-0003-2517-531X
http://orcid.org/0000-0002-2488-407X
http://orcid.org/0000-0001-6480-6829
http://orcid.org/0000-0003-4231-6241
http://orcid.org/0000-0002-3777-4734
http://orcid.org/0000-0002-5996-7000
http://orcid.org/0000-0002-9067-8362
http://orcid.org/0000-0003-4579-2120
http://orcid.org/0000-0001-8610-8423
http://orcid.org/0000-0001-7430-7599
http://orcid.org/0000-0002-0749-2146
http://orcid.org/0000-0002-0518-4086
http://orcid.org/0000-0003-0694-3272
http://orcid.org/0000-0002-7674-7878
http://orcid.org/0000-0002-2737-8674
http://orcid.org/0000-0002-7378-4454
http://orcid.org/0000-0001-9946-8188
http://orcid.org/0000-0003-2168-9137
http://orcid.org/0000-0002-2598-5657
http://orcid.org/0000-0003-1703-7304
http://orcid.org/0000-0003-4435-4962
http://orcid.org/0000-0003-1338-2741
http://orcid.org/0000-0001-6981-0544
http://orcid.org/0000-0001-9116-880X
http://orcid.org/0000-0002-6171-1119
http://orcid.org/0000-0003-1278-7691
http://orcid.org/0009-0001-8347-0803
http://orcid.org/0000-0002-8613-0310
http://orcid.org/0000-0002-1430-5994
http://orcid.org/0000-0003-0124-3410
http://orcid.org/0000-0002-8120-478X
http://orcid.org/0000-0002-0786-6304
http://orcid.org/0000-0003-0209-0858
http://orcid.org/0000-0001-7482-6348
http://orcid.org/0000-0001-5813-1693
http://orcid.org/0000-0003-4454-6999
http://orcid.org/0000-0003-4183-2594
http://orcid.org/0000-0003-1491-6151
http://orcid.org/0000-0002-9226-2539
http://orcid.org/0000-0001-5644-9526
http://orcid.org/0000-0002-6719-9726
http://orcid.org/0000-0001-7282-949X
http://orcid.org/0000-0002-7666-7544
http://orcid.org/0000-0003-2546-0516
http://orcid.org/0000-0002-7033-874X
http://orcid.org/0000-0003-4132-7205
http://orcid.org/0000-0001-9007-7658
http://orcid.org/0000-0002-7561-1960
http://orcid.org/0000-0001-5374-6402
http://orcid.org/0000-0002-8495-0630
http://orcid.org/0000-0001-6616-3433
http://orcid.org/0000-0002-1217-672X
http://orcid.org/0000-0001-6009-6321
http://orcid.org/0000-0003-1990-0992
http://orcid.org/0000-0002-2908-3909
http://orcid.org/0000-0001-7708-9259
http://orcid.org/0000-0002-8549-6855
http://orcid.org/0009-0003-9757-6339
http://orcid.org/0000-0002-5349-8370
http://orcid.org/0000-0003-4091-1784
http://orcid.org/0000-0003-0690-8573
http://orcid.org/0000-0002-0791-9728
http://orcid.org/0000-0002-4185-6484
http://orcid.org/0000-0003-2399-8945
http://orcid.org/0000-0003-0182-7088
http://orcid.org/0000-0002-8649-1917
http://orcid.org/0000-0001-9679-0323
http://orcid.org/0000-0002-7511-4614
http://orcid.org/0000-0003-0276-8059
http://orcid.org/0000-0001-7582-6227
http://orcid.org/0000-0003-2460-6659
http://orcid.org/0000-0002-8913-0981
http://orcid.org/0000-0001-7253-7497
http://orcid.org/0000-0002-9542-1697
http://orcid.org/0000-0002-0465-5472
http://orcid.org/0000-0002-6972-7473
http://orcid.org/0000-0003-0958-7656
http://orcid.org/0000-0002-0062-2438
http://orcid.org/0000-0002-8302-386X
http://orcid.org/0000-0002-7863-3778
http://orcid.org/0000-0002-2382-6951
http://orcid.org/0000-0002-1639-4484
http://orcid.org/0000-0002-1728-9272
http://orcid.org/0000-0001-9610-0783
http://orcid.org/0000-0001-6976-9457
http://orcid.org/0000-0001-6980-0215
http://orcid.org/0000-0002-7356-4961
http://orcid.org/0000-0001-7755-5280
http://orcid.org/0000-0001-9155-3898
http://orcid.org/0009-0007-2966-1063
http://orcid.org/0000-0003-4364-006X
http://orcid.org/0000-0003-3943-2495
http://orcid.org/0000-0002-4807-6448
http://orcid.org/0000-0003-2925-279X
http://orcid.org/0000-0002-0059-0165
http://orcid.org/0000-0003-2340-748X
http://orcid.org/0000-0002-2685-6187
http://orcid.org/0000-0001-5295-6563
http://orcid.org/0000-0002-6277-1877
http://orcid.org/0000-0001-5233-553X
http://orcid.org/0000-0003-4893-8041
http://orcid.org/0000-0002-6375-5596
http://orcid.org/0000-0002-7199-3383
http://orcid.org/0000-0001-7287-0468
http://orcid.org/0000-0002-4679-6767
http://orcid.org/0000-0003-3447-5621
http://orcid.org/0000-0003-4422-6493
http://orcid.org/0000-0001-9585-7215
http://orcid.org/0000-0002-0918-9175
http://orcid.org/0000-0003-3917-3761
http://orcid.org/0000-0002-5800-4798
http://orcid.org/0000-0003-3425-794X
http://orcid.org/0000-0002-0703-4452
http://orcid.org/0000-0002-3143-8510
http://orcid.org/0000-0001-9985-6033
http://orcid.org/0000-0001-8560-3756
http://orcid.org/0000-0002-1433-2140
http://orcid.org/0000-0002-9166-7083
http://orcid.org/0000-0001-9994-5802
http://orcid.org/0000-0002-9929-1797
http://orcid.org/0000-0002-6313-4175
http://orcid.org/0000-0003-0362-8795
http://orcid.org/0000-0002-3659-7270
http://orcid.org/0000-0003-1251-3332
http://orcid.org/0000-0002-9252-7605
http://orcid.org/0000-0002-9296-7272
http://orcid.org/0000-0002-0584-8700
http://orcid.org/0000-0002-5060-2208
http://orcid.org/0000-0002-4244-502X
http://orcid.org/0000-0002-3893-8016
http://orcid.org/0000-0001-5785-7548
http://orcid.org/0000-0002-1535-9732
http://orcid.org/0000-0002-3335-6500
http://orcid.org/0000-0003-1583-2611
http://orcid.org/0000-0003-3348-0234
http://orcid.org/0000-0001-8760-7259
http://orcid.org/0000-0002-1831-4871
http://orcid.org/0000-0002-6596-9125
http://orcid.org/0000-0001-5545-6513
http://orcid.org/0000-0001-9977-3836
http://orcid.org/0000-0003-4803-5213
http://orcid.org/0000-0001-6520-8070
http://orcid.org/0000-0003-0132-5723
http://orcid.org/0000-0003-3388-3906
http://orcid.org/0000-0003-1274-8967
http://orcid.org/0000-0002-8768-2272
http://orcid.org/0000-0003-0134-4377
http://orcid.org/0000-0002-6558-7311
http://orcid.org/0000-0002-9746-4172
http://orcid.org/0000-0001-9454-2481
http://orcid.org/0000-0001-6965-6604
http://orcid.org/0000-0001-7050-8203
http://orcid.org/0000-0002-6239-7715
http://orcid.org/0000-0001-6031-2768
http://orcid.org/0009-0006-4037-0972
http://orcid.org/0009-0009-3407-6648
http://orcid.org/0000-0001-8739-9250
http://orcid.org/0000-0002-9634-0581
http://orcid.org/0000-0002-8023-6448
http://orcid.org/0000-0003-0439-9795
http://orcid.org/0000-0002-5886-6339
http://orcid.org/0000-0002-3698-3585
http://orcid.org/0000-0002-7332-5098
http://orcid.org/0000-0002-4934-1661
http://orcid.org/0000-0003-2445-1132
http://orcid.org/0000-0003-2433-231X
http://orcid.org/0000-0001-7170-410X
http://orcid.org/0000-0002-1128-4200
http://orcid.org/0000-0003-4666-3208
http://orcid.org/0000-0001-8777-0590
http://orcid.org/0000-0002-8262-1577
http://orcid.org/0000-0002-8286-8780
http://orcid.org/0000-0002-4603-2070
http://orcid.org/0000-0001-8127-9653
http://orcid.org/0000-0002-9312-1842
http://orcid.org/0000-0003-2911-8910
http://orcid.org/0000-0003-0822-1206
http://orcid.org/0000-0002-5507-7924
http://orcid.org/0000-0001-9898-480X
http://orcid.org/0000-0001-6485-2227
http://orcid.org/0000-0002-1647-4329
http://orcid.org/0000-0001-5543-6192
http://orcid.org/0000-0003-1094-6409
http://orcid.org/0000-0002-9820-1729
http://orcid.org/0000-0002-8224-6105
http://orcid.org/0000-0002-6127-5847
http://orcid.org/0000-0001-5913-0828
http://orcid.org/0000-0001-6204-4445
http://orcid.org/0000-0001-9500-2487
http://orcid.org/0000-0001-8249-7150
http://orcid.org/0000-0002-5151-7101
http://orcid.org/0000-0001-6938-5867
http://orcid.org/0000-0001-7878-6435
http://orcid.org/0000-0002-4728-9150
http://orcid.org/0000-0002-8761-4632
http://orcid.org/0000-0002-6393-2302
http://orcid.org/0000-0002-6632-0440
http://orcid.org/0000-0002-2119-8875
http://orcid.org/0000-0002-6071-3104
http://orcid.org/0000-0002-9104-2884
http://orcid.org/0000-0002-8784-5684
http://orcid.org/0000-0002-8965-6676
http://orcid.org/0000-0001-8157-6711
http://orcid.org/0000-0002-2055-4364
http://orcid.org/0000-0001-6263-9879
http://orcid.org/0000-0001-8212-6894
http://orcid.org/0000-0002-5865-183X
http://orcid.org/0000-0001-6307-1437
http://orcid.org/0000-0001-5384-3843
http://orcid.org/0000-0002-7672-7754
http://orcid.org/0000-0001-6506-3123
http://orcid.org/0000-0002-0726-5648
http://orcid.org/0000-0001-8740-796X
http://orcid.org/0000-0001-9471-8627
http://orcid.org/0000-0001-6131-5725
http://orcid.org/0000-0002-8363-1072
http://orcid.org/0000-0002-0410-0055
http://orcid.org/0000-0002-9813-7931
http://orcid.org/0000-0002-0789-7581
http://orcid.org/0000-0001-7725-8227
http://orcid.org/0000-0001-8130-7423
http://orcid.org/0000-0002-1384-286X
http://orcid.org/0000-0002-3274-6531
http://orcid.org/0000-0002-7633-8441
http://orcid.org/0000-0001-8309-2227
http://orcid.org/0000-0001-5032-7907
http://orcid.org/0000-0002-4241-8937
http://orcid.org/0000-0003-1950-0307
http://orcid.org/0009-0000-2512-020X
http://orcid.org/0000-0002-7110-8065
http://orcid.org/0000-0001-9584-0392
http://orcid.org/0000-0001-8703-6978
http://orcid.org/0000-0003-1492-5007
http://orcid.org/0000-0002-0393-666X
http://orcid.org/0000-0001-9362-8451
http://orcid.org/0000-0001-9931-2896
http://orcid.org/0000-0002-0486-9569
http://orcid.org/0000-0003-2044-6539
http://orcid.org/0000-0002-9776-5880
http://orcid.org/0000-0002-9784-5477
http://orcid.org/0000-0002-5496-349X
http://orcid.org/0000-0002-3953-3117
http://orcid.org/0000-0002-3895-8084
http://orcid.org/0000-0002-2254-125X
http://orcid.org/0000-0002-2854-3811
http://orcid.org/0000-0002-7227-4006
http://orcid.org/0000-0003-3728-5102
http://orcid.org/0000-0002-7969-0301
http://orcid.org/0000-0001-7074-5655
http://orcid.org/0000-0002-9701-792X
http://orcid.org/0000-0003-2684-276X
http://orcid.org/0009-0007-3175-5325
http://orcid.org/0000-0001-6581-9410
http://orcid.org/0000-0003-3453-6156
http://orcid.org/0000-0001-6814-4674
http://orcid.org/0000-0002-9866-6040
http://orcid.org/0000-0002-2814-1337
http://orcid.org/0000-0001-7820-9144
http://orcid.org/0000-0001-6733-4310
http://orcid.org/0000-0002-0697-5808
http://orcid.org/0000-0002-0734-4442
http://orcid.org/0000-0003-4375-5190
http://orcid.org/0000-0003-1017-1295
http://orcid.org/0000-0001-8415-0759
http://orcid.org/0000-0002-3285-7004
http://orcid.org/0000-0003-2460-1276
http://orcid.org/0009-0005-8446-5255
http://orcid.org/0000-0002-9780-099X
http://orcid.org/0000-0003-0855-0958
http://orcid.org/0000-0002-1351-6757
http://orcid.org/0000-0001-5284-2451
http://orcid.org/0000-0003-2432-3309
http://orcid.org/0000-0003-1827-2955
http://orcid.org/0000-0002-5956-4244
http://orcid.org/0000-0002-2598-2659
http://orcid.org/0000-0002-3368-3413
http://orcid.org/0000-0001-5246-0779
http://orcid.org/0000-0002-3713-8033
http://orcid.org/0000-0001-8209-4757
http://orcid.org/0000-0002-3228-6715
http://orcid.org/0000-0001-8060-2228
http://orcid.org/0000-0001-5468-2025
http://orcid.org/0000-0003-4378-5736
http://orcid.org/0000-0002-0235-1053
http://orcid.org/0000-0001-8669-9139
http://orcid.org/0000-0002-7223-2965
http://orcid.org/0000-0002-7011-9432
http://orcid.org/0000-0002-5102-9140
http://orcid.org/0000-0002-1596-2611
http://orcid.org/0000-0002-6497-6809
http://orcid.org/0000-0002-0237-292X
http://orcid.org/0000-0002-6270-9176
http://orcid.org/0000-0003-2281-3822
http://orcid.org/0000-0002-9181-8048
http://orcid.org/0000-0002-0048-4602
http://orcid.org/0000-0002-4839-6281
http://orcid.org/0000-0002-5338-8972
http://orcid.org/0000-0001-9156-970X
http://orcid.org/0000-0003-0097-123X
http://orcid.org/0000-0003-2987-3772
http://orcid.org/0000-0001-8891-8606
http://orcid.org/0009-0005-7503-3370
http://orcid.org/0000-0002-3429-4778
http://orcid.org/0000-0002-3114-3798
http://orcid.org/0000-0001-8899-4027
http://orcid.org/0000-0003-2607-7287
http://orcid.org/0000-0001-8757-2180
http://orcid.org/0000-0002-7110-8516
http://orcid.org/0000-0001-8474-5357
http://orcid.org/0000-0002-4157-0996
http://orcid.org/0000-0002-7561-204X
http://orcid.org/0000-0003-2541-4827


Eur. Phys. J. C           (2025) 85:153 Page 29 of 34   153 

N. Vranjes16 , M. Vranjes Milosavljevic16 , M. Vreeswijk117 , N.K. Vu63c,63d , R. Vuillermet37 , O. Vujinovic102 ,
I. Vukotic40 , I.K. Vyas35 , S. Wada160 , C. Wagner147, J.M. Wagner18a , W. Wagner174 , S. Wahdan174 ,
H. Wahlberg92 , J. Walder137 , R. Walker111 , W. Walkowiak145 , A. Wall131 , E.J. Wallin100 , T. Wamorkar6 ,
A.Z. Wang139 , C. Wang102 , C. Wang11 , H. Wang18a , J. Wang65c , P. Wang98 , R. Wang62 , R. Wang6 ,
S.M. Wang152 , S. Wang63b , S. Wang14 , T. Wang63a , W.T. Wang81 , W. Wang14 , X. Wang114a , X. Wang165 ,
X. Wang63c , Y. Wang63d , Y. Wang114a , Y. Wang63a , Z. Wang108 , Z. Wang52,63c,63d , Z. Wang108 ,
A. Warburton106 , R.J. Ward21 , N. Warrack60 , S. Waterhouse97 , A.T. Watson21 , H. Watson53 , M.F. Watson21 ,
E. Watton60,137 , G. Watts142 , B.M. Waugh98 , J.M. Webb55 , C. Weber30 , H.A. Weber19 , M.S. Weber20 ,
S.M. Weber64a , C. Wei63a , Y. Wei55 , A.R. Weidberg129 , E.J. Weik120 , J. Weingarten50 , C. Weiser55 ,
C.J. Wells49 , T. Wenaus30 , B. Wendland50 , T. Wengler37 , N. S. Wenke112, N. Wermes25 , M. Wessels64a ,
A.M. Wharton93 , A.S. White62 , A. White8 , M.J. White1 , D. Whiteson162 , L. Wickremasinghe127 ,
W. Wiedenmann173 , M. Wielers137 , C. Wiglesworth43 , D. J. Wilbern123, H.G. Wilkens37 , J.J.H. Wilkinson33 ,
D.M. Williams42 , H. H. Williams131, S. Williams33 , S. Willocq105 , B.J. Wilson103 , P.J. Windischhofer40 ,
F.I. Winkel31 , F. Winklmeier126 , B.T. Winter55 , J.K. Winter103 , M. Wittgen147, M. Wobisch99 , T. Wojtkowski61,
Z. Wolffs117 , J. Wollrath162, M.W. Wolter88 , H. Wolters133a,133c , M. C. Wong139, E.L. Woodward42 ,
S.D. Worm49 , B.K. Wosiek88 , K.W. Woźniak88 , S. Wozniewski56 , K. Wraight60 , C. Wu21 , M. Wu114b ,
M. Wu116 , S.L. Wu173 , X. Wu57 , Y. Wu63a , Z. Wu4 , J. Wuerzinger112,ab , T.R. Wyatt103 , B.M. Wynne53 ,
S. Xella43 , L. Xia114a , M. Xia15 , M. Xie63a , S. Xin14,114c , A. Xiong126 , J. Xiong18a , D. Xu14 ,
H. Xu63a , L. Xu63a , R. Xu131 , T. Xu108 , Y. Xu15 , Z. Xu53 , Z. Xu114a, B. Yabsley151 , S. Yacoob34a ,
Y. Yamaguchi85 , E. Yamashita157 , H. Yamauchi160 , T. Yamazaki18a , Y. Yamazaki86 , S. Yan60 , Z. Yan105 ,
H.J. Yang63c,63d , H.T. Yang63a , S. Yang63a , T. Yang65c , X. Yang37 , X. Yang14 , Y. Yang45 , Y. Yang63a,
Z. Yang63a , W-M. Yao18a , H. Ye114a , H. Ye56 , J. Ye14 , S. Ye30 , X. Ye63a , Y. Yeh98 , I. Yeletskikh39 ,
B. Yeo18b , M.R. Yexley98 , T.P. Yildirim129 , P. Yin42 , K. Yorita171 , S. Younas28b , C.J.S. Young37 ,
C. Young147 , C. Yu14,114c , Y. Yu63a , J. Yuan14,114c , M. Yuan108 , R. Yuan63d,63c , L. Yue98 , M. Zaazoua63a ,
B. Zabinski88 , E. Zaid53, Z.K. Zak88 , T. Zakareishvili166 , S. Zambito57 , J.A. Zamora Saa140d,140b , J. Zang157 ,
D. Zanzi55 , O. Zaplatilek135 , C. Zeitnitz174 , H. Zeng14 , J.C. Zeng165 , D.T. Zenger Jr27 , O. Zenin38 ,
T. Ženiš29a , S. Zenz96 , S. Zerradi36a , D. Zerwas67 , M. Zhai14,114c , D.F. Zhang143 , J. Zhang63b , J. Zhang6 ,
K. Zhang14,114c , L. Zhang63a , L. Zhang114a , P. Zhang14,114c , R. Zhang173 , S. Zhang108 , S. Zhang91 ,
T. Zhang157 , X. Zhang63c , X. Zhang63b , Y. Zhang63c , Y. Zhang98 , Y. Zhang114a , Z. Zhang18a , Z. Zhang63b ,
Z. Zhang67 , H. Zhao142 , T. Zhao63b , Y. Zhao139 , Z. Zhao63a , Z. Zhao63a , A. Zhemchugov39 , J. Zheng114a ,
K. Zheng165 , X. Zheng63a , Z. Zheng147 , D. Zhong165 , B. Zhou108 , H. Zhou7 , N. Zhou63c , Y. Zhou15 ,
Y. Zhou114a , Y. Zhou7, C.G. Zhu63b , J. Zhu108 , X. Zhu63d, Y. Zhu63c , Y. Zhu63a , X. Zhuang14 , K. Zhukov69 ,
N.I. Zimine39 , J. Zinsser64b , M. Ziolkowski145 , L. Živković16 , A. Zoccoli24b,24a , K. Zoch62 , T.G. Zorbas143 ,
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