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Abstract A search is reported for long-lived dark pho-
tons with masses between 0.1 GeV and 15 GeV, from exotic
decays of Higgs bosons produced via vector-boson-fusion.
Events that contain displaced collimated Standard Model
fermions reconstructed in the calorimeter or muon spectrom-
eter are probed. This search uses the full LHC Run 2 (2015–
2018) data sample collected in proton–proton collisions at√

s = 13 TeV, corresponding to an integrated luminosity
of 139 f b−1. Dominant backgrounds from Standard Model
processes and non-collision sources are estimated using data-
driven techniques. The observed event yields in the sig-
nal regions are consistent with the expected background.
Upper limits on the Higgs boson to dark photon branch-
ing fraction are reported as a function of the dark photon
mean proper decay length or of the dark photon mass and
the coupling between the Standard Model and the potential
dark sector. This search is combined with previous ATLAS
searches obtained in the gluon–gluon fusion and WH produc-
tion modes. A branching fraction above 10% is excluded at
95% CL for a 125 GeV Higgs boson decaying into two dark
photons for dark photon mean proper decay lengths between
173 and 1296 mm and mass of 10 GeV.

1 Introduction

Many theories beyond the Standard Model (BSM) predict
the existence of dark sectors that are weakly coupled to the
Standard Model (SM) [1–4]. Depending on how the dark
sector is structured and how it couples to the SM, unstable
dark states could potentially be generated at colliders, which
could then decay into SM particles with significant branching
fractions.

The scenario explored in this paper introduces a dark pho-
ton (γd), acting as the mediator of a broken dark U(1) gauge
interaction in the dark sector, and mixing kinetically with

⋆ e-mail: atlas.publications@cern.ch

the SM hypercharge. These dark photons can be produced
in the exotic decay of the Higgs boson and subsequently
decay into pairs of leptons and light quarks [5–7]. The latest
LHC measurements on the Higgs boson properties do not
rule out decays to yet undetected states with a potentially
sizable branching ratio of up to 12% [8]. The mean proper
lifetime (τ ) of the γd is inversely proportional to the mass
of the dark photon and to the square of the kinetic mixing
parameter (ǫ) [9,10], which is theoretically allowed to vary
over values ǫ � 10−2. This study focuses on the dark photons
with masses in the O(MeV–GeV) range and small values of ǫ

(< 10−5), where decays of the γd can occur at a macroscopic
distance from their production point.

The decay branching fractions of a light dark photon
with kinetic mixing with the SM photon depend on its
mass [6,10,11]. Dark-photon masses smaller than twice the
electron mass result in an invisible Higgs signature and are
not considered in this paper. In the range between twice the
electron mass and twice the muon mass, the dark photon
decays exclusively into electrons, while below twice the pion
mass, it decays with equal probability into pairs of muons
and electrons. In the range above twice the pion mass, dark
photons can decay to electrons, muons, and hadrons, where
decay branching fractions vary as a function of the mass
due to the presence of hadronic resonances [12]. Due to the
large Lorentz boosts expected for dark photons produced
with small masses relative to the energy scale of the hard-
scattering process, their decay products are expected to be a
collimated group of fermions forming a structure similar to
a jet, which is referred to as dark-photon jets (DPJs).

The Falkowski–Ruderman–Volansky–Zupan (FRVZ)
model [6,7] is used to optimise event selection and inter-
pret the results. In this model, a pair of dark fermions fd is
produced through a Higgs boson decay and each decays
promptly into a dark photon and a stable dark fermion,
assumed to be the undetected hidden lightest stable parti-
cle (HLSP). This leads to final states with two dark photons
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Fig. 1 FRVZ process in Higgs boson decays, with the dark fermion
fd decaying into a γd and an HLSP. The γd decays into SM fermions,
denoted by f and f̄

as shown in Fig. 1. The Higgs boson is assumed to be SM-like
with a mass of 125 GeV.

The Hidden Abelian Higgs Model (HAHM) [4], which
predicts a direct decay of the Higgs boson into a pair of γd,
and commonly used as an alternative model to the FRVZ is
not considered. This omission is due to the lack of intrinsic
missing transverse momentum in such signal events, which
limits the analysis sensitivity. Dark-sector radiation [13] can
produce additional dark photons in proportion to the size of
the dark gauge coupling αd [5]. To limit the amount of addi-
tional γd emissions, a dark coupling αd � 0.01 is assumed
in this paper. Despite not making explicit use of this signal
feature, the analysis remains sensitive to new physics sce-
narios that involve multiple γd emissions due to the inclusive
number of constituents within the DPJ. However, specific
interpretation for these scenarios are not provided.

The search for displaced DPJs presented uses the data
sample collected at the Large Hadron Collider (LHC) by
the ATLAS detector during 2015–2018 in proton–proton
(pp) collisions at

√
s = 13 TeV, corresponding to an inte-

grated luminosity of 139 fb−1. Previous ATLAS searches
for displaced DPJs were performed using pp collision
data at centre-of-mass energies of both 8 TeV [14,15] and
13 TeV [16,17], exploring the gluon–gluon fusion (ggF)
and WH production modes. These searches provide com-
plementary results to those from related ATLAS searches for
prompt DPJs [18–20] probing higher values of ǫ, and for dis-
placed dimuon vertices [21] targeting larger γd mass values.
Related searches for dark photons were conducted by the
CDF and D0 collaborations at the Tevatron [22–24] and by
the CMS [25–28], and LHCb [29,30] collaborations at the
LHC. A wide range of constraints on dark photon produc-
tions can also be extracted from beam-dump and fixed-target
experiments [31–41], e+e− collider experiments [42–50],
electron and muon anomalous magnetic moment measure-
ments [51–53], and astrophysical observations [54,55].

Building on the Run 2 ATLAS search for displaced
DPJs [17], this paper reports for the first time studies using the
vector-boson-fusion (VBF) Higgs-boson production mecha-
nism. This leads to a distinctive topology, characterised by
a pair of highly energetic quark-induced jets separated by a
significant pseudorapidity gap, resulting in a large invariant
mass. Due to the reduction of SM backgrounds in the VBF
channel, signal regions requiring as few as one DPJ are fea-
sible, extending the sensitivity to dark photons with shorter
and longer decay lengths (cτ ). A statistical combination with
the ggF and WH production channels [17] is performed to
maximise the search sensitivity to the FRVZ model.

2 ATLAS detector

The ATLAS detector [56] at the LHC covers nearly the entire
solid angle around the collision point.1 It consists of an
inner tracking detector surrounded by a thin superconduct-
ing solenoid, electromagnetic and hadron calorimeters, and a
muon spectrometer incorporating three large superconduct-
ing air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 Taxial
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 normally being in the insertable
B-layer (IBL) installed before Run 2 [57,58]. It is followed
by the silicon microstrip 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 calorime-
ters. Hadron calorimetry is provided by the steel/scintillator-
tile calorimeter, segmented into three barrel structures within
|η| < 1.7, and two copper/LAr hadron endcap calorimeters.

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, φ)

are used in the transverse plane, φ being the azimuthal angle around the
z-axis. The pseudorapidity is defined in terms of the polar angle θ as
η = − ln tan(θ/2), and the rapidity is defined as y = (1/2)[(E +
pz)/(E − pz)].
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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 muon spectrometer (MS) comprises separate trigger
and high-precision tracking chambers measuring the deflec-
tion of muons in a magnetic field generated by the super-
conducting air-core toroidal magnets. The field integral of
the toroids ranges between 2.0 and 6.0 Tm across most of
the detector. Three layers of precision chambers, each con-
sisting of layers of monitored drift tubes, cover the region
|η| < 2.7, complemented 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.

Interesting events are selected by the first-level trigger
system implemented in custom hardware, followed by selec-
tions made by algorithms implemented in software in the
high-level trigger [59]. 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
events to disk at about 1 kHz.

An extensive software suite [60] 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

Data were collected using the ATLAS detector during Run 2
of the LHC from 2015 to 2018, at a peak instantaneous lumi-
nosity of 2.1 × 1034cm−2s−1. This resulted in an average
of 〈μ〉 = 34 pp interactions per bunch crossing (pile-up).
To ensure the normal operation of all the subdetectors and
a stable-collision mode for the LHC beams, data quality
requirements were applied. The resulting data sample has
an integrated luminosity of 139.0 ± 2.4 fb−1 [61].

In the μDPJ channel, events were selected using two
types of MS-based triggers or unprescaled missing trans-
verse momentum (Emiss

T ) triggers [62], to target the long-
lived γd decays into muons or signature of the undetected
HLSP. The two types of MS-based triggers, ‘tri-muon MS-
only’ and ‘muon narrow-scan’ [63] were the same as those
developed in the ggF production mode [17]. The narrow-
scan trigger efficiencies for signals are independent of the
dark photon masses, and found to be 75% and 40% for the
2015–2016 and 2017–2018 data-taking periods, respectively.
These values are estimated considering events with γd decays
into muon pairs with |η| < 1.0 and transverse decay length
(Lxy) less than 6 m. The tri-muon trigger efficiency varies
between 10% and 13%, depending on the dark photon mass.

Unprescaled Emiss
T triggers with the lowest possible

threshold were used to search for displaced DPJs decaying
into electrons or light hadrons where triggering on the DPJ
itself is difficult, and to enhance signal acceptance for the
displaced DPJs decaying into muons. Initially, a threshold of
70 GeV was used in 2015, but it was raised multiple times
afterwards to account for the increasing effects of multiple
pp interactions in the same and neighbouring bunch cross-
ings. By the end of the 2017–2018 data-taking period, the
threshold was raised to 110 GeV.

During pp collisions at the LHC, two counter-rotating pro-
ton beams are circulated, consisting of bunches of protons.
However, not all bunch slots are necessarily filled with pro-
tons after LHC injection, with the number of unfilled bunches
dependent on the LHC filling scheme [64]. An empty bunch
crossing occurs when neither beam contains protons. During
empty bunch crossings, a data sample enriched in cosmic-ray
muon background is collected (the “cosmic data sample”).
Additionally, the empty bunches are required to be sepa-
rated from filled bunches by at least five bunches on each
side. A beam-induced background (BIB) [65] enriched data
sample (the “BIB data sample”) is collected during unpaired
isolated bunch crossings. Unpaired bunch crossings happen
when only one of the two beams is filled with protons. Addi-
tionally, unpaired bunches are required to be separated from
filled bunches by at least three unfilled bunches on each side.

Monte Carlo (MC) simulated event samples are used to
model the BSM signals. The signal process, where dark pho-
tons are produced from the decays of a 125 GeV Higgs boson,
is simulated at leading-order (LO) accuracy in αS with Mad-

Graph5_aMC@NLO2.2.3[66] for the matrix element (ME)
calculation, interfaced to Pythia8.186 [67] for parton show-
ering (PS) and hadronisation. The NNPDF2.3lo[68] parton
distribution function (PDF) set is utilised. The SM cross-
section for the VBF Higgs production of 3.78±0.08 pb [69]
corresponding to m H =125.09 GeV, is assumed. Effects of
higher-order QCD corrections on the pT of the Higgs boson
are evaluated using a reweighting procedure [70]. The impact
of these effects on the signal selection efficiency is found to
be less than the MC statistical accuracy, and not accounted
for in the analysis. The mean proper decay length cτ of the
γd is considered a free parameter. In the simulated samples,
cτ was chosen to ensure that, accounting for the boost of the
γd, a significant fraction of the decays occur inside the sen-
sitive ATLAS detector volume (up to the second precision
layer in the MS at 7 m in radius and 13 m along the z-axis
from the centre of the detector). The mass of fd was chosen
to be much smaller than the Higgs boson mass and far from
the kinematic threshold at mHLSP + mγd = m fd . The values
of mHLSP and m fd have a negligible impact on the analysis
results provided that mHLSP is much smaller than mH. The
mass of the γd is chosen to be less than twice the values of
mHLSP to ensure that it will decay exclusively into SM lep-
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tons and light quarks, with the branching fractions depend-
ing on its mass. For example, with a mass of 0.4 GeV, the
expected dark photon decay branching ratios are 45% e+e−,
45% μ+μ−, and 10% qq̄ [6].

The largest backgrounds come from multijet, W + jets,
Z + jets, t t̄ , and single-top-quark productions. Data-driven
techniques are used to estimate these backgrounds, with
MC simulated samples used assisting in validation, uncer-
tainty evaluation, and the training of dedicated multivari-
ate classifiers. The multijet events were simulated using
Pythia8.210 [71] with the same set of tuned parameter val-
ues (tune) and PDF used for the signal samples. The W+jets
and Z+jets samples were simulated using Sherpa2.2.1 [72]
with the NNPDF3.0nnlo [73] PDF set. The single-top and
t t̄productions were simulated using Powheg Boxv2 [74]
and Pythia8.230 with the A14 tune [75] for PS and hadro-
nisation, and the NNPDF2.3lo set of PDFs.

Finally, MC samples of J/ψ → μμ events were used to
estimate systematic uncertainties for muon trigger and recon-
struction efficiencies. These samples were simulated using
Pythia8 + Photos++ [76] with the A14 tune [75] for PS
and hadronisation, and the CTEQ6L1 [77,78] PDF set.

All MC events went through a full simulation of the
ATLAS detector geometry and response [79] using the
Geant4 [80] toolkit, taking into account of pile-up and detec-
tor response to interactions occurring in neighbouring bunch
crossings from the one producing the hard interaction. To
model the effects of pile-up, simulated inclusive pp events
(Pythia8.210 with the A3 tune [81] and the NNPDF2.3lo

set of PDFs), were overlaid on each generated hard-scatter
event and reweighted to match the conditions of the 2015–
2018 data taking. Reconstructed events are reweighted to
reproduce the measured distributions of the number of simul-
taneous interactions in different data-taking periods. Varia-
tions in the trigger threshold as a function of the data tak-
ing period are also included in simulation. Corrections were
applied to simulated events to ensure agreement with the
object, trigger and identification efficiencies determined from
control samples in data.

4 Event reconstruction

The analyses presented in this paper use the same recon-
struction and identification methods for the physics objects
as in the DPJ searches in the ggF and WH production chan-
nels [17].

Candidate events are required to have at least one ver-
tex [82] reconstructed from at least two tracks with pT larger
than 500 MeV that are consistent with originating from the
beam collision region in the x–y plane. The vertex with the
highest sum of squared transverse momenta of associated
tracks is considered as the primary vertex of the event.

Jets are reconstructed by combining three-dimensional
energy clusters measured by the calorimeter [83] using the
anti-kt jet clustering algorithm [84,85] with a radius param-
eter of R = 0.4. The standard jet calibration is applied using
corrections derived from MC simulation and in situ measure-
ments [86]. In this analysis, jets must have pT > 20 Gev and
|η| < 4.9, and to meet fundamental quality criteria designed
to reject detector noise and non-collision backgrounds [87].
Jets containing b-hadrons, also known as b-jets, are identi-
fied through a multivariate discriminant that uses track prop-
erties [88,89], with a working point that has 70% efficiency
for b-jets from top quark decays. The corresponding rejec-
tion factor of light-quark and gluon jets, defined as the inverse
of efficiency, is approximately 300; the corresponding fac-
tors for jets containing c-hadrons and hadronically decaying
τ -leptons are around 38 and 8, respectively.

Electron candidates are reconstructed by combining iso-
lated energy deposits in the electromagnetic calorimeter
with ID tracks. To be considered, electrons must satisfy
the following criteria: |η| < 2.47, a transverse momentum
pT > 20 Gev, and satisfy the ‘Tight’ requirement, as defined
in Ref. [90]. Muon candidates are reconstructed in the range
of |η| < 2.5 by matching tracks in the MS with those in
the ID. To be considered as muons, they must meet the fol-
lowing criteria: a transverse momentum pT > 20 Gev and
satisfy the ‘Medium’ identification requirements as defined
in Ref. [91]. For both the electron and muon candidates, the
matched tracks are required to have a significance of the
transverse impact parameter, |d0|/σ(d0) < 5(3), for elec-
trons (muons).2 The longitudinal impact parameter z0, must
satisfy |z0 sin θ | < 0.5 mm, where θ corresponds to the polar
angle of the track relative to the beam-line. Isolation criteria,
based on the scalar sum of pT of ID tracks, are further applied
to both the electrons and muons as in Ref. [17]. To resolve
ambiguities that can arise from the independent reconstruc-
tion of electron, muon and jet candidates in the detector, the
same overlap removal procedures as in Ref. [17] are applied.

The missing transverse momentum vector, �pmiss
T , with

magnitude, Emiss
T , is calculated as the negative vector sum

of the transverse momenta of all identified electrons, muons,
and jets, along with an additional component called the ‘soft
term’. The soft term is constructed using all tracks originating
from the primary vertex that are not matched to any identi-
fied lepton or jet. This approach ensures that Emiss

T is adjusted
to achieve the most accurate calibration of leptons and jets,
while simultaneously suppressing contributions from pile-up
interactions by excluding them from the soft term [92,93].

2 The transverse impact parameter, d0, is defined as the distance of
closest approach of a track to the beam-line, measured in the transverse
plane with an error σ(d0). The longitudinal impact parameter, z0, cor-
responds to the z-coordinate distance between the point along the track
at which the transverse impact parameter is defined and the primary
vertex.
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4.1 Muonic dark-photon jets

A dark photon decaying into muons outside the ID is expected
to generate two or more collimated standalone MS tracks,
commonly referred to as a ‘muonic dark-photon jet’ μDPJ.
Standalone MS tracks [91] are reconstructed in the region of
MS coverage where the pseudorapidity is |η| ≥ 0.1. These
tracks are formed by identifying at least two matched seg-
ments in the MS and are then fit with a primary vertex con-
straint. Although displaced, the muons are expected to point
to the PV due to the large boost. Candidates with an abso-
lute value of the pseudorapidity ranging from 1.0 to 1.1 are
excluded to avoid the transition region of the MS between the
barrel and endcap. Additionally, only standalone MS tracks
falling in the pseudorapidity interval |η| < 2.5, which corre-
sponds to the ID coverage, are selected to allow the compu-
tation of an isolation variable based on ID tracks. Standalone
MS tracks are required not to match any prompt muon can-
didate, to discard muons originating from the primary inter-
action vertex.

The μDPJs are reconstructed by a Cambridge–Aachen
clustering algorithm [94], combining all the selected stan-
dalone MS tracks that lie inside a fixed-size cone in the (η,
φ) space. The reconstruction process begins with the highest-
pT standalone MS track and proceeds by searching for addi-
tional standalone MS tracks inside a cone of radius �R = 0.4
around the initial track’s momentum vector. If a second stan-
dalone MS track is found inside this cone, the axis of the
cone is adjusted to the vector sum of the momenta of the two
tracks. This process is repeated iteratively until no further
tracks are found inside the cone. The μDPJs are required to
contain a minimum of two MS tracks and are discarded if a
jet is found within a distance of �R = 0.4. This last require-
ment ensures that μDPJs remain distinct from other types of
dark-photon jets.

Cosmic-ray muons that cross the detector in time coin-
cidence with a pp interaction constitute the main source of
background in the μDPJ. A dense neural network (DNN),
referred to as the cosmic-ray tagger, is used to discriminate
signal μDPJs and reject the μDPJ candidates that originate
from the cosmic-ray background. The DNN is implemented
using Keras with the Tensorflow backend [95], with its train-
ing setup and performance detailed in Ref. [17]. The selec-
tion was optimised to obtain a background rejection of 90%
while retaining a high signal efficiency. Signal μDPJs are
selected with an efficiency greater than 95% for transverse
decay lengths Lxy up to 5 m and for γd transverse momentum
larger than 20 GeV.

4.2 Calorimeter dark-photon jets

A dark-photon decaying into electron or quark pairs in the
hadronic calorimeters results in energy deposits that are

reconstructed as a single jet with a low electromagnetic frac-
tion (EMF), defined as the ratio of the energy deposited in
the EM calorimeter to the total jet energy. Jets with an EMF
below 0.4 are referred to as calorimeter dark-photon-jet can-
didates caloDPJs. Low EMF jets are reconstructed and cali-
brated using the same algorithms mentioned earlier for stan-
dard jets. However, they are only considered if they have
pT > 20 Gev and lie in the range of |η| < 2.5. Candidates
in the transition region between the barrel calorimeters and
the endcap cryostat are removed by requiring the fraction of
energy in the Tile Gap scintillators to be less than 10% of the
total jet energy.

To maintain high efficiency for the targeted signals, low
EMF jets are required to satisfy quality criteria that are less
stringent than those in the standard jet selection. To reject
fake caloDPJs arising from prompt jets, low EMF jets with
more than 40% of matched tracks compatible with origi-
nating from the primary vertex, as defined by the jet vertex
tagger (JVT) [96] are removed. Further caloDPJs cleaning
is applied as detailed in Ref. [17] to reject background from
noise bursts [97]. These cleaning requirements result in the
rejection of approximately 0.8% of low EMF jets in the signal
samples.

The time matched to a caloDPJ, denoted by tcaloDPJ, is
measured as the energy-weighted average of the timing for
each calorimeter cell matched to the jet, corrected by the
corresponding time-of-flight from the interaction point. It is
used to reject cosmic-ray muons and BIB by requiring events
from pp collisions to have a value of |tcaloDPJ| that is in a
window of 4 ns around zero.

To reduce fake caloDPJs arising from prompt jets, a dedi-
cated discriminator (QCD tagger), based on a convolutional
neural network implemented using Keras with the Tensor-
flow backend, is used to assign a score to each caloDPJ in
the event. The training of the neural network and its setup
are discussed in Ref. [17]. The QCD tagger inputs are three-
dimensional representations of energy deposits matched to
the jet. The energy deposits are defined by collections of
calorimeter cell clusters used in jet reconstruction [98]. Each
collection has (η, φ) coordinates and holds information about
the total amount of energy deposited in each of the calorime-
ter samplings. A caloDPJ is accepted if the QCD tagger out-
put is larger than 0.5, indicating an enhanced probability of
a displaced signature. This corresponds to a selection effi-
ciency of more than 70% for γd with transverse decay lengths
Lxy in the range of 2-−3.5 m and pT larger than 20 GeV,
with a background rejection of 94% [17].

Muons arising from BIB can deposit energy in the HCAL
by radiative losses, which can be reconstructed as caloD-
PJs owing to the resulting low EMF. To reduce the residual
contamination from misidentified caloDPJs from BIB, a ded-
icated per-jet tagger (BIB tagger) as detailed in Ref. [17] is
used. The selection is optimised to obtain a signal efficiency
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of greater than 80% with a corresponding BIB rejection of
68%.

5 Event selection and background estimate

Long-lived dark photon candidate events are selected by
requiring at least one DPJ satisfying the selection criteria
described in Sect. 4. If more than one DPJ is reconstructed,
only the one with the highest transverse momentum, called
the ‘leading DPJ’, is considered and used to classify the event
into two exclusive categories, caloDPJs and μDPJs, based
on its type. In the μDPJ channel, events are triggered by
the logical OR of the dedicated muon triggers (tri-muon and
narrow-scan) and the Emiss

T trigger as discussed in Sect. 3,
to target both the displaced muonic signature and the large
Emiss

T in the FRVZ signal models. In the caloDPJ channel,
events are triggered by the Emiss

T trigger.
To reject background from SM processes and to select

events consistent with the VBF production, events are
required to have:

• at least two jets with pT ≥ 30 GeV;
• the invariant mass of the two leading jets, mjj ≥

1000 GeV;
• the pseudo-rapidity gap between the two leading jets,

|�ηjj| > 3;
• the azimuthal angular difference between the two leading

jets, |�φjj| < 2.5;
• exactly zero leptons;
• exactly zero b-tagged jets;
• Emiss

T ≥ 100 GeV.

The centrality in pseudo-rapidity of the DPJ between the
two VBF jets, CDPJ, is used to enhance the analysis sensitivity
in the μDPJ channel. It is defined as:

CDPJ = exp

(

− 4

(ηj1 − ηj2)2

(

ηDPJ − ηj1 + ηj2

2

)2
)

.

In the μDPJ signal region (SR), SRμ, the value of CDPJ is
required to be greater than 0.7, to capture the VBF topology
where the DPJ is centred between the two VBF jets. To fur-
ther reduce the multijet background events in the caloDPJ
channel, the minimum azimuthal distance between the �pmiss

T
and the �pT of each of the four leading jets in the event, �φmin,
is required to be greater than 0.4 to reject events with mis-
measured jet energies leading to fake Emiss

T in the event.
To improve the analysis sensitivity, the caloDPJ final

state is further split into two exclusive SRs, SRL
c and SRH

c ,
where Emiss

T is in the range of [100, 225] GeV and Emiss
T

is > 225 GeV, respectively. Table 1 summarises the selec-
tions applied in all three SRs. Further selections, as shown in

Table 1 Definition of the signal regions in the μDPJ and caloDPJ
channels. Selections on the DPJ are applied only to the leading one. The
caloDPJ final state is further split into two signal regions, SRL

c , and SRH
c ,

with Emiss
T values of ∈ [100, 225] GeV and > 225 GeV respectively.

Dashes indicate cases where a requirement is not applied

Requirement/region SRμ SRL/H
c

Number of DPJs ≥ 1 ≥ 1

Leading DPJ type μDPJ caloDPJ

Trigger Emiss
T Emiss

T

Tri-muon MS-only

Muon narrow-scan

pT(jet) [GeV] > 30 > 30

Njet ≥ 2 ≥ 2

mjj [GeV] ≥ 1000 ≥ 1000

|�ηjj| > 3 > 3

|�φjj| < 2.5 < 2.5

Nℓ 0 0

Nb-jet 0 0

CDPJ > 0.7 –

�φmin – > 0.4

Emiss
T [GeV] > 100 SRL

c : [100, 225]
SRH

c : > 225

|μDPJ charge| 0 –

caloDPJ QCD tagger – > 0.9
∑

�R=0.5 pT [GeV] < 2 < 2

Table 1, are applied to the leading DPJ to improve the search
sensitivity based on the following variables:

• The μDPJ charge is the sum of the charges of muon-
tracks matched to a μDPJ is sensitive to the charge of the
initiating state. μDPJs originating from neutral particle
decays are expected to have zero sum of charge;

• The
∑

�R=0.5 pT is the scalar sum of the transverse
momenta of all tracks within a �R = 0.5 cone around the
direction of the DPJ momentum vector. Displaced DPJs
are expected to have very little nearby track activity in
the ID.

The main sources of background left after the SR selec-
tions are punch-through jets from rare multijet events for
SRμ, and multijet and electroweak W and Z production for
SRL

c and SRH
c .

Non-collision backgrounds, including cosmic-ray muon
and BIB, are found to be negligible. The cosmic-ray muon
background contribution is estimated from events collected
with the analysis triggers in the cosmic data sample. By
requiring at least one reconstructed μDPJ, the contribution
from cosmic-ray muon is found to be subdominant. After all
selection, it is found to be negligible in all signal regions.
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Table 2 Definition of the control regions used in the background esti-
mation. All CRs requirements are the same as for the respective SR, with
the exception of the selections reported in this table. End points within
the ranges are included (excluded) when denoted by square (round)
brackets

Requirement/region CRBμ CRCμ CRDμ

|μDPJ charge| [1, 5) [1, 5) 0
∑

�R=0.5 pT[GeV] [0, 2.0) [2.0, 20) [2.0, 20)

Requirement/region CRBL/H
c CRCL/H

c CRDL/H
c

caloDPJ QCD tagger score [0.9, 1] [0.8, 0.9) [0.8, 0.9)
∑

�R=0.5 pT [GeV] [2.0, 20) [2.0, 20) [0, 2.0)

Events with BIB energy deposits are very likely to have a
caloDPJ which can contribute to the background. The pos-
sible contribution from misidentified caloDPJs was studied
using the BIB-enriched data sample. The BIB contamina-
tion is found to be negligible after the timing and BIB tagger
requirements. Hence this background contribution in the SR
is neglected.

As nearly all background in the SR arises from a prompt
jet misidentified as a displaced jet, a common data-driven
‘ABCD’ method is used to estimate their contributions. This
method relies on the assumption that the distribution of back-
ground events can be factorised in two dimensions using two
uncorrelated variables. The background events are then sub-
divided into four regions: A, B, C, and D. In the ABCD
convention, region A is the SR, regions B, C, D are also
referred to as control regions CRB, CRC, and CRD. With-
out any signal contamination in regions B, C, and D, the
number of background events in the SR can be estimated
as NA = ND × NB/NC, where NB,C,D are the number of
observed events in data in the B, C, and D regions. Any pos-
sible signal leakage outside the SR region is accounted for by
using a modified ABCD method that simultaneously fits the
signal and background events in all regions. The two dimen-
sional distributions used in the estimate of the backgrounds
are formed by {μDPJ charge,

∑

�R=0.5 pT} in the μDPJ
channel, and {QCD tagger discriminant,

∑

�R=0.5 pT} in
the caloDPJ channel. Definitions of the control regions CRB,
CRC, and CRD are shown in Table 2. All CRs requirements
are the same as for the respective SR, with the exception of
the selections reported in this table.

The background estimate procedure was validated by
applying the ABCD method in validation regions (VRs),
where signal contributions are small. A first set of VRs are
obtained by combining control regions as defined in Table 2,
such as a combination of CRB and CRC, or a combina-
tion of CRC and CRD. To improve the statistical uncer-
tainty, the selection requirements on Emiss

T in the μDPJ VRs
is relaxed to be greater than 20 GeV, and the VRs in the
caloDPJ channel are defined within a common Emiss

T range

of Emiss
T > 100 GeV. A second set of the VRs are defined

by inverting the selections on �φjj or �φmin in the μDPJ
or caloDPJ channel, respectively. To improve the statisti-
cal uncertainty in these VRs, the CDPJ selection requirement
is removed in the μDPJ channel, and the caloDPJ VRs are
defined within a common Emiss

T range of Emiss
T > 100 GeV.

For each VR, alternative (ABCD)′ test regions are defined,
and region boundaries are varied in discrete steps to assess the
dependence on the variables used in the ABCD planes. The
Pearson linear correlation coefficient between the two vari-
ables defining the ABCD plane in all VRs was found to be less
than 3% and the signal leakage was found to be less than 1%
of the total signal in the SR selection for all signal scenarios
considered in the analysis. In the μDPJ VRs,

∑

�R=0.5 pT

boundaries are tested in the range of 0.5-−4.5 GeV or 2.5-
−7.0 GeV. In the caloDPJ VRs,

∑

�R=0.5 pT boundaries
are tested in the range of 0.5-−4.5 GeV or 2.5-−5.5 GeV,
and boundaries on the QCD tagger discriminant boundaries
are tested in the range of 0.84-−0.98 or 0.82-−0.88. In all
the VRs, the observed yields were found to agree with the
estimated background predictions within about one standard
deviation considering only the statistical uncertainties in the
VRs. The relative statistical uncertainties of the predicted
backgrounds in the VRs are about 25% and 15% in the μDPJ
and caloDPJ channels, respectively, when using the same
boundary definitions as in the SRs.

Figure 2 shows the distribution of data events in the ABCD
plane for the μDPJ channel, together with the expected dis-
tribution for a benchmark FRVZ model assuming a 125 GeV
Higgs boson and a decay branching fraction to the dark sector
of 10%. The acceptance times efficiency for the FRVZ signal
processes after applying all SR selection criteria is 0.31% in
the case of a γd mass of 400 MeV and a generated cτ of
50 mm.

Figure 3 shows the distribution of data events in the
ABCD plane for the caloDPJ channels, together with the
expected distribution for a benchmark FRVZ model assum-
ing a 125 GeV Higgs boson and a decay branching fraction
to the dark sector of 10%. The acceptance times efficiency
for the FRVZ signal processes after applying SR selection
criteria is 0.093% or 0.032% for SRL

c or SRH
c , in the case of

a γd mass of 100 MeV and a generated cτ of 15 mm.

6 Systematic uncertainties

Potential sources of experimental uncertainties are consid-
ered for the simulated signal yields to account for poten-
tial data and MC differences in the event reconstruction and
selections. For the background estimations, the statistical
uncertainties in the observed yields in regions CRB, CRC,
and CRD are directly propagated to the SR from the ABCD
method.
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Fig. 2 The per-event μDPJ
charge vs

∑

�R=0.5 pT
distributions in the ABCD
planes defined for the SRμ.
Figure a shows events in data,
while figure b shows simulated
FRVZ events, assuming a
125 GeV Higgs boson with a
decay branching fraction of 10%
to the dark sector and γd with
mass of 400 MeV and cτ

=50 mm

Fig. 3 The per-event QCD
tagger vs

∑

�R=0.5 pT
distributions in the ABCD
planes defined for the a, b SRL

c
and b, c SRH

c channels. Figures
a, c show events in data, while
figures b, d show simulated
FRVZ events, assuming a
125 GeV Higgs boson with a
decay branching fraction of 10%
to the dark sector and γd with
mass of 100 MeV and cτ

=15 mm

Experimental uncertainties for jets include jet energy scale
(JES) and jet energy resolution (JER) uncertainties from
the standard calibration scheme [86], which amount to less
than 7% of the expected signal yields. An additional JES
uncertainty is applied to consider a possible dependence on
the low-EM-fraction selection. It is estimated following the

same procedure as used in the 2015–2016 dark-photon jet
search [16] and is up to 13% for the caloDPJ channels.

In the μDPJ channel, a systematic uncertainty in the
single-γd reconstruction efficiency is evaluated using a tag-
and-probe method applied to J/ψ → μμ events in data
and simulation, taking into account the leading effect from
the opening angle �R between the two muons. The J/ψ
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Fig. 4 Comparison of the relative uncertainty in the signal yield in each
SR, showing the contributions from the different sources of uncertainty
summed in quadrature. The quoted values are averaged over different γd
masses. The ‘Muon uncertainties’ category contains all muon-related
systematic uncertainties and is dominated by the uncertainty in the
single-γd reconstruction efficiency. The ‘NN taggers’ category contains
the three taggers adopted in the analysis and is dominated by the BIB

tagger uncertainties for the calorimetric channels and by the cosmic-ray
tagger in the muonic channel. The ‘Triggers’ category contains all trig-
ger systematic uncertainties. The ‘Jet uncertainties’ category contains
the JES, JER and low-EM-fraction JES systematic uncertainties. Some
sets of systematic uncertainties apply to only a subset of the SRs. The
systematic uncertainty in the lifetime extrapolation is not shown

reconstruction efficiency is evaluated in both the data and
simulation as a function of the opening angle �R between
the two muons, and the corresponding difference between
data and simulation in the �R < 0.06 region, where the DPJ
samples are concentrated, is found to be up to 9.6% and taken
as the uncertainty.

The systematic uncertainty in the Emiss
T trigger efficiency

is evaluated by propagating the statistical error of the trigger
scale-factors introduced in Sect. 3. It is estimated to be less
than 9% and 4% in SRL

c and SRμ respectively.
The uncertainties related to the MC modelling of the tag-

gers are obtained from Ref. [17] and recalculated for all signal
samples. In the case of the cosmic-ray tagger, the calculated
uncertainty is found to be less than 4% in SRμ. Conversely,
for the QCD tagger and the BIB tagger, the estimated uncer-
tainties are found to be less than 6% and 12%, respectively,
in both the SRL

c and SRH
c .

A pile-up modelling uncertainty is assigned to account for
the difference between the predicted and measured inelastic
cross-sections [99], which is evaluated to be less than 5% in
all signal regions.

A systematic uncertainty in the procedure used for extrap-
olating the signal efficiency to different lifetimes was evalu-
ated by comparing the extrapolated efficiency derived from
the main simulated samples with the measured efficiency of
samples with alternative lifetime assumptions. The results
showed agreement within statistical uncertainties, except for
the SRL

c selection, where the extrapolated efficiency at large
lifetime values is lower by 36% from the nominal value.
Consequently, a one-sided systematic uncertainty of 36% is

Table 3 Observed and expected yields in the ABCD regions. The total
uncertainty in the background expectation is computed by the ABCD
background-only fit to unblinded data

Selection CRB CRC CRD SR expected SR observed

SRμ 44 22 21 42 ± 14 41

SRL
c 224 256 1123 983 ± 95 923

SRH
c 9 11 35 29 ± 14 46

included when extrapolating events from the SRL
c region to

lifetimes larger than the generated MC lifetime.
Finally, an uncertainty in the computed total integrated

luminosity used to rescale the expected number of signal
events is considered. The uncertainty in the combined 2015–
2018 integrated luminosity is 1.7% [100], obtained using the
LUCID-2 detector [101] for the primary luminosity measure-
ments.

Figure 4 summarises the average experimental uncertain-
ties for the bulk of the signal samples, where absolute devia-
tions are found to be on the order of a few percent up to 6%
for the total uncertainty across different γd masses.

7 Results and interpretations

A combined maximum-likelihood fit to the yields in the four
(i.e. ABCD) regions in data is used for data-driven back-
ground estimations in each SR and for model interpreta-
tions. The likelihood function is constructed as a product
of Poisson functions, one for each of the SR, CRB, CRC,
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Fig. 5 Upper limits at 95% CL on the branching fraction as a function
of the dark-photon mean proper decay length cτ for the H → 2γd + X

process, assuming a 125 GeV Higgs boson and a FRVZ signal model.

The limits are shown separately for the a SRμ, b SRL
c , c SRH

c search
channels, and d with all channels combined. The hatched band denotes
the region in which the branching ratio is larger than unity

and CRD regions, describing signal and background expec-
tations. The ABCD ansatz is introduced as nuisance param-
eters in the background component of the expected yield in
each region. The likelihood-based ABCD fit is robust against
control regions with only a few events and considers possi-
ble signal contamination in the control regions. Higgs-boson
contribution via the ggF mechanism or in association with a
vector boson (WH or ZH) are at the percent level, and thus
neglected. The effects of systematic uncertainties described
in Sect. 6 are treated in the fit by nuisance parameters with
Gaussian constraints. These parameters are assumed to be
uncorrelated across regions, where an alternative correla-
tion model with full correlation across regions is studied

and found to have a negligible impact on the results. The
mean value of the Gaussian probability distribution function
is constrained by the nominal value of the parameter and the
variance is defined by the 68% confidence interval of the
systematic uncertainty associated with the parameter.

Table 3 presents the observed and expected numbers of
events in all SRs. The reported yields are extrapolated by
the fit assuming no signal, and with unblinded data in all
ABCD regions in the fit. When comparing the results with a
likelihood fit using blinded data in the SR, the background
yields are found to be consistent within percent level. No
significant excess above expected background is observed.
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Fig. 6 Upper limits at 95% CL on the branching fraction as a function
of the dark-photon mean proper decay length cτ for the H → 2γd + X

process, assuming a 125 GeV Higgs boson and a FRVZ signal model.
The limits are shown separately for each channel and for the statistical

combination (solid black) for a γd mass of a 100 MeV and b 10 GeV.
The hatched band denotes the region in which the branching ratio is
larger than unity

Fig. 7 90% CL exclusion
contours of the
B(H → 2γd + X) as a function
of the γd mass and the kinetic
mixing parameter ǫ. These
limits are obtained assuming
branching fractions between
0.1% and 10% (shown as
distinct shades of purple within
the contour regions) for Higgs
boson decays resulting in dark
photons. The figure also shows
the region excluded by the
previous ATLAS search for
prompt [20] (solid red line)
decays of dark photons

The results are then used to set upper limits on the branch-
ing fraction B(H → 2γd + X) as a function of the γd mean
proper decay length cτ , assuming the SM VBF production
cross section of a 125 GeV Higgs boson, with X assumed to
be undetected. The upper limit on the signal strength, relative
to the predicted signal yields from simulation, is obtained
with the CLs method [102] with the asymptotic calcula-
tor [103]. The validity of the asymptotic approximation is
checked against a full calculation using pseudo-experiments,
and the CLs values of the two methods typically agree within
5%.

Figure 5 shows a summary of the observed limits on the
branching ratio B(H → 2γd + X) assuming the production

of a 125 GeV Higgs boson. The sensitivity of each SR and
the combination are reported in separate subfigures for the
VBF production. In the region where γd masses are less than
twice the muon mass, dark photons can decay into electrons
and light quarks within the muon spectrometer volume and
are reconstructed as μDPJ. Sensitivities in the μDPJ channel
are typically much better than the caloDPJ channels due to
the larger signal efficiency, except in the region where dark
photon masses are below twice the muon mass. The high
Emiss

T region in the caloDPJ channel mainly contributes in
scenarios involving dark photons with masses larger than
10 GeV and large cτ values, where one of the dark photons
may decay outside ATLAS.
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The results in the VBF analysis are then combined with
the SRs in the ggF and WH analyses [17], constructed to
be mutually exclusive by different selections on the mjj and
the number of prompt leptons. The combined fit considers a
product of the likelihood functions of the individual search
channels with independent nuisance parameters, but with a
common signal normalisation. Systematic uncertainties in
the SRs are assumed to be fully uncorrelated. In each pro-
duction channel, contributions from other Higgs boson pro-
ductions are relatively small, and not considered as signal for
simplicity. Figure 6 shows the expected and observed limits
on B(H → 2γd + X) for a γd mass of 0.1 and 10 GeV,
as functions of the dark photon mean proper decay length
cτ , combining all production channels. Observed limits in
different SRs used in the combination are also presented for
comparison. The VBF channel contributes significantly to
the sensitivity for the dark photons with short and long decay
lengths. Branching fractions larger than 5% can be excluded
at 95% CL if the dark photons have a mean proper decay
length cτ between 1 mm and 5 mm and a mass below twice
the muon mass. For the scenarios where dark photon masses
are between 0.4 GeV and 6 GeV, branching fractions larger
than 1% can be excluded at 95% CL if the dark photons have a
mean proper decay length cτ between 1 mm and 267 mm. For
the dark photons with masses of 10 GeV, branching fractions
larger than 10% are excluded at 95% CL if the dark photons
have a mean proper decay length cτ between 173 mm and
1296 mm.

Upper limits at 90% CL3 are also set, in the context
of the FRVZ model in terms of kinetic mixing parame-
ter ǫ and γd mass and presented in Fig. 7 for different
B(H → 2γd+X), ranging from 0.1% to 10%. The limits are
interpolated between different masses by branching fraction
variations [10] as a function of the γd mass, corrected by a
linear interpolation of the signal efficiency between adjacent
available MC signal samples. For a γd mass below twice
the muon mass, no coverage from μDPJ signal regions is
expected, motivating a significant drop in sensitivity.

8 Conclusion

A search for long-lived dark photons decaying into colli-
mated pairs of fermions is performed using 139 fb−1 of data
collected from pp collisions at

√
s = 13 TeV at the ATLAS

detector. The analysis considers the FRVZ signal models
where dark photons are produced from Higgs boson decays.
The VBF topology, which is characterised by two energetic
jets that have a large rapidity separation in addition to large

3 The limits are quoted at 90% CL in this interpretation of the results
to ease the comparison with other experiments that conventionally use
this CL threshold.

values of mjj and Emiss
T is studied for the first time to target

the VBF Higgs boson production mode. The reduction of
background in the VBF channel makes it feasible to require
only one long-lived dark photon candidate in the events, sen-
sitive to the dark photons with shorter or longer decay lengths
where one of the dark photons may decay promptly or out-
side ATLAS and escape the DPJ reconstruction. The data
are found to be consistent with the background prediction.
Upper limits on B(H → 2γd + X) as a function of dark
photon mass and mean proper decay length cτ are reported,
assuming the SM cross-section for a 125 GeV Higgs boson.

This search is also combined with previous ATLAS
searches obtained in the gluon–gluon fusion and WH pro-
duction modes [17]. Branching fractions above 10% can be
excluded at 95% CL for H → 2γd + X decays for dark
photons with mean proper decay length between 173 and
1296 mm and mass of 10 GeV, compared with the range
of [263–1030] mm in the previous publication [17]. The
improvement is entirely due to the addition of the VBF chan-
nel and the statistical combination.

Acknowledgements We thank CERN for the very successful oper-
ation of the LHC and its injectors, as well as the support staff
at CERN and at our institutions worldwide without whom ATLAS
could not be operated efficiently. The crucial computing support from
all WLCG partners is acknowledged gratefully, in particular from
CERN, the ATLAS Tier-1 facilities at TRIUMF/SFU (Canada), NDGF
(Denmark, Norway, Sweden), CC-IN2P3 (France), KIT/GridKA (Ger-
many), INFN-CNAF (Italy), NL-T1 (Netherlands), PIC (Spain), RAL
(UK) and BNL (USA), the Tier-2 facilities worldwide and large non-
WLCG resource providers. Major contributors of computing resources
are listed in Ref. [104]. We gratefully acknowledge the support of
ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia; BMWFW
and FWF, Austria; ANAS, Azerbaijan; CNPq and FAPESP, Brazil;
NSERC, NRC and CFI, Canada; CERN; ANID, Chile; CAS, MOST
and NSFC, China; Minciencias, Colombia; MEYS CR, Czech Repub-
lic; DNRF and DNSRC, Denmark; IN2P3-CNRS and CEA-DRF/IRFU,
France; SRNSFG, Georgia; BMBF, HGF and MPG, Germany; GSRI,
Greece; RGC and Hong Kong SAR, China; ISF and Benoziyo Cen-
ter, Israel; INFN, Italy; MEXT and JSPS, Japan; CNRST, Morocco;
NWO, Netherlands; RCN, Norway; MEiN, Poland; FCT, Portugal;
MNE/IFA, Romania; MESTD, Serbia; MSSR, Slovakia; ARRS and
MIZŠ, Slovenia; DSI/NRF, South Africa; MICINN, Spain; SRC and
Wallenberg Foundation, Sweden; SERI, SNSF and Cantons of Bern
and Geneva, Switzerland; MOST, Taipei; TENMAK, Türkiye; STFC,
UK; DOE and NSF, United States of America. Individual groups
and members have received support from BCKDF, CANARIE, CRC
and DRAC, Canada; CERN-CZ, PRIMUS 21/SCI/017 and UNCE
SCI/013, Czech Republic; COST, ERC, ERDF, Horizon 2020, ICSC-
NextGenerationEU and Marie Skłodowska-Curie Actions, European
Union; Investissements d’Avenir Labex, Investissements d’Avenir Idex
and ANR, France; DFG and AvH Foundation, Germany; Herakleitos,
Thales and Aristeia programmes co-financed by EU-ESF and the
Greek NSRF, Greece; BSF-NSF and MINERVA, Israel; Norwegian
Financial Mechanism 2014–2021, Norway; NCN and NAWA, Poland;
La Caixa Banking Foundation, CERCA Programme Generalitat de
Catalunya and PROMETEO and GenT Programmes Generalitat Valen-
ciana, Spain; Göran Gustafssons Stiftelse, Sweden; The Royal Soci-
ety and Leverhulme Trust, UK. In addition, individual members wish
to acknowledge support from Chile: Agencia Nacional de Investi-
gación y Desarrollo (FONDECYT 1190886, FONDECYT 1210400,

123



Eur. Phys. J. C (2024) 84 :719 Page 13 of 29 719

FONDECYT 1230987); China: National Natural Science Foundation
of China (NSFC-12175119, NSFC 12275265); European Union: Euro-
pean Research Council (ERC-948254), Horizon 2020 Framework Pro-
gramme (MUCCA-CHIST-ERA-19-XAI-00), Italian Center for High
Performance Computing, Big Data and Quantum Computing (ICSC,
NextGenerationEU), Marie Sklodowska-Curie Actions (EU H2020
MSC IF GRANT NO 101033496); France: Agence Nationale de
la Recherche (ANR-20-CE31-0013, ANR-21-CE31-0013, ANR-21-
CE31-0022), Investissements d’Avenir Idex (ANR-11-LABX-0012),
Investissements d’Avenir Labex (ANR-11-LABX-0012); Germany:
Baden-Württemberg Stiftung (BW Stiftung-Postdoc Eliteprogramme),
Deutsche Forschungsgemeinschaft (DFG-CR 312/5-1); Italy: Istituto
Nazionale di Fisica Nucleare (FELLINI G.A. n. 754496, ICSC,
NextGenerationEU); Japan: Japan Society for the Promotion of Science
(JSPS KAKENHI 22H01227, JSPS KAKENHI JP21H05085, JSPS
KAKENHI JP22H04944); Netherlands: Netherlands Organisation for
Scientific Research (NWO Veni 2020-VI.Veni.202.179); Norway:
Research Council of Norway (RCN-314472); Poland: Polish National
Agency for Academic Exchange (PPN/PPO/2020/1/00002/U/00001),
Polish National Science Centre (NCN 2021/42/E/ST2/00350, NCN
OPUS nr 2022/47/B/ST2/03059, NCN UMO-2019/34/E/ST2/00393,
UMO-2020/37/B/ST2/01043, UMO-2021/40/C/ST2/00187); Slovenia:
Slovenian Research Agency (ARIS grant J1-3010); Spain: BBVA Foun-
dation (LEO22-1-603), Generalitat Valenciana (Artemisa, FEDER,
IDIFEDER/2018/048), La Caixa Banking Foundation (LCF/BQ/PI20/
11760025), Ministry of Science and Innovation (RYC2019-028510-I,
RYC2020-030254-I), PROMETEO and GenT Programmes Generali-
tat Valenciana (CIDEGENT/2019/023, CIDEGENT/2019/027); Swe-
den: Swedish Research Council (VR 2018-00482, VR 2022-03845,
VR 2022-04683), Knut and Alice Wallenberg Foundation (KAW
2017.0100, KAW 2018.0157, KAW 2018.0458, KAW 2019.0447);
Switzerland: Swiss National Science Foundation (SNSF-PCEFP2_194-
658); UK: Leverhulme Trust (Leverhulme Trust RPG-2020-004); USA:
Neubauer Family Foundation.

Data Availability Statement This manuscript has no associated data.
[Authors’ comment: “All ATLAS scientific output is published in jour-
nals, and preliminary results are made available in Conference Notes.
All are openly available, without restriction on use by external parties
beyond copyright law and the standard conditions agreed by CERN.
Data associated with journal publications are also made available: tables
and data from plots (e.g. cross section values, likelihood profiles, selec-
tion efficiencies, cross section limits, . . .) are stored in appropriate
repositories such as HEPDATA (http://hepdata.cedar.ac.uk/). ATLAS
also strives to make additional material related to the paper available
that allows a reinterpretation of the data in the context of new theoret-
ical models. For example, an extended encapsulation of the analysis is
often provided for measurements in the framework of RIVET (http://
rivet.hepforge.org/).” This information is taken from the ATLAS Data
Access Policy, which is a public document that can be downloaded from
http://opendata.cern.ch/record/413 [opendata.cern.ch].]

Code Availability Statement This manuscript has no associated
code/software. [Authors’ comment: “All ATLAS scientific output is
published in journals, and preliminary results are made available in
Conference Notes. All are openly available, without restriction on use
by external parties beyond copyright law and the standard conditions
agreed by CERN. Data associated with journal publications are also
made available: tables and data from plots (e.g. cross section values,
likelihood profiles, selection efficiencies, cross section limits, . . .) are
stored in appropriate repositories such as HEPDATA (http://hepdata.
cedar.ac.uk/). ATLAS also strives to make additional material related
to the paper available that allows a reinterpretation of the data in the
context of new theoretical models. For example, an extended encap-
sulation of the analysis is often provided for measurements in the
framework of RIVET (http://rivet.hepforge.org/).” This information is

taken from the ATLAS Data Access Policy, which is a public docu-
ment that can be downloaded from http://opendata.cern.ch/record/413
[opendata.cern.ch].]

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

References

1. N. Arkani-Hamed, N. Weiner, LHC signals for a superunified
theory of dark matter. JHEP 12, 104 (2008). arXiv:0810.0714
[hep-ph]

2. M. Baumgart, C. Cheung, J.T. Ruderman, L.-T. Wang, I. Yavin,
Non-abelian dark sectors and their collider signatures. JHEP 04,
014 (2009). arXiv:0901.0283 [hep-ph]

3. A. Falkowski, R. Vega-Morales, Exotic Higgs decays in the golden
channel. JHEP 12, 037 (2014). arXiv:1405.1095 [hep-ph]

4. D. Curtin, R. Essig, S. Gori, J. Shelton, Illuminating dark
photons with high-energy colliders. JHEP 02, 157 (2015).
arXiv:1412.0018 [hep-ph]

5. C. Cheung, J.T. Ruderman, L.-T. Wang, I. Yavin, Lepton jets in
(supersymmetric) electroweak processes. JHEP 04, 116 (2010).
arXiv:0909.0290 [hep-ph]

6. A. Falkowski, J.T. Ruderman, T. Volansky, J. Zupan, Hid-
den Higgs decaying to lepton jets. JHEP 05, 077 (2010).
arXiv:1002.2952 [hep-ph]

7. A. Falkowski, J.T. Ruderman, T. Volansky, J. Zupan, Discovering
Higgs boson decays to lepton jets at hadron colliders. Phys. Rev.
Lett. 105, 241801 (2010). arXiv:1007.3496 [hep-ph]

8. ATLAS Collaboration, A detailed map of Higgs boson interac-
tions by the ATLAS experiment ten years after the discovery.
Nature 607, 52 (2022). arXiv:2207.00092 [hep-ex]

9. C. Cheung, J.T. Ruderman, L.-T. Wang, I. Yavin, Kinetic mixing
as the origin of a light dark-gauge-group scale. Phys. Rev. D 80,
035008 (2009). arXiv:0902.3246 [hep-ph]

10. B. Batell, M. Pospelov, A. Ritz, Probing a secluded U(1) at B
factories. Phys. Rev. D 79, 115008 (2009). arXiv:0903.0363 [hep-
ph]

11. P. Meade, M. Papucci, T. Volansky, Dark matter sees the light.
JHEP 12, 052 (2009). arXiv:0901.2925 [hep-ph]

12. Particle Data Group, P. Zyla et al., Review of particle physics.
PTEP 2020, 083C01 (2020)

13. M.J. Strassler, K.M. Zurek, Echoes of a hidden valley at hadron
colliders. Phys. Lett. B 651, 374 (2007). arXiv:hep-ph/0604261

14. ATLAS Collaboration, Search for displaced muonic lepton jets
from light Higgs boson decay in proton-proton collisions at

√
s =

7 TeV with the ATLAS detector. Phys. Lett. B 721, 32(2013).
arXiv:1210.0435 [hep-ex]

15. ATLAS Collaboration, Search for long-lived neutral parti-
cles decaying into lepton jets in proton-proton collisions at√

s = 8 TeV with the ATLAS detector. JHEP 11, 088 (2014).
arXiv:1409.0746 [hep-ex]

123

http://hepdata.cedar.ac.uk/
http://rivet.hepforge.org/
http://rivet.hepforge.org/
http://opendata.cern.ch/record/413
http://hepdata.cedar.ac.uk/
http://hepdata.cedar.ac.uk/
http://rivet.hepforge.org/
http://opendata.cern.ch/record/413
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/0810.0714
http://arxiv.org/abs/0901.0283
http://arxiv.org/abs/1405.1095
http://arxiv.org/abs/1412.0018
http://arxiv.org/abs/0909.0290
http://arxiv.org/abs/1002.2952
http://arxiv.org/abs/1007.3496
http://arxiv.org/abs/2207.00092
http://arxiv.org/abs/0902.3246
http://arxiv.org/abs/0903.0363
http://arxiv.org/abs/0901.2925
http://arxiv.org/abs/hep-ph/0604261
http://arxiv.org/abs/1210.0435
http://arxiv.org/abs/1409.0746


719 Page 14 of 29 Eur. Phys. J. C (2024) 84 :719

16. ATLAS Collaboration,v Search for light long-lived neutral parti-
cles produced in pp collisions at

√
s = 13 TeV and decaying into

collimated leptons or light hadrons with the ATLAS detector. Eur.
Phys. J. C 80, 450 (2020). arXiv:1909.01246 [hep-ex]

17. ATLAS Collaboration, Search for light long-lived neutral particles
that decay to collimated pairs of leptons or light hadrons in pp

collisions at
√

s = 13 TeV with the ATLAS detector. JHEP 06,
153 (2022). arXiv:2206.12181 [hep-ex]

18. ATLAS Collaboration, Search for WH production with a light
Higgs boson decaying to prompt electron-jets in proton-proton
collisions at

√
s = 7 TeV with the ATLAS detector. New J. Phys.

15, 043009 (2013). arXiv:1302.4403 [hep-ex]
19. ATLAS Collaboration, vA search for prompt lepton-jets in pp

collisions at
√

s = 7 TeV with the ATLAS detector. Phys. Lett. B
719, 299 (2013). arXiv:1212.5409 [hep-ex]

20. ATLAS Collaboration, vA search for prompt lepton-jets in pp

collisions at
√

s = 8 TeV with the ATLAS detector. JHEP 02,
062 (2016). arXiv:1511.05542 [hep-ex]

21. ATLAS Collaboration, Search for long-lived particles in final
states with displaced dimuon vertices in pp collisions at

√
s = 13

TeV with the ATLAS detector. Phys. Rev. D 99, 012001 (2019).
arXiv:1808.03057 [hep-ex]

22. CDF Collaboration, Search for anomalous production of multiple
leptons in association with W and Z bosons at CDF. Phys. Rev.
D 85, 092001 (2012). arXiv:1202.1260 [hep-ex]

23. D0 Collaboration, Search for dark photons from supersym-
metric hidden valleys. Phys. Rev. Lett. 103, 081802 (2009).
arXiv:0905.1478 [hep-ex]

24. D0 Collaboration, Search for events with leptonic jets and missing
transverse energy in p p̄ collisions at

√
s = 1.96 TeV. Phys. Rev.

Lett. 105, 211802 (2010). arXiv:1008.3356 [hep-ex]
25. CMS Collaboration, Search for light resonances decaying into

pairs of muons as a signal of new physics. JHEP 07, 098 (2011).
arXiv:1106.2375 [hep-ex]

26. CMS Collaboration, Search for a non-standard-model Higgs
boson decaying to a pair of new light bosons in four-muon final
states. Phys. Lett. B 726, 564 (2013). arXiv:1210.7619 [hep-ex]

27. CMS Collaboration, A search for pair production of new light
bosons decaying into muons. Phys. Lett. B 752, 146 (2016).
arXiv:1506.00424 [hep-ex]

28. CMS Collaboration, Search for dark photons in decays of
Higgs bosons produced in association with Z bosons in proton-
proton collisions at

√
s = 13 TeV. JHEP 10, 139 (2019).

arXiv:1908.02699 [hep-ex]
29. LHCb Collaboration, Search for hidden-sector bosons in B0 →

K ∗0μ+μ− decays. Phys. Rev. Lett. 115, 161802 (2015).
arXiv:1508.04094 [hep-ex]

30. LHCb Collaboration, Search for A′ → μ+μ− decays. Phys. Rev.
Lett. 124, 041801 (2020). arXiv: 1910.06926 [hep-ex]

31. J. Blümlein, J. Brunner, New exclusion limits for dark gauge
forces from beam-dump data. Phys. Lett. B 701, 155 (2011).
arXiv:1104.2747 [hep-ex]

32. J.D. Bjorken, R. Essig, P. Schuster, N. Toro, New fixed-target
experiments to search for dark gauge forces. Phys. Rev. D 80,
075018 (2009). arXiv:0906.0580 [hep-ph]

33. A. Bross et al., Search for short-lived particles produced in an
electron beam dump. Phys. Rev. Lett. 67, 2942 (1991)

34. A1 Collaboration, Search for light gauge bosons of the dark sector
at the Mainz microtron. Phys. Rev. Lett. 106, 251802 (2011).
arXiv:1101.4091 [nucl-ex]

35. WASA-at-COSY Collaboration, Search for a dark photon in
the ..0 π0 → e+e−γ decay. Phys. Lett. B 726, 187 (2013).
arXiv:1304.0671 [hep-ex]

36. S. Abrahamyan et al., Search for a new gauge boson in electron-
nucleus fixed-target scattering by the APEX experiment. Phys.
Rev. Lett. 107, 191804 (2011). arXiv:1108.2750 [hep-ex]

37. M. Reece, L.-T. Wang, Searching for the light dark gauge boson in
GeV-scale experiments. JHEP 07, 051 (2009). arXiv:0904.1743
[hep-ph]

38. J. Blümlein, J. Brunner, New exclusion limits on dark gauge forces
from proton Bremsstrahlung in beam-dump data. Phys. Lett. B
731, 320 (2014). arXiv:1311.3870 [hep-ph]

39. S.N. Gninenko, Constraints on sub-GeV hidden sector gauge
bosons from a search for heavy neutrino decays. Phys. Lett. B
713, 244 (2012). arXiv:1204.3583 [hep-ph]

40. R. Essig, R. Harnik, J. Kaplan, N. Toro, Discovering new light
states at neutrino experiments. Phys. Rev. D 82, 113008 (2010).
arXiv:1008.0636 [hep-ph]

41. HADES Collaboration, Searching a dark photon with HADES.
Phys. Lett. B 731, 265 (2014). arXiv:1311.0216 [hep-ex]

42. KLOE-2 Collaboration, Search for a vector gauge boson in ..
meson decays with the KLOE detector. Phys. Lett. B 706, 251
(2012). arXiv:1110.0411 [hep-ex]

43. KLOE-2 Collaboration, Limit on the production of a light vector
gauge boson in φ meson decays with the KLOE detector. Phys.
Lett. B 720, 111 (2013). arXiv:1210.3927 [hep-ex]

44. BABAR Collaboration, Search for dimuon decays of a light scalar
boson in radiative transitions ϒ → γ A0. Phys. Rev. Lett. 103,
081803 (2009). arXiv:0905.4539 [hep-ex]

45. BABAR Collaboration, Search for a dark photon in e+e−

collisions at BaBar. Phys. Rev. Lett. 113, 201801 (2014).
arXiv:1406.2980 [hep-ex]

46. BABAR Collaboration, Search for long-lived particles in
e+e− collisions. Phys. Rev. Lett. 114, 171801 (2015).
arXiv:1502.02580 [hep-ex]

47. Belle Collaboration, Search for the dark photon and the dark
Higgs boson at Belle. Phys. Rev. Lett. 114, 211801 (2015).
arXiv:1502.00084 [hep-ex]

48. Belle Collaboration, Search for a dark vector gauge boson decay-
ing toπ+π− usingη → π+π−γ decays. Phys. Rev. D 94, 092006
(2016). arXiv:1609.05599 [hep-ex]

49. BESIII Collaboration, Measurement of B(J/ψ → η′e+e−) and
search for a dark photon. Phys. Rev. D 99, 012013 (2019).
arXiv:1809.00635 [hep-ex]

50. BESIII Collaboration, Dark photon search in the mass range
between 1.5 and 3.4 GeV/c2. Phys. Lett. B 774, 252 (2017).
arXiv:1705.04265 [hep-ex]

51. M. Pospelov, Secluded U(1) below the weak scale. Phys. Rev. D
80, 095002 (2009). arXiv:0811.1030 [hep-ph]

52. H. Davoudiasl, H.-S. Lee, W.J. Marciano, Dark side of Higgs
diphoton decays and muon g−2. Phys. Rev. D 86, 095009 (2012).
arXiv:1208.2973 [hep-ph]

53. M. Endo, K. Hamaguchi, G. Mishima, Constraints on hidden pho-
ton models from electron g −2 and hydrogen spectroscopy. Phys.
Rev. D 86, 095029 (2012). arXiv:1209.2558 [hep-ph]

54. J.H. Chang, R. Essig, S.D. McDermott, Supernova 1987A con-
straints on sub-GeV dark sectors, millicharged particles, the
QCD axion, and an axion-like particle. JHEP 09, 051 (2018).
arXiv:1803.00993 [hep-ph]

55. H.K. Dreiner, J.-F. Fortin, C. Hanhart, L. Ubaldi, Supernova con-
straints on MeV dark sectors from e+e− annihilations. Phys. Rev.
D 89, 105015 (2014). arXiv:1310.3826 [hep-ph]

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

57. ATLAS Collaboration, ATLAS Insertable B-Layer: Techni-
cal Design Report, ATLAS-TDR-19; CERN-LHCC-2010-
013 (2010). https://cds.cern.ch/record/1291633 [Addendum:
ATLAS-TDR-19-ADD-1; CERN-LHCC-2012-009 (2012).
https://cds.cern.ch/record/1451888]

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

123

http://arxiv.org/abs/1909.01246
http://arxiv.org/abs/2206.12181
http://arxiv.org/abs/1302.4403
http://arxiv.org/abs/1212.5409
http://arxiv.org/abs/1511.05542
http://arxiv.org/abs/1808.03057
http://arxiv.org/abs/1202.1260
http://arxiv.org/abs/0905.1478
http://arxiv.org/abs/1008.3356
http://arxiv.org/abs/1106.2375
http://arxiv.org/abs/1210.7619
http://arxiv.org/abs/1506.00424
http://arxiv.org/abs/1908.02699
http://arxiv.org/abs/1508.04094
http://arxiv.org/abs/1910.06926
http://arxiv.org/abs/1104.2747
http://arxiv.org/abs/0906.0580
http://arxiv.org/abs/1101.4091
http://arxiv.org/abs/1304.0671
http://arxiv.org/abs/1108.2750
http://arxiv.org/abs/0904.1743
http://arxiv.org/abs/1311.3870
http://arxiv.org/abs/1204.3583
http://arxiv.org/abs/1008.0636
http://arxiv.org/abs/1311.0216
http://arxiv.org/abs/1110.0411
http://arxiv.org/abs/1210.3927
http://arxiv.org/abs/0905.4539
http://arxiv.org/abs/1406.2980
http://arxiv.org/abs/1502.02580
http://arxiv.org/abs/1502.00084
http://arxiv.org/abs/1609.05599
http://arxiv.org/abs/1809.00635
http://arxiv.org/abs/1705.04265
http://arxiv.org/abs/0811.1030
http://arxiv.org/abs/1208.2973
http://arxiv.org/abs/1209.2558
http://arxiv.org/abs/1803.00993
http://arxiv.org/abs/1310.3826
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1451888
http://arxiv.org/abs/1803.00844


Eur. Phys. J. C (2024) 84 :719 Page 15 of 29 719

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

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

61. ATLAS Collaboration, ATLAS data quality operations and per-
formance for 2015–2018 data-taking. JINST 15, P04003 (2020).
arXiv:1911.04632 [physics.ins-det]

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

63. ATLAS Collaboration, Triggers for displaced decays of long-lived
neutral particles in the ATLAS detector. JINST 8, P07015 (2013).
arXiv:1305.2284 [hep-ex]

64. L. Evans, P. Bryant, L.H.C. Machine, JINST 3, S08001 (2008)
65. ATLAS Collaboration, Characterisation and mitigation of beam-

induced backgrounds observed in the ATLAS detector dur-
ing the 2011 proton-proton run. JINST 8, P07004 (2013).
arXiv:1303.0223 [hep-ex]

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

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

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

69. M. Cepeda et al., Higgs Physics at the HL-LHC and HE-LHC,
CERN Yellow Rep. Monogr., vol. 7, p. 221, ed. by A. Dainese
et al. (2019). arXiv:1902.00134 [hep-ph]

70. ATLAS Collaboration, Constraining the dark sector with the
monojet signature in the ATLAS experiment, ATL-PHYS-PUB-
2021-020 (2021). https://cds.cern.ch/record/2772627

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

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

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

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

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

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

77. J. Gao et al., CT10 next-to-next-to-leading order global analysis of
QCD. Phys. Rev. D 89, 033009 (2014). arXiv:1302.6246 [hep-ph]

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

79. ATLAS Collaboration, The ATLAS Simulation Infrastructure.
Eur. Phys. J. C 70, 823 (2010). arXiv:1005.4568 [physics.ins-det]

80. S. Agostinelli et al., Geant4—a simulation toolkit. Nucl. Instrum.
Meth. A 506, 250 (2003)

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

82. ATLAS Collaboration, Vertex reconstruction performance of the
ATLAS detector at

√
s = 13 TeV, ATL-PHYS-PUB-2015-026

(2015). https://cds.cern.ch/record/2037717
83. ATLAS Collaboration, Properties of jets and inputs to jet recon-

struction and calibration with the ATLAS detector using proton-
proton collisions at

√
s = 13 TeV, ATL-PHYS-PUB-2015-036

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

rithm. JHEP 04, 063 (2008). arXiv:0802.1189 [hep-ph]
85. M. Cacciari, G.P. Salam, G. Soyez, FastJet user manual. Eur. Phys.

J. C 72, 1896 (2012). arXiv:1111.6097 [hep-ph]
86. ATLAS Collaboration, Jet energy scale measurements and their

systematic uncertainties in proton-proton collisions at
√

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

87. ATLAS Collaboration, Selection of jets produced in 13 TeV
proton-proton collisions with the ATLAS detector, ATLAS-
CONF-2015-029 (2015). https://cds.cern.ch/record/2037702

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

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

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

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

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

s = 13 TeV. Eur. Phys. J. C 81, 578 (2021). arXiv:2012.00578
[hep-ex]

92. ATLAS Collaboration, Performance of missing transverse
momentum reconstruction with the ATLAS detector in the first
proton-proton collisions at

√
s = 13 TeV, ATL-PHYS-PUB-

2015-027 (2015). https://cds.cern.ch/record/2037904
93. ATLAS Collaboration, Emiss

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

94. Y.L. Dokshitzer, G.D. Leder, S. Moretti, B.R. Webber,
Better jet clustering algorithms. JHEP 08, 001 (1997).
arXiv:hep-ph/9707323 [hep-ph]

95. M. Abadi et al., TensorFlow: Large-Scale Machine Learning on
Heterogeneous Distributed Systems (2016). arXiv:1603.04467
[cs.DC]

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

√
s = 8 TeV using the ATLAS

detector. Eur. Phys. J. C 76, 581 (2016). arXiv:1510.03823 [hep-
ex]

97. ATLAS Collaboration, Monitoring and data quality assessment
of the ATLAS liquid argon calorimeter. JINST 9, P07024 (2014).
arXiv:1405.3768 [hep-ex]

98. ATLAS Collaboration, Topological cell clustering in the ATLAS
calorimeters and its performance in LHC Run 1. Eur. Phys. J. C
77, 490 (2017). arXiv:1603.02934 [hep-ex]

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

√
s = 13 TeV with the ATLAS detector at

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

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

√
s = 13 TeV using the ATLAS detector at

the LHC, ATLAS-CONF-2019-021 (2019). https://cds.cern.ch/
record/2677054

123

http://arxiv.org/abs/1611.09661
https://cds.cern.ch/record/2767187
https://cds.cern.ch/record/2767187
http://arxiv.org/abs/1911.04632
http://arxiv.org/abs/2005.09554
http://arxiv.org/abs/1305.2284
http://arxiv.org/abs/1303.0223
http://arxiv.org/abs/1405.0301
http://arxiv.org/abs/0710.3820
http://arxiv.org/abs/1207.1303
http://arxiv.org/abs/1902.00134
https://cds.cern.ch/record/2772627
http://arxiv.org/abs/1410.3012
http://arxiv.org/abs/0811.4622
http://arxiv.org/abs/1410.8849
http://arxiv.org/abs/0709.2092
https://cds.cern.ch/record/1966419
https://cds.cern.ch/record/1966419
http://arxiv.org/abs/hep-ph/0506026
http://arxiv.org/abs/1302.6246
http://arxiv.org/abs/hep-ph/0201195
http://arxiv.org/abs/1005.4568
https://cds.cern.ch/record/2206965
https://cds.cern.ch/record/2037717
https://cds.cern.ch/record/2044564
http://arxiv.org/abs/0802.1189
http://arxiv.org/abs/1111.6097
http://arxiv.org/abs/1703.09665
https://cds.cern.ch/record/2037702
https://cds.cern.ch/record/2273281
https://cds.cern.ch/record/2273281
http://arxiv.org/abs/1907.05120
http://arxiv.org/abs/1908.00005
http://arxiv.org/abs/2012.00578
https://cds.cern.ch/record/2037904
https://cds.cern.ch/record/2625233
http://arxiv.org/abs/hep-ph/9707323
http://arxiv.org/abs/1603.04467
http://arxiv.org/abs/1510.03823
http://arxiv.org/abs/1405.3768
http://arxiv.org/abs/1603.02934
http://arxiv.org/abs/1606.02625
https://cds.cern.ch/record/2677054
https://cds.cern.ch/record/2677054


719 Page 16 of 29 Eur. Phys. J. C (2024) 84 :719

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

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

103. G. Cowan, K. Cranmer, E. Gross, O. Vitells, Asymptotic formulae
for likelihood-based tests of new physics. Eur. Phys. J. C 71, 1554

(2011). arXiv:1007.1727 [physics.data-an] [Erratum: Eur. Phys.
J. C 73 (2013) 2501]

104. ATLAS Collaboration, ATLAS Computing Acknowledgements,
ATL-SOFT-PUB-2023-001 (2023). https://cds.cern.ch/record/
2869272

ATLAS Collaboration⋆

G. Aad102 , B. Abbott120 , K. Abeling55 , N. J. Abicht49 , S. H. Abidi29 , A. Aboulhorma35e , H. Abramowicz151 ,
H. Abreu150 , Y. Abulaiti117 , B. S. Acharya69a,69b,m , C. Adam Bourdarios4 , L. Adamczyk86a ,
S. V. Addepalli26 , M. J. Addison101 , J. Adelman115 , A. Adiguzel21c , T. Adye134 , A. A. Affolder136 ,
Y. Afik36 , M. N. Agaras13 , J. Agarwala73a,73b , A. Aggarwal100 , C. Agheorghiesei27c , A. Ahmad36 ,
F. Ahmadov38,y , W. S. Ahmed104 , S. Ahuja95 , X. Ai62a , G. Aielli76a,76b , A. Aikot163 , M. Ait Tamlihat35e ,
B. Aitbenchikh35a , I. Aizenberg169 , M. Akbiyik100 , T. P. A. Åkesson98 , A. V. Akimov37 , D. Akiyama168 ,
N. N. Akolkar24 , S. Aktas21a , K. Al Khoury41 , G. L. Alberghi23b , J. Albert165 , P. Albicocco53 ,
G. L. Albouy60 , S. Alderweireldt52 , Z. L. Alegria121 , M. Aleksa36 , I. N. Aleksandrov38 , C. Alexa27b ,
T. Alexopoulos10 , F. Alfonsi23b , M. Algren56 , M. Alhroob120 , B. Ali132 , H. M. J. Ali91 , S. Ali148 ,
S. W. Alibocus92 , M. Aliev145 , G. Alimonti71a , W. Alkakhi55 , C. Allaire66 , B. M. M. Allbrooke146 ,
J. F. Allen52 , C. A. Allendes Flores137f , P. P. Allport20 , A. Aloisio72a,72b , F. Alonso90 , C. Alpigiani138 ,
M. Alvarez Estevez99 , A. Alvarez Fernandez100 , M. Alves Cardoso56 , M. G. Alviggi72a,72b , M. Aly101 ,
Y. Amaral Coutinho83b , A. Ambler104 , C. Amelung36, M. Amerl101 , C. G. Ames109 , D. Amidei106 ,
S. P. Amor Dos Santos130a , K. R. Amos163 , V. Ananiev125 , C. Anastopoulos139 , T. Andeen11 , J. K. Anders36 ,
S. Y. Andrean47a,47b , A. Andreazza71a,71b , S. Angelidakis9 , A. Angerami41,ab , A. V. Anisenkov37 ,
A. Annovi74a , C. Antel56 , M. T. Anthony139 , E. Antipov145 , M. Antonelli53 , F. Anulli75a , M. Aoki84 ,
T. Aoki153 , J. A. Aparisi Pozo163 , M. A. Aparo146 , L. Aperio Bella48 , C. Appelt18 , A. Apyan26 ,
N. Aranzabal36 , S. J. Arbiol Val87 , C. Arcangeletti53 , A. T. H. Arce51 , E. Arena92 , J-F. Arguin108 ,
S. Argyropoulos54 , J.-H. Arling48 , O. Arnaez4 , H. Arnold114 , G. Artoni75a,75b , H. Asada111 , K. Asai118 ,
S. Asai153 , N. A. Asbah61 , K. Assamagan29 , R. Astalos28a , S. Atashi160 , R. J. Atkin33a , M. Atkinson162,
H. Atmani35f, P. A. Atmasiddha128 , K. Augsten132 , S. Auricchio72a,72b , A. D. Auriol20 , V. A. Austrup101 ,
G. Avolio36 , K. Axiotis56 , G. Azuelos108,af , D. Babal28b , H. Bachacou135 , K. Bachas152,p , A. Bachiu34 ,
F. Backman47a,47b , A. Badea61 , T. M. Baer106 , P. Bagnaia75a,75b , M. Bahmani18 , D. Bahner54 ,
A. J. Bailey163 , V. R. Bailey162 , J. T. Baines134 , L. Baines94 , O. K. Baker172 , E. Bakos15 , D. Bakshi Gupta8 ,
V. Balakrishnan120 , R. Balasubramanian114 , E. M. Baldin37 , P. Balek86a , E. Ballabene23a,23b , F. Balli135 ,
L. M. Baltes63a , W. K. Balunas32 , J. Balz100 , E. Banas87 , M. Bandieramonte129 , A. Bandyopadhyay24 ,
S. Bansal24 , L. Barak151 , M. Barakat48 , E. L. Barberio105 , D. Barberis57a,57b , M. Barbero102 , M. Z. Barel114 ,
K. N. Barends33a , T. Barillari110 , M-S. Barisits36 , T. Barklow143 , P. Baron122 , D. A. Baron Moreno101 ,
A. Baroncelli62a , G. Barone29 , A. J. Barr126 , J. D. Barr96 , L. Barranco Navarro47a,47b , F. Barreiro99 ,
J. Barreiro Guimarães da Costa14a , U. Barron151 , M. G. Barros Teixeira130a , S. Barsov37 , F. Bartels63a ,
R. Bartoldus143 , A. E. Barton91 , P. Bartos28a , A. Basan100 , M. Baselga49 , A. Bassalat66,b , M. J. Basso156a ,
C. R. Basson101 , R. L. Bates59 , S. Batlamous35e, J. R. Batley32 , B. Batool141 , M. Battaglia136 , D. Battulga18 ,
M. Bauce75a,75b , M. Bauer36 , P. Bauer24 , L. T. Bazzano Hurrell30 , J. B. Beacham51 , T. Beau127 ,
J. Y. Beaucamp90 , P. H. Beauchemin158 , F. Becherer54 , P. Bechtle24 , H. P. Beck19,o , K. Becker167 ,
A. J. Beddall82 , V. A. Bednyakov38 , C. P. Bee145 , L. J. Beemster15 , T. A. Beermann36 , M. Begalli83d ,
M. Begel29 , A. Behera145 , J. K. Behr48 , J. F. Beirer36 , F. Beisiegel24 , M. Belfkir159 , G. Bella151 ,
L. Bellagamba23b , A. Bellerive34 , P. Bellos20 , K. Beloborodov37 , D. Benchekroun35a , F. Bendebba35a ,
Y. Benhammou151 , M. Benoit29 , J. R. Bensinger26 , S. Bentvelsen114 , L. Beresford48 , M. Beretta53 ,
E. Bergeaas Kuutmann161 , N. Berger4 , B. Bergmann132 , J. Beringer17a , G. Bernardi5 , C. Bernius143 ,
F. U. Bernlochner24 , F. Bernon36,102 , A. Berrocal Guardia13 , T. Berry95 , P. Berta133 , A. Berthold50 ,
I. A. Bertram91 , S. Bethke110 , A. Betti75a,75b , A. J. Bevan94 , N. K. Bhalla54 , M. Bhamjee33c , S. Bhatta145 ,
D. S. Bhattacharya166 , P. Bhattarai143 , V. S. Bhopatkar121 , R. Bi29,ai, R. M. Bianchi129 , G. Bianco23a,23b ,
O. Biebel109 , R. Bielski123 , M. Biglietti77a , M. Bindi55 , A. Bingul21b , C. Bini75a,75b , A. Biondini92 ,
C. J. Birch-sykes101 , G. A. Bird20,134 , M. Birman169 , M. Biros133 , S. Biryukov146 , T. Bisanz49 ,

123

http://arxiv.org/abs/1007.1727
https://cds.cern.ch/record/2869272
https://cds.cern.ch/record/2869272
http://orcid.org/0000-0002-6665-4934
http://orcid.org/0000-0002-5888-2734
http://orcid.org/0000-0002-1002-1652
http://orcid.org/0000-0001-5763-2760
http://orcid.org/0000-0002-8496-9294
http://orcid.org/0000-0002-9987-2292
http://orcid.org/0000-0001-5329-6640
http://orcid.org/0000-0002-1599-2896
http://orcid.org/0000-0003-0403-3697
http://orcid.org/0000-0002-8588-9157
http://orcid.org/0000-0002-2634-4958
http://orcid.org/0000-0002-5859-2075
http://orcid.org/0000-0002-2919-6663
http://orcid.org/0000-0002-8387-3661
http://orcid.org/0000-0002-1041-3496
http://orcid.org/0000-0001-6644-0517
http://orcid.org/0000-0003-0627-5059
http://orcid.org/0000-0002-9058-7217
http://orcid.org/0000-0001-8102-356X
http://orcid.org/0000-0002-4355-5589
http://orcid.org/0000-0002-4754-7455
http://orcid.org/0000-0002-1922-2039
http://orcid.org/0000-0003-3695-1847
http://orcid.org/0000-0001-8638-0582
http://orcid.org/0000-0003-3644-540X
http://orcid.org/0000-0003-0128-3279
http://orcid.org/0000-0003-4368-9285
http://orcid.org/0000-0003-3856-2415
http://orcid.org/0000-0002-0573-8114
http://orcid.org/0000-0001-6578-6890
http://orcid.org/0000-0002-1322-4666
http://orcid.org/0000-0002-8020-1181
http://orcid.org/0000-0003-2150-1624
http://orcid.org/0000-0002-7342-3130
http://orcid.org/0000-0003-4141-5408
http://orcid.org/0000-0002-2846-2958
http://orcid.org/0000-0001-7623-6421
http://orcid.org/0000-0003-3424-2123
http://orcid.org/0000-0002-8250-6501
http://orcid.org/0000-0002-0547-8199
http://orcid.org/0000-0003-2388-987X
http://orcid.org/0000-0003-0253-2505
http://orcid.org/0000-0001-6430-1038
http://orcid.org/0000-0003-0830-0107
http://orcid.org/0000-0002-8224-7036
http://orcid.org/0000-0002-1977-0799
http://orcid.org/0000-0002-1936-9217
http://orcid.org/0000-0001-7381-6762
http://orcid.org/0000-0003-0922-7669
http://orcid.org/0000-0002-8977-279X
http://orcid.org/0000-0002-0966-0211
http://orcid.org/0000-0003-1793-1787
http://orcid.org/0000-0001-7569-7111
http://orcid.org/0000-0001-8653-5556
http://orcid.org/0000-0002-4507-7349
http://orcid.org/0000-0001-5216-3133
http://orcid.org/0000-0002-9377-8852
http://orcid.org/0000-0002-9012-3746
http://orcid.org/0000-0002-7128-9046
http://orcid.org/0000-0001-9355-4245
http://orcid.org/0000-0003-4745-538X
http://orcid.org/0000-0002-5738-2471
http://orcid.org/0000-0001-9990-7486
http://orcid.org/0000-0002-1509-3217
http://orcid.org/0000-0001-7303-2570
http://orcid.org/0000-0002-3883-6693
http://orcid.org/0000-0001-9431-8156
http://orcid.org/0000-0002-7641-5814
http://orcid.org/0000-0002-8181-6532
http://orcid.org/0000-0003-1525-4620
http://orcid.org/0000-0002-0042-292X
http://orcid.org/0000-0003-0026-982X
http://orcid.org/0000-0003-3043-3715
http://orcid.org/0000-0002-1798-7230
http://orcid.org/0000-0003-2184-3480
http://orcid.org/0000-0003-1155-7982
http://orcid.org/0000-0002-2126-4246
http://orcid.org/0000-0002-6814-0355
http://orcid.org/0000-0001-7566-6067
http://orcid.org/0000-0003-1757-5620
http://orcid.org/0000-0003-3649-7621
http://orcid.org/0000-0003-1587-5830
http://orcid.org/0000-0002-4413-871X
http://orcid.org/0000-0002-1846-0262
http://orcid.org/0000-0002-9766-2670
http://orcid.org/0000-0001-5161-5759
http://orcid.org/0000-0002-8274-6118
http://orcid.org/0000-0001-7834-8750
http://orcid.org/0000-0002-7201-5936
http://orcid.org/0000-0002-4649-4398
http://orcid.org/0000-0001-9683-0890
http://orcid.org/0000-0002-5270-0143
http://orcid.org/0000-0002-6678-7665
http://orcid.org/0000-0002-2293-5726
http://orcid.org/0000-0003-2734-130X
http://orcid.org/0000-0001-7498-0097
http://orcid.org/0000-0002-6618-5170
http://orcid.org/0000-0001-7401-4331
http://orcid.org/0000-0003-4675-7810
http://orcid.org/0000-0003-3942-1702
http://orcid.org/0000-0003-1205-6784
http://orcid.org/0000-0002-9418-6656
http://orcid.org/0000-0001-9013-2274
http://orcid.org/0000-0002-8849-0360
http://orcid.org/0000-0001-8648-2896
http://orcid.org/0000-0002-7255-0832
http://orcid.org/0000-0001-5970-8677
http://orcid.org/0000-0003-0229-3858
http://orcid.org/0000-0001-7748-1429
http://orcid.org/0000-0002-1577-5090
http://orcid.org/0000-0002-6096-0893
http://orcid.org/0000-0003-3578-2228
http://orcid.org/0000-0002-3477-4499
http://orcid.org/0000-0003-1420-4955
http://orcid.org/0000-0002-3670-6908
http://orcid.org/0000-0001-5279-2298
http://orcid.org/0000-0001-8381-2255
http://orcid.org/0000-0002-4826-2662
http://orcid.org/0000-0001-5095-605X
http://orcid.org/0000-0002-3624-4475
http://orcid.org/0000-0002-1972-1006
http://orcid.org/0000-0002-7639-9703
http://orcid.org/0000-0001-8324-0576
http://orcid.org/0000-0001-7599-7712
http://orcid.org/0000-0002-3623-1228
http://orcid.org/0000-0001-6918-9065
http://orcid.org/0000-0003-2664-3437
http://orcid.org/0000-0003-3664-8186
http://orcid.org/0000-0003-4241-022X
http://orcid.org/0000-0001-7657-6004
http://orcid.org/0000-0002-2256-4515
http://orcid.org/0000-0002-9047-6517
http://orcid.org/0000-0001-8599-024X
http://orcid.org/0000-0001-7489-9184
http://orcid.org/0000-0001-5199-9588
http://orcid.org/0000-0002-2469-513X
http://orcid.org/0000-0003-4578-2651
http://orcid.org/0000-0003-4173-0926
http://orcid.org/0000-0001-8061-9978
http://orcid.org/0000-0002-3301-2986
http://orcid.org/0000-0001-8291-5711
http://orcid.org/0000-0003-0770-2702
http://orcid.org/0000-0002-9326-1415
http://orcid.org/0000-0003-1346-5774
http://orcid.org/0000-0002-1110-4433
http://orcid.org/0000-0002-6580-008X
http://orcid.org/0000-0003-2580-2520
http://orcid.org/0000-0001-5840-1788
http://orcid.org/0000-0002-9854-975X
http://orcid.org/0000-0002-0942-1966
http://orcid.org/0000-0001-9700-2587
http://orcid.org/0000-0003-0844-4207
http://orcid.org/0000-0001-7041-7096
http://orcid.org/0000-0002-7048-4915
http://orcid.org/0000-0003-2866-9446
http://orcid.org/0000-0001-5325-6040
http://orcid.org/0000-0003-2014-9489
http://orcid.org/0000-0002-5256-839X
http://orcid.org/0000-0002-8754-1074
http://orcid.org/0000-0002-3436-2726
http://orcid.org/0000-0001-5740-1866
http://orcid.org/0000-0002-3111-0910
http://orcid.org/0000-0002-3938-4553
http://orcid.org/0000-0002-7824-3358
http://orcid.org/0000-0002-5572-2372
http://orcid.org/0000-0002-9165-9331
http://orcid.org/0000-0001-7326-0565
http://orcid.org/0000-0003-0253-106X
http://orcid.org/0000-0002-7709-037X
http://orcid.org/0000-0002-5170-0053
http://orcid.org/0000-0001-9864-7985
http://orcid.org/0000-0001-7090-7474
http://orcid.org/0000-0001-5163-5936
http://orcid.org/0000-0002-3533-3740
http://orcid.org/0000-0002-9752-9204
http://orcid.org/0000-0002-3380-8167
http://orcid.org/0000-0002-3021-0258
http://orcid.org/0000-0003-2387-0386
http://orcid.org/0000-0002-3455-7208
http://orcid.org/0000-0003-0914-8178
http://orcid.org/0000-0003-2872-7116
http://orcid.org/0000-0002-3407-0918
http://orcid.org/0000-0001-5317-9794
http://orcid.org/0000-0001-9696-9497
http://orcid.org/0000-0003-1419-3213
http://orcid.org/0000-0001-8021-8525
http://orcid.org/0000-0002-1533-0876
http://orcid.org/0000-0002-0129-1423
http://orcid.org/0000-0001-9278-3863
http://orcid.org/0000-0003-1693-5946
http://orcid.org/0000-0002-6923-5372
http://orcid.org/0000-0001-7658-7766
http://orcid.org/0000-0001-6544-9376
http://orcid.org/0000-0001-9608-543X
http://orcid.org/0000-0001-6389-5364
http://orcid.org/0000-0002-9148-4658
http://orcid.org/0000-0002-4819-0419
http://orcid.org/0000-0002-4568-5360
http://orcid.org/0000-0002-8985-6934
http://orcid.org/0000-0003-3623-3335
http://orcid.org/0000-0002-2022-2140
http://orcid.org/0000-0002-0660-1558
http://orcid.org/0000-0003-4889-8748
http://orcid.org/0000-0003-0562-4616
http://orcid.org/0000-0003-3479-2221
http://orcid.org/0000-0001-7212-1096
http://orcid.org/0000-0002-6691-6498
http://orcid.org/0000-0002-8451-9672
http://orcid.org/0000-0003-4864-8909
http://orcid.org/0000-0001-6294-6561
http://orcid.org/0009-0000-5402-0697
http://orcid.org/0000-0001-9805-2893
http://orcid.org/0000-0003-4868-6059
http://orcid.org/0000-0002-1634-4399
http://orcid.org/0000-0002-7739-295X
http://orcid.org/0000-0002-5501-4640
http://orcid.org/0000-0001-9024-4989
http://orcid.org/0000-0002-7659-8948
http://orcid.org/0000-0001-9974-1527
http://orcid.org/0000-0002-4009-0990
http://orcid.org/0000-0001-7098-9393
http://orcid.org/0000-0001-6775-0111
http://orcid.org/0000-0003-2049-9622
http://orcid.org/0000-0003-0945-4087
http://orcid.org/0000-0001-5196-8327
http://orcid.org/0000-0002-5360-5973
http://orcid.org/0000-0002-0392-1783
http://orcid.org/0000-0002-8623-1699
http://orcid.org/0000-0002-6117-4536
http://orcid.org/0000-0003-3280-0953
http://orcid.org/0000-0002-3080-1824
http://orcid.org/0000-0002-7026-8171
http://orcid.org/0000-0002-1253-8583
http://orcid.org/0000-0002-7963-9725
http://orcid.org/0000-0002-8076-5614
http://orcid.org/0000-0002-9975-1781
http://orcid.org/0000-0002-2837-2442
http://orcid.org/0000-0003-3433-1687
http://orcid.org/0000-0001-8153-2719
http://orcid.org/0000-0003-0499-8755
http://orcid.org/0000-0002-1976-5703
http://orcid.org/0000-0002-9569-8231
http://orcid.org/0000-0003-0780-0345
http://orcid.org/0000-0002-3824-409X
http://orcid.org/0000-0003-4073-4941
http://orcid.org/0000-0003-0073-3821
http://orcid.org/0000-0003-0839-9311
http://orcid.org/0000-0002-4105-9629
http://orcid.org/0000-0003-2677-5675
http://orcid.org/0000-0002-2697-4589
http://orcid.org/0000-0002-9045-3278
http://orcid.org/0000-0003-3837-4166
http://orcid.org/0000-0001-9977-0416
http://orcid.org/0000-0003-3024-587X
http://orcid.org/0000-0001-7345-7798
http://orcid.org/0000-0003-4473-7242
http://orcid.org/0000-0002-8663-6856
http://orcid.org/0000-0002-2079-5344
http://orcid.org/0000-0001-5442-1351
http://orcid.org/0000-0001-6172-545X
http://orcid.org/0000-0002-2455-8039
http://orcid.org/0000-0001-6674-7869
http://orcid.org/0000-0002-1559-3473
http://orcid.org/0000-0001-6329-9191
http://orcid.org/0000-0003-2025-5935
http://orcid.org/0000-0002-3835-0968
http://orcid.org/0000-0003-2781-623X
http://orcid.org/0000-0003-3386-9397
http://orcid.org/0000-0002-7820-3065


Eur. Phys. J. C (2024) 84 :719 Page 17 of 29 719

E. Bisceglie43a,43b , J. P. Biswal134 , D. Biswas141 , A. Bitadze101 , K. Bjørke125 , I. Bloch48 , A. Blue59 ,
U. Blumenschein94 , J. Blumenthal100 , G. J. Bobbink114 , V. S. Bobrovnikov37 , M. Boehler54 , B. Boehm166 ,
D. Bogavac36 , A. G. Bogdanchikov37 , C. Bohm47a , V. Boisvert95 , P. Bokan48 , T. Bold86a , M. Bomben5 ,
M. Bona94 , M. Boonekamp135 , C. D. Booth95 , A. G. Borbély59 , I. S. Bordulev37 , H. M. Borecka-Bielska108 ,
G. Borissov91 , D. Bortoletto126 , D. Boscherini23b , M. Bosman13 , J. D. Bossio Sola36 , K. Bouaouda35a ,
N. Bouchhar163 , J. Boudreau129 , E. V. Bouhova-Thacker91 , D. Boumediene40 , R. Bouquet165 , A. Boveia119 ,
J. Boyd36 , D. Boye29 , I. R. Boyko38 , J. Bracinik20 , N. Brahimi62d , G. Brandt171 , O. Brandt32 , F. Braren48 ,
B. Brau103 , J. E. Brau123 , R. Brener169 , L. Brenner114 , R. Brenner161 , S. Bressler169 , D. Britton59 ,
D. Britzger110 , I. Brock24 , G. Brooijmans41 , W. K. Brooks137f , E. Brost29 , L. M. Brown165 , L. E. Bruce61 ,
T. L. Bruckler126 , P. A. Bruckman de Renstrom87 , B. Brüers48 , A. Bruni23b , G. Bruni23b , M. Bruschi23b ,
N. Bruscino75a,75b , T. Buanes16 , Q. Buat138 , D. Buchin110 , A. G. Buckley59 , O. Bulekov37 , B. A. Bullard143 ,
S. Burdin92 , C. D. Burgard49 , A. M. Burger40 , B. Burghgrave8 , O. Burlayenko54 , J. T. P. Burr32 ,
C. D. Burton11 , J. C. Burzynski142 , E. L. Busch41 , V. Büscher100 , P. J. Bussey59 , J. M. Butler25 ,
C. M. Buttar59 , J. M. Butterworth96 , W. Buttinger134 , C. J. Buxo Vazquez107 , A. R. Buzykaev37 ,
S. Cabrera Urbán163 , L. Cadamuro66 , D. Caforio58 , H. Cai129 , Y. Cai14a,14e , Y. Cai14c , V. M. M. Cairo36 ,
O. Cakir3a , N. Calace36 , P. Calafiura17a , G. Calderini127 , P. Calfayan68 , G. Callea59 , L. P. Caloba83b,
D. Calvet40 , S. Calvet40 , T. P. Calvet102 , M. Calvetti74a,74b , R. Camacho Toro127 , S. Camarda36 ,
D. Camarero Munoz26 , P. Camarri76a,76b , M. T. Camerlingo72a,72b , D. Cameron36 , C. Camincher165 ,
M. Campanelli96 , A. Camplani42 , V. Canale72a,72b , A. Canesse104 , J. Cantero163 , Y. Cao162 , F. Capocasa26 ,
M. Capua43a,43b , A. Carbone71a,71b , R. Cardarelli76a , J. C. J. Cardenas8 , F. Cardillo163 , G. Carducci43a,43b ,
T. Carli36 , G. Carlino72a , J. I. Carlotto13 , B. T. Carlson129,q , E. M. Carlson156a,165 , L. Carminati71a,71b ,
A. Carnelli135 , M. Carnesale75a,75b , S. Caron113 , E. Carquin137f , S. Carrá71a , G. Carratta23a,23b ,
F. Carrio Argos33g , J. W. S. Carter155 , T. M. Carter52 , M. P. Casado13,i , M. Caspar48 , F. L. Castillo4 ,
L. Castillo Garcia13 , V. Castillo Gimenez163 , N. F. Castro130a,130e , A. Catinaccio36 , J. R. Catmore125 ,
V. Cavaliere29 , N. Cavalli23a,23b , V. Cavasinni74a,74b , Y. C. Cekmecelioglu48 , E. Celebi21a , F. Celli126 ,
M. S. Centonze70a,70b , V. Cepaitis56 , K. Cerny122 , A. S. Cerqueira83a , A. Cerri146 , L. Cerrito76a,76b ,
F. Cerutti17a , B. Cervato141 , A. Cervelli23b , G. Cesarini53 , S. A. Cetin82 , D. Chakraborty115 , J. Chan170 ,
W. Y. Chan153 , J. D. Chapman32 , E. Chapon135 , B. Chargeishvili149b , D. G. Charlton20 , M. Chatterjee19 ,
C. Chauhan133 , S. Chekanov6 , S. V. Chekulaev156a , G. A. Chelkov38,a , A. Chen106 , B. Chen151 ,
B. Chen165 , H. Chen14c , H. Chen29 , J. Chen62c , J. Chen142 , M. Chen126 , S. Chen153 , S. J. Chen14c ,
X. Chen62c,135 , X. Chen14b,ae , Y. Chen62a , C. L. Cheng170 , H. C. Cheng64a , S. Cheong143 , A. Cheplakov38 ,
E. Cheremushkina48 , E. Cherepanova114 , R. Cherkaoui El Moursli35e , E. Cheu7 , K. Cheung65 , L. Chevalier135 ,
V. Chiarella53 , G. Chiarelli74a , N. Chiedde102 , G. Chiodini70a , A. S. Chisholm20 , A. Chitan27b ,
M. Chitishvili163 , M. V. Chizhov38 , K. Choi11 , A. R. Chomont75a,75b , Y. Chou103 , E. Y. S. Chow113 ,
T. Chowdhury33g , K. L. Chu169 , M. C. Chu64a , X. Chu14a,14e , J. Chudoba131 , J. J. Chwastowski87 ,
D. Cieri110 , K. M. Ciesla86a , V. Cindro93 , A. Ciocio17a , F. Cirotto72a,72b , Z. H. Citron169,k ,
M. Citterio71a , D. A. Ciubotaru27b, A. Clark56 , P. J. Clark52 , C. Clarry155 , J. M. Clavijo Columbie48 ,
S. E. Clawson48 , C. Clement47a,47b , J. Clercx48 , Y. Coadou102 , M. Cobal69a,69c , A. Coccaro57b ,
R. F. Coelho Barrue130a , R. Coelho Lopes De Sa103 , S. Coelli71a , A. E. C. Coimbra71a,71b , B. Cole41 ,
J. Collot60 , P. Conde Muiño130a,130g , M. P. Connell33c , S. H. Connell33c , I. A. Connelly59 , E. I. Conroy126 ,
F. Conventi72a,ag , H. G. Cooke20 , A. M. Cooper-Sarkar126 , A. Cordeiro Oudot Choi127 , L. D. Corpe40 ,
M. Corradi75a,75b , F. Corriveau104,w , A. Cortes-Gonzalez18 , M. J. Costa163 , F. Costanza4 , D. Costanzo139 ,
B. M. Cote119 , G. Cowan95 , K. Cranmer170 , D. Cremonini23a,23b , S. Crépé-Renaudin60 , F. Crescioli127 ,
M. Cristinziani141 , M. Cristoforetti78a,78b , V. Croft114 , J. E. Crosby121 , G. Crosetti43a,43b , A. Cueto99 ,
T. Cuhadar Donszelmann160 , H. Cui14a,14e , Z. Cui7 , W. R. Cunningham59 , F. Curcio43a,43b , P. Czodrowski36 ,
M. M. Czurylo63b , M. J. Da Cunha Sargedas De Sousa57a,57b , J. V. Da Fonseca Pinto83b , C. Da Via101 ,
W. Dabrowski86a , T. Dado49 , S. Dahbi33g , T. Dai106 , D. Dal Santo19 , C. Dallapiccola103 , M. Dam42 ,
G. D’amen29 , V. D’Amico109 , J. Damp100 , J. R. Dandoy34 , M. F. Daneri30 , M. Danninger142 , V. Dao36 ,
G. Darbo57b , S. Darmora6 , S. J. Das29,ai , S. D’Auria71a,71b , C. David156b , T. Davidek133 , B. Davis-Purcell34 ,
I. Dawson94 , H. A. Day-hall132 , K. De8 , R. De Asmundis72a , N. De Biase48 , S. De Castro23a,23b ,
N. De Groot113 , P. de Jong114 , H. Dela Torre115 , A. De Maria14c , A. De Salvo75a , U. De Sanctis76a,76b ,
F. De Santis70a,70b , A. De Santo146 , J. B. De Vivie DeRegie60 , D. V. Dedovich38, J. Degens114 , A. M. Deiana44 ,
F. Del Corso23a,23b , J. Del Peso99 , F. Del Rio63a , L. Delagrange127 , F. Deliot135 , C. M. Delitzsch49 ,

123

http://orcid.org/0000-0001-6410-9046
http://orcid.org/0000-0001-8361-2309
http://orcid.org/0000-0002-7543-3471
http://orcid.org/0000-0001-7979-1092
http://orcid.org/0000-0003-3485-0321
http://orcid.org/0000-0002-6696-5169
http://orcid.org/0000-0002-7716-5626
http://orcid.org/0000-0002-6134-0303
http://orcid.org/0000-0001-5412-1236
http://orcid.org/0000-0001-8462-351X
http://orcid.org/0000-0002-2003-0261
http://orcid.org/0000-0001-9734-574X
http://orcid.org/0000-0002-8462-443X
http://orcid.org/0000-0003-2138-9062
http://orcid.org/0000-0002-8635-9342
http://orcid.org/0000-0003-3807-7831
http://orcid.org/0000-0002-7736-0173
http://orcid.org/0000-0002-2668-889X
http://orcid.org/0000-0002-2432-411X
http://orcid.org/0000-0002-9807-861X
http://orcid.org/0000-0002-9660-580X
http://orcid.org/0000-0003-0078-9817
http://orcid.org/0000-0001-5880-7761
http://orcid.org/0000-0002-6890-1601
http://orcid.org/0000-0002-9249-2158
http://orcid.org/0000-0002-5702-739X
http://orcid.org/0000-0002-4226-9521
http://orcid.org/0000-0002-1287-4712
http://orcid.org/0000-0001-9207-6413
http://orcid.org/0000-0002-7290-643X
http://orcid.org/0000-0002-7134-8077
http://orcid.org/0000-0002-7723-5030
http://orcid.org/0000-0002-5129-5705
http://orcid.org/0000-0002-9314-5860
http://orcid.org/0000-0002-5103-1558
http://orcid.org/0000-0002-7809-3118
http://orcid.org/0000-0001-9683-7101
http://orcid.org/0000-0002-6647-6699
http://orcid.org/0000-0001-7360-0726
http://orcid.org/0000-0002-2704-835X
http://orcid.org/0000-0002-3355-4662
http://orcid.org/0000-0001-5762-3477
http://orcid.org/0000-0003-0992-3509
http://orcid.org/0000-0001-7992-0309
http://orcid.org/0000-0001-5219-1417
http://orcid.org/0000-0003-4339-4727
http://orcid.org/0000-0001-9726-4376
http://orcid.org/0000-0003-1292-9725
http://orcid.org/0000-0001-5791-4872
http://orcid.org/0000-0001-5350-7081
http://orcid.org/0000-0002-8204-4124
http://orcid.org/0000-0003-4194-2734
http://orcid.org/0000-0001-9998-4342
http://orcid.org/0000-0002-9246-7366
http://orcid.org/0000-0003-0903-8948
http://orcid.org/0000-0002-3354-1810
http://orcid.org/0000-0001-6161-3570
http://orcid.org/0000-0002-6800-9808
http://orcid.org/0000-0002-5485-7419
http://orcid.org/0009-0006-4398-5526
http://orcid.org/0000-0002-6199-8041
http://orcid.org/0000-0002-0206-1160
http://orcid.org/0000-0002-1479-2112
http://orcid.org/0000-0003-4806-0718
http://orcid.org/0000-0001-5667-7748
http://orcid.org/0000-0002-4319-4023
http://orcid.org/0000-0002-6168-689X
http://orcid.org/0000-0002-8977-121X
http://orcid.org/0000-0001-7318-5251
http://orcid.org/0000-0001-8272-1108
http://orcid.org/0000-0001-8355-9237
http://orcid.org/0000-0002-5687-2073
http://orcid.org/0000-0001-7148-6536
http://orcid.org/0000-0003-4831-4132
http://orcid.org/0000-0002-6900-825X
http://orcid.org/0000-0003-0685-4122
http://orcid.org/0000-0001-5686-0948
http://orcid.org/0000-0001-8283-935X
http://orcid.org/0000-0001-6726-6362
http://orcid.org/0000-0002-3427-6537
http://orcid.org/0000-0002-4690-0528
http://orcid.org/0000-0003-4482-2666
http://orcid.org/0000-0001-9196-0629
http://orcid.org/0000-0003-0988-7878
http://orcid.org/0000-0003-2834-836X
http://orcid.org/0000-0003-0188-6491
http://orcid.org/0000-0002-5905-5394
http://orcid.org/0000-0002-5116-1897
http://orcid.org/0009-0007-8811-9135
http://orcid.org/0000-0002-5458-5564
http://orcid.org/0000-0001-7640-7913
http://orcid.org/0000-0001-8789-610X
http://orcid.org/0000-0001-7808-8442
http://orcid.org/0000-0001-7575-3603
http://orcid.org/0000-0003-4946-153X
http://orcid.org/0000-0003-2246-7456
http://orcid.org/0000-0002-0758-7575
http://orcid.org/0000-0002-9016-138X
http://orcid.org/0000-0002-1494-9538
http://orcid.org/0000-0002-1692-1678
http://orcid.org/0000-0002-9495-9145
http://orcid.org/0000-0003-1600-464X
http://orcid.org/0000-0001-5969-3786
http://orcid.org/0000-0002-9953-5333
http://orcid.org/0000-0002-2531-3463
http://orcid.org/0000-0002-3342-3566
http://orcid.org/0000-0003-0125-2165
http://orcid.org/0000-0002-9192-8028
http://orcid.org/0000-0003-0479-7689
http://orcid.org/0000-0002-2855-7738
http://orcid.org/0000-0002-5732-5645
http://orcid.org/0000-0002-9417-8613
http://orcid.org/0000-0001-6097-2256
http://orcid.org/0000-0001-5929-1357
http://orcid.org/0000-0001-6746-3374
http://orcid.org/0000-0002-6386-9788
http://orcid.org/0000-0003-2303-9306
http://orcid.org/0000-0002-9227-5217
http://orcid.org/0000-0001-8449-1019
http://orcid.org/0000-0001-8747-2809
http://orcid.org/0000-0002-3562-9592
http://orcid.org/0000-0002-2443-6525
http://orcid.org/0000-0002-4117-3800
http://orcid.org/0000-0003-4541-4189
http://orcid.org/0000-0002-6511-7096
http://orcid.org/0000-0002-4478-3524
http://orcid.org/0000-0002-4376-4911
http://orcid.org/0000-0003-4058-5376
http://orcid.org/0000-0002-3924-0445
http://orcid.org/0000-0003-1718-307X
http://orcid.org/0000-0002-7550-7821
http://orcid.org/0000-0002-4139-9543
http://orcid.org/0000-0003-4535-2926
http://orcid.org/0000-0002-8405-0886
http://orcid.org/0000-0003-3570-7332
http://orcid.org/0000-0003-2941-2829
http://orcid.org/0000-0002-7863-1166
http://orcid.org/0000-0001-8650-942X
http://orcid.org/0000-0002-8846-2714
http://orcid.org/0000-0003-1990-2947
http://orcid.org/0000-0002-7836-4264
http://orcid.org/0000-0003-2966-6036
http://orcid.org/0000-0002-0394-5646
http://orcid.org/0000-0001-9116-0461
http://orcid.org/0000-0002-1172-1052
http://orcid.org/0000-0003-1396-2826
http://orcid.org/0000-0002-8245-1790
http://orcid.org/0000-0001-8491-4376
http://orcid.org/0000-0001-8774-8887
http://orcid.org/0000-0001-8915-0184
http://orcid.org/0000-0002-4297-8539
http://orcid.org/0000-0002-1096-5290
http://orcid.org/0000-0001-6203-9347
http://orcid.org/0000-0002-5107-7134
http://orcid.org/0000-0003-3793-0159
http://orcid.org/0000-0001-6962-4573
http://orcid.org/0000-0002-7945-4392
http://orcid.org/0000-0002-4809-4056
http://orcid.org/0000-0003-0683-2177
http://orcid.org/0000-0002-4300-703X
http://orcid.org/0000-0002-1904-6661
http://orcid.org/0000-0002-8077-7850
http://orcid.org/0000-0001-9669-9642
http://orcid.org/0000-0002-5200-0016
http://orcid.org/0000-0002-0518-1459
http://orcid.org/0000-0001-9073-0725
http://orcid.org/0000-0001-5050-8441
http://orcid.org/0000-0002-9865-4146
http://orcid.org/0000-0001-7069-0295
http://orcid.org/0000-0002-5369-8540
http://orcid.org/0000-0002-2926-8962
http://orcid.org/0000-0001-6968-9828
http://orcid.org/0000-0002-5376-2397
http://orcid.org/0000-0003-0211-2041
http://orcid.org/0000-0003-4241-7405
http://orcid.org/0000-0001-5725-9134
http://orcid.org/0000-0001-7314-7247
http://orcid.org/0000-0002-4034-2326
http://orcid.org/0000-0002-3468-9761
http://orcid.org/0000-0001-9973-7966
http://orcid.org/0000-0002-3034-8943
http://orcid.org/0000-0002-7985-9023
http://orcid.org/0000-0002-5895-6799
http://orcid.org/0000-0002-9936-0115
http://orcid.org/0000-0002-2554-2725
http://orcid.org/0000-0003-1586-5253
http://orcid.org/0000-0001-7021-3720
http://orcid.org/0000-0001-7987-9764
http://orcid.org/0000-0003-0447-5348
http://orcid.org/0000-0003-4977-2717
http://orcid.org/0000-0003-4027-3305
http://orcid.org/0000-0001-6793-3604
http://orcid.org/0000-0002-4086-1847
http://orcid.org/0000-0002-8912-4389
http://orcid.org/0000-0002-2797-6383
http://orcid.org/0000-0002-0967-2351
http://orcid.org/0000-0002-8772-0961
http://orcid.org/0000-0002-3150-8478
http://orcid.org/0000-0002-5842-2818
http://orcid.org/0000-0002-2562-9724
http://orcid.org/0000-0003-2176-4053
http://orcid.org/0000-0003-3762-7264
http://orcid.org/0000-0002-4210-2924
http://orcid.org/0000-0001-9851-4816
http://orcid.org/0000-0003-1256-1043
http://orcid.org/0000-0002-2458-9513
http://orcid.org/0000-0001-9214-8528
http://orcid.org/0000-0003-2262-4773
http://orcid.org/0000-0003-1523-7783
http://orcid.org/0000-0001-5841-3316
http://orcid.org/0000-0003-0748-694X
http://orcid.org/0000-0002-3243-5610
http://orcid.org/0000-0002-2204-5731
http://orcid.org/0000-0002-4549-2219
http://orcid.org/0000-0002-2681-8105
http://orcid.org/0000-0002-7442-6181
http://orcid.org/0000-0002-1971-0403
http://orcid.org/0000-0003-2848-0184
http://orcid.org/0000-0002-6425-2579
http://orcid.org/0000-0002-6190-8376
http://orcid.org/0000-0002-3533-3847
http://orcid.org/0000-0003-2751-3474
http://orcid.org/0000-0002-2037-7185
http://orcid.org/0000-0002-3081-4879
http://orcid.org/0000-0001-6556-856X
http://orcid.org/0000-0003-1831-6452
http://orcid.org/0000-0002-0842-0654
http://orcid.org/0000-0001-8341-5911
http://orcid.org/0000-0002-3777-0880
http://orcid.org/0000-0002-6031-8788
http://orcid.org/0000-0003-3210-1722
http://orcid.org/0000-0001-9952-934X
http://orcid.org/0000-0003-3122-3605
http://orcid.org/0000-0002-7478-0850
http://orcid.org/0000-0001-8195-7004
http://orcid.org/0000-0003-3309-0762
http://orcid.org/0000-0003-2368-4559
http://orcid.org/0000-0001-8985-5379
http://orcid.org/0000-0001-5200-9195
http://orcid.org/0000-0002-5145-3646
http://orcid.org/0000-0003-2301-1637
http://orcid.org/0000-0002-5092-2148
http://orcid.org/0000-0002-9412-7090
http://orcid.org/0000-0002-9187-7478
http://orcid.org/0000-0002-4799-7560
http://orcid.org/0000-0001-6000-7245
http://orcid.org/0000-0001-9127-6827
http://orcid.org/0000-0002-0215-2767
http://orcid.org/0000-0002-5575-1413
http://orcid.org/0000-0001-9297-1063
http://orcid.org/0000-0002-7107-5902
http://orcid.org/0000-0001-7687-8299
http://orcid.org/0000-0003-2136-4842
http://orcid.org/0000-0001-8729-466X
http://orcid.org/0000-0002-4970-7600
http://orcid.org/0000-0002-3279-3370
http://orcid.org/0000-0002-2064-2954
http://orcid.org/0000-0002-8056-8469
http://orcid.org/0000-0003-4920-6264
http://orcid.org/0000-0003-2444-8267
http://orcid.org/0000-0001-8363-9827
http://orcid.org/0000-0002-5769-7094
http://orcid.org/0000-0003-1687-3079
http://orcid.org/0000-0001-5980-5805
http://orcid.org/0000-0001-6457-2575
http://orcid.org/0000-0003-3893-9171
http://orcid.org/0000-0002-0127-1342
http://orcid.org/0000-0002-8731-4525
http://orcid.org/0000-0002-6579-3334
http://orcid.org/0000-0001-5990-4811
http://orcid.org/0000-0003-1494-7898
http://orcid.org/0000-0003-3519-1356
http://orcid.org/0000-0002-9923-1313
http://orcid.org/0000-0002-4317-2449
http://orcid.org/0000-0001-5517-8795
http://orcid.org/0000-0002-8682-9316
http://orcid.org/0000-0003-0723-1437
http://orcid.org/0000-0003-1943-5883
http://orcid.org/0000-0001-7991-593X
http://orcid.org/0000-0003-1746-1914
http://orcid.org/0000-0001-6154-7323
http://orcid.org/0000-0001-9061-9568
http://orcid.org/0000-0002-7050-2669
http://orcid.org/0000-0002-5222-7894
http://orcid.org/0000-0002-9607-5124
http://orcid.org/0000-0001-7176-7979
http://orcid.org/0000-0002-1391-2477
http://orcid.org/0000-0001-6278-9674
http://orcid.org/0000-0002-9742-3709
http://orcid.org/0000-0002-2081-0129
http://orcid.org/0000-0002-7290-1372
http://orcid.org/0000-0002-9271-7126
http://orcid.org/0000-0002-2335-793X
http://orcid.org/0000-0002-7807-7484
http://orcid.org/0000-0003-1645-8393
http://orcid.org/0000-0003-2165-0638
http://orcid.org/0000-0002-9766-3657
http://orcid.org/0000-0003-2693-3389
http://orcid.org/0000-0003-3393-6318
http://orcid.org/0000-0002-1794-1443
http://orcid.org/0000-0002-3770-8307
http://orcid.org/0000-0002-4544-169X
http://orcid.org/0000-0002-5177-8950
http://orcid.org/0000-0002-9710-2980
http://orcid.org/0000-0002-5647-4489
http://orcid.org/0000-0002-7268-8401
http://orcid.org/0000-0002-5586-8224
http://orcid.org/0000-0003-2178-5620
http://orcid.org/0000-0001-6850-4078
http://orcid.org/0000-0002-5330-2614
http://orcid.org/0000-0002-4516-5269
http://orcid.org/0000-0001-6651-845X
http://orcid.org/0000-0001-8099-7821
http://orcid.org/0000-0003-4704-525X
http://orcid.org/0000-0003-0120-2096
http://orcid.org/0000-0002-9158-6646
http://orcid.org/0000-0001-9163-2211
http://orcid.org/0000-0002-6966-4935
http://orcid.org/0000-0003-0360-6051
http://orcid.org/0000-0001-7799-577X
http://orcid.org/0000-0001-7090-4134
http://orcid.org/0000-0001-7630-5431
http://orcid.org/0000-0002-9169-1884
http://orcid.org/0000-0003-0777-6031
http://orcid.org/0000-0001-7021-3333


719 Page 18 of 29 Eur. Phys. J. C (2024) 84 :719

M. Della Pietra72a,72b , D. Della Volpe56 , A. Dell’Acqua36 , L. Dell’Asta71a,71b , M. Delmastro4 ,
P. A. Delsart60 , S. Demers172 , M. Demichev38 , S. P. Denisov37 , L. D’Eramo40 , D. Derendarz87 ,
F. Derue127 , P. Dervan92 , K. Desch24 , C. Deutsch24 , F. A. Di Bello57a,57b , A. Di Ciaccio76a,76b ,
L. Di Ciaccio4 , A. Di Domenico75a,75b , C. Di Donato72a,72b , A. Di Girolamo36 , G. Di Gregorio36 ,
A. Di Luca78a,78b , B. Di Micco77a,77b , R. Di Nardo77a,77b , C. Diaconu102 , M. Diamantopoulou34 ,
F. A. Dias114 , T. Dias Do Vale142 , M. A. Diaz137a,137b , F. G. Diaz Capriles24 , M. Didenko163 , E. B. Diehl106 ,
L. Diehl54 , S. Díez Cornell48 , C. Diez Pardos141 , C. Dimitriadi24,161 , A. Dimitrievska17a , J. Dingfelder24 ,
I-M. Dinu27b , S. J. Dittmeier63b , F. Dittus36 , F. Djama102 , T. Djobava149b , J. I. Djuvsland16 ,
C. Doglioni98,101 , A. Dohnalova28a , J. Dolejsi133 , Z. Dolezal133 , K. M. Dona39 , M. Donadelli83c ,
B. Dong107 , J. Donini40 , A. D’Onofrio72a,72b , M. D’Onofrio92 , J. Dopke134 , A. Doria72a ,
N. Dos Santos Fernandes130a , P. Dougan101 , M. T. Dova90 , A. T. Doyle59 , M. A. Draguet126 , E. Dreyer169 ,
I. Drivas-koulouris10 , M. Drnevich117 , A. S. Drobac158 , M. Drozdova56 , D. Du62a , T. A. du Pree114 ,
F. Dubinin37 , M. Dubovsky28a , E. Duchovni169 , G. Duckeck109 , O. A. Ducu27b , D. Duda52 , A. Dudarev36 ,
E. R. Duden26 , M. D’uffizi101 , L. Duflot66 , M. Dührssen36 , C. Dülsen171 , A. E. Dumitriu27b ,
M. Dunford63a , S. Dungs49 , K. Dunne47a,47b , A. Duperrin102 , H. Duran Yildiz3a , M. Düren58 ,
A. Durglishvili149b , B. L. Dwyer115 , G. I. Dyckes17a , M. Dyndal86a , B. S. Dziedzic87 , Z. O. Earnshaw146 ,
G. H. Eberwein126 , B. Eckerova28a , S. Eggebrecht55 , E. Egidio Purcino De Souza127 , L. F. Ehrke56 ,
G. Eigen16 , K. Einsweiler17a , T. Ekelof161 , P. A. Ekman98 , S. El Farkh35b , Y. El Ghazali35b , H. El Jarrari36 ,
A. El Moussaouy108 , V. Ellajosyula161 , M. Ellert161 , F. Ellinghaus171 , N. Ellis36 , J. Elmsheuser29 ,
M. Elsing36 , D. Emeliyanov134 , Y. Enari153 , I. Ene17a , S. Epari13 , J. Erdmann49 , P. A. Erland87 ,
M. Errenst171 , M. Escalier66 , C. Escobar163 , E. Etzion151 , G. Evans130a , H. Evans68 , L. S. Evans95 ,
M. O. Evans146 , A. Ezhilov37 , S. Ezzarqtouni35a , F. Fabbri59 , L. Fabbri23a,23b , G. Facini96 , V. Fadeyev136 ,
R. M. Fakhrutdinov37 , D. Fakoudis100 , S. Falciano75a , L. F. Falda Ulhoa Coelho36 , P. J. Falke24 , J. Faltova133 ,
C. Fan162 , Y. Fan14a , Y. Fang14a,14e , M. Fanti71a,71b , M. Faraj69a,69b , Z. Farazpay97 , A. Farbin8 ,
A. Farilla77a , T. Farooque107 , S. M. Farrington52 , F. Fassi35e , D. Fassouliotis9 , M. Faucci Giannelli76a,76b ,
W. J. Fawcett32 , L. Fayard66 , P. Federic133 , P. Federicova131 , O. L. Fedin37,a , G. Fedotov37 ,
M. Feickert170 , L. Feligioni102 , D. E. Fellers123 , C. Feng62b , M. Feng14b , Z. Feng114 , M. J. Fenton160 ,
A. B. Fenyuk37, L. Ferencz48 , R. A. M. Ferguson91 , S. I. Fernandez Luengo137f , P. Fernandez Martinez13 ,
M. J. V. Fernoux102 , J. Ferrando48 , A. F errari161 , P. Ferrari113,114 , R. Ferrari73a , D. Ferrere56 , C. Ferretti106 ,
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