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This Letter presents a search for highly ionizing magnetic monopoles in 262 μb−1 of ultraperipheral
Pbþ Pb collision data at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV collected by the ATLAS detector at the LHC. A new

methodology that exploits the properties of clusters of hits reconstructed in the innermost silicon detector
layers is introduced to study highly ionizing particles in heavy-ion data. No significant excess above the
background, which is estimated using a data-driven technique, is observed. Using a nonperturbative
semiclassical model, upper limits at 95% confidence level are set on the cross section for pair production of
monopoles with a single Dirac magnetic charge in the mass range of 20–150 GeV. Depending on the
model, monopoles with a single Dirac magnetic charge and mass below 80–120 GeV are excluded.
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Magnetic monopoles are hypothetical particles that carry
isolated magnetic charge. The existence of a magnetically
charged particle would restore symmetry to Maxwell’s
equations and explain why electric charge is quantized in
nature, as shown by Dirac [1]. Dirac’s argument predicts
the magnetic charge of a monopole to be qm ¼ NgD, where
N is a nonzero integer number, gD ¼ e=ð2αÞ ≈ 68.5e is the
Dirac elementary charge in cgs Gaussian units, α is the fine-
structure constant, and e is the elementary electric charge.
Since the energy loss is proportional to the square of the
charge, a monopole with jqmj ¼ 1gD would deposit 4700
times more energy by ionization than a proton. The high
stopping power also results in the production of a large
number of δ electrons. Hence, magnetic monopoles would
manifest as highly ionizing particles, with unique trajecto-
ries in a magnetic field [2].
While monopoles appearing in grand unification theories

typically have masses of the order of the unification scale
(m ≈ 1016 GeV) [3], some extensions of the standard
model (SM) predict composite monopoles with masses
near the TeV scale [4]. This improves the prospects for
monopole production at existing colliders.
In ultrarelativistic heavy-ion collisions, the ion beams are

accompanied by large electromagnetic (EM) fields. At
impact parameters b larger than twice the nuclear radius,
b > 2RA, EM-induced reactions become the dominant

interaction mechanism. These events, referred to as ultra-
peripheral collisions (UPC), have been used to study
photon-nucleus (photonuclear) and photon-photon (γγ)
collisions [5]. These events typically have features such
as rapidity gaps and lower particle multiplicity, or exclusive
final states with no extra particle production, that make
them qualitatively different from nuclear collisions where
hadronic interactions occur [6]. The interaction of strong
magnetic fields in UPC can also give rise to the production
of magnetic monopole-antimonopole pairs (MM̄). Using a
simplified (leading order, LO) approach, the process
corresponds to a γγ fusion reaction, γγ → MM̄ [7].
Most searches for the direct production of magnetic

monopoles at particle colliders have focused on collisions
of elementary particles such as electrons or quarks, assum-
ing pair production of spin-0 or spin-1

2
point-like monopoles

via the Drell-Yan mechanism or γγ fusion process [8–39].
However, because of the large coupling constant, 1=ð4αÞ ≈
34 [40], perturbative treatments in terms of Feynman
diagrams are generally not well defined. Indeed, it has
been argued that the production of composite monopoles
from elementary-particle collisions is suppressed by a
factor of e−4=α ≈ 10−238 [41].
Magnetic monopoles could be produced in strong

magnetic fields by a magnetic analog of the Schwinger
mechanism [42]. The Schwinger effect describes how
strong EM fields, particularly intense magnetic fields from
ion collisions, can decay via quantum tunneling to generate
particle pairs such as MM̄ pairs. In this case, the MM̄
production cross section can be computed nonperturba-
tively using semiclassical techniques such as the free-
particle approximation (FPA) [43]. In the FPA model the
formula for the total cross section for magnetic monopole
production in Pbþ Pb UPC [43–45] is
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σFPA ≈
2ðqmBÞ4R4

Pb

9π2m5ω
exp ð−4m=ωÞ; ð1Þ

where m is the monopole mass, qm is the magnetic charge,
RPb ¼ 6.62� 0.06 fm is the radius of a lead nucleus, B ¼
ð4.5� 0.2Þ × 1016 T is the peak magnetic field strength of
the two nuclei at a nucleon-nucleon (NN) center-of-mass
energy of

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV, which occurs at b ≈ 2RPb,
and ω ¼ ð1.19� 0.05Þ × 1026 s−1 is the field inverse
decay time. The uncertainties quoted on these parameters
follow those estimated in Ref. [45]. It should be noted that
Eq. (1) was derived for scalar (spin-0) monopoles, and the
effect of monopole spin should enhance the production
cross section [43]. Because of the coherence of the
magnetic field, the potential e−4=α suppression is absent
for composite monopole production via the Schwinger
formalism in UPC. This fact was used in the recent searches
performed by the MoEDAL Collaboration in Pbþ Pb
collisions [45,46] using the trapping technique [47], a
method designed to physically capture magnetic monop-
oles and detect their presence by measuring the induced
persistent currents generated after their passage through a
superconducting magnetometer.
The FPA model includes the effect of the magnetic field

to all orders but neglects possible MM̄ self-interactions.
Consequently, an alternative model, the locally constant
field approximation (LCFA) [43–46], is also considered.
The LCFA includes self-interactions to all orders but
neglects the effect of the nonperturbative interaction with
the magnetic field. Both approaches offer conservative
lower limits on the production cross section, as including
the self-interactions and the effect of the magnetic field has
been shown to increase the MM̄ production [43,44]. It is
also worth mentioning that while the quoted semiclassical
calculations apply to elementary monopoles, the effects of
finite monopole size are expected to enhance monopole
production in these models [43].
The mass of magnetic monopoles that could be produced

in Pbþ Pb collisions via the Schwinger mechanism is
limited by the total energy in the EM field available for
MM̄ production [46]. This total energy reaches its peak
value at b ≈ 2RPb. For Pbþ Pb collisions at the Large
Hadron Collider (LHC) at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV, this implies
a maximum monopole mass of approximately 160 GeV.
This Letter presents a search for magnetic monopoles

with jqmj ¼ 1gD using 262 μb−1 of UPC Pbþ Pb collision
data collected by the ATLAS detector at the LHC in 2023 atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV. The ATLAS experiment [48,49] is a
multipurpose particle detector with cylindrical geometry
[50], comprising an inner detector (ID) tracker surrounded
by a thin superconducting solenoid, EM and hadronic
calorimeters, and a muon spectrometer. A software suite
[51] is used in Monte Carlo (MC) 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.
This analysis primarily makes use of the ID pixel

detector and the zero-degree calorimeters (ZDC). The
high-granularity silicon pixel detector surrounds the colli-
sion region. The innermost pixel-detector layer, the IBL,
consists of 280 pixel-sensor modules that cover the region
jηj < 3.03, and was installed at a mean distance of 3.3 cm
from the beam axis before the start of Run 2 [52,53]. In
addition to the IBL, the pixel detector contains three other
barrel layers and two endcaps with three disks each. It is
followed by silicon microstrip (SCT) and transition radi-
ation tracking detectors. ZDCs are located at z ¼ �140 m
from the interaction point, and detect neutral particles such
as neutrons emitted from interacting nuclei.
Events of interest are selected by the first-level (L1)

trigger system implemented in custom hardware, followed
by selections made by algorithms implemented in software
in the high-level trigger (HLT) [54]. In UPC, soft photons
emitted by one lead nucleus can excite the other, typically
through the giant dipole resonance [55], and induce the
emission of one or more neutrons, each of which carries, on
average, the full per-nucleon beam energy. This can give
rise to three distinct EM breakup topologies: 0n0n (no
neutrons are emitted), 0nXn (at least one neutron is emitted
by exactly one nucleus), and XnXn (at least one neutron is
emitted by each nucleus). They are shown schematically in
Fig. 1. This analysis exploits the XnXn topology, mainly
because of limitations in triggering on monopole produc-
tion. The ATLAS L1 trigger system can recognize energy
deposited in the calorimeters; however, low-energy monop-
oles typically do not reach them. Moreover, no information
from the ID tracker is available at L1. Therefore, the only
viable option is to trigger at L1 on the presence of forward
neutrons in the ZDC. The primary trigger for this analysis
requires a L1 signal consistent with the presence of one or
more neutrons in both arms of the ZDC. In addition, the
total transverse energy recorded in the calorimeter is
required to be below 10 GeV.
As the monopoles considered in this analysis have

relatively low masses (below 150 GeV) and typically have
low energy, they deposit their energy in the innermost parts
of the ATLAS detector, primarily in the pixel detector,
thereby producing a sizable number of δ electrons. Hence
this approach complements the trapping technique used by
MoEDAL. The presence of more than 100 clusters of pixel
hits is required in the HLT, with no specific selection on the
presence of any charged-particle tracks. Because of the
large cross section for double EM dissociation [56] and
limitations in the allowed data-recording rate at L1, the
trigger was prescaled so that approximately one event in
every six was saved, resulting in an effective integrated
luminosity of 262 μb−1, compared to the 1.67 nb−1

recorded by unprescaled triggers.
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Monte Carlo simulated signal samples were produced
using a semiclassical (nonperturbative) approach based on
the FPA model. The semiclassical approximation breaks
down [45] for sufficiently light monopoles, m < 20 GeV
for 5.36 TeV Pbþ Pb collisions, so monopole mass
hypotheses below 20 GeV are not considered. For the
distributions of monopole kinematic quantities, simplified
predictions based on the FPA model are used to model
back-to-back monopole pair production, in particular with
isotropic polar angle distributions of the pairs and with a
distribution of monopole momentum k that follows the
relative probability [44]

dσFPAðjkjÞ=dσFPAð0Þ ¼ exp

�
−
4

ω

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ jkj2

q
−m

��
:

The same model was used in the MoEDAL analysis [45]. A
monopole charge of jqmj ¼ 1gD is set in all signal samples
and the monopole masses considered are 20, 30, 40, 50, 60,
70, 90, 100, 120, and 150 GeV. The signal simulation setup
includes all possible configurations for the EM breakup of
the nuclei, as described below. A sample with no interacting
particles was simulated to mimic detector noise and check
for potential noise mismodeling, ensuring the reliability of
the detector noise simulation in the signal modeling.
Signal efficiency estimates rely on an extension of the

ATLAS detector simulation [57] based on GEANT4 [58].
This extension, originally developed for monopole searches
in pp collisions [32–35], includes descriptions of monop-
ole acceleration in the detector’s magnetic field, ionization
energy losses in matter, and δ-electron production along the
monopole’s trajectory. After losing their kinetic energy,
monopoles could potentially get trapped in the detector
material [47]. For all the simulated samples, the monopoles
are assumed to be stable, and the simulation does not
account for the trapping effect.
In order to correct the signal MC simulation for the

XnXn topology requirement, exclusive dilepton (ee and
μμ) events from the process γγ → ll are studied. Because
of the relatively large instantaneous luminosity of Pbþ Pb
collisions at the LHC, additional neutrons might be
generated in each bunch crossing and detected in one or

both arms of the ZDC (EM pileup). This leads to an outflow
of events, primarily from the 0nXn category, to the XnXn
category. To account for this effect in MC simulation, the
yield of simulated signal events is scaled by the effective
probability for the XnXn topology, parameterized as a
function of total system mass mX and system rapidity yX:

Peff
XnXnðmX; yXÞ ¼ 0.8 × ð2f0nXnPEM þ fXnXnÞð1þ fdissÞ;

ð2Þ

where f0nXn and fXnXn are the predicted fractions of events
with single and double EM breakup, respectively, PEM is
the probability of having at least one neutron from EM
pileup on a given detector side, and fdiss is the small
fraction of dissociative (incoherent) events [59] from the
γ�γ → ll and γ�γ� → ll reactions, where γ� denotes a
virtual photon. The f0nXn and fXnXn values are based on the
SUPERCHIC4.2 MC predictions [60], and are provided
differentially in dilepton invariant mass (mll) and dilepton
absolute rapidity (jyllj). The value of PEM, estimated as
outlined in Ref. [61], is PEM ¼ 0.038 for the signal trigger
and 2023 Pbþ Pb data-taking conditions. The value of fdiss
for the XnXn selection is estimated to be fdiss ¼ 0.13,
based on the study of exclusive dimuon and dielectron
events [61,62]. A possible enhancement of the dissociative
contribution at the largest considered monopole masses
(due to very small Pbþ Pb impact parameters), leading to
larger values of Peff

XnXn, is conservatively neglected. The
factor of 0.8 in Eq. (2) accounts for mismodeling of f0nXn
and fXnXn in SUPERCHIC, based on the calculation in
Ref. [60]. The model based on Eq. (2) is validated using
UPC γγ → ll data and good agreement (within 10%) is
found. The value of Peff

XnXn is about 15% for mX ¼ 40 GeV
and grows to about 30% for mX ¼ 200 GeV.
The backgrounds considered in this analysis include

those from particles produced in Pbþ Pb interactions
(collision events) and from beam-induced sources.
Beam-induced background (BIB) is caused by beam
particle losses in the LHC ring upstream of the ATLAS
experiment, due to interactions with residual gas within
the beam pipe or with machine elements [63–66]. It is

FIG. 1. Schematic diagrams for magnetic monopole pair production in ultraperipheral Pbþ Pb collisions for (a) no, (b) single, and
(c) mutual ion excitation due to extra soft-photon exchanges. These three topologies are labeled in the text as 0n0n, 0nXn, and XnXn,
respectively. EM breakup of the ion, denoted by Pb�, results in the production of forward neutrons, detectable in the ATLAS ZDC. The
signal process in this Letter targets events with the XnXn topology (c).
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characterized by particles moving almost parallel to the
beam line.
A requirement of at most one reconstructed charged-

particle track is used to suppress collision backgrounds and
has only a minor impact on the signal efficiency because a
monopole’s trajectory in the axial magnetic field provided
by a solenoid is straight in the r − ϕ plane and bends in the
r–z plane [67] (whereas the opposite applies to electrically
charged particles). Charged-particle tracks are required to
pass the track selection, which is optimized to suppress
combinatorial (fake) tracks in the dense track environment
around Pbþ Pb collisions [68], and to have transverse
momentum pT > 0.1 GeV, jηj < 2.5, and a transverse
impact parameter of jd0j < 1 mm calculated relative to
the measured beam-line position.
Signal events are required to have at most one topologi-

cal cluster of calorimeter-cell energy deposits [69], which
effectively removes collision backgrounds with neutral
particles. These topoclusters, calibrated to take into account
the noise suppression, must have transverse energy ET >
0.1 GeV and jηj < 4.9. They are also required to meet the
cell significance criteria for the measured energy as out-
lined in Ref. [70] to suppress the contribution from
electronic noise fluctuations.
Events are also required to have more than 150 pixel

clusters [71], nPixCl > 150, including more than 50 IBL
clusters, nIBLCl > 50. Clusters from the four pixel-sensor
modules observed to have abnormal noise distributions in
data are not considered in the cluster counting.
Furthermore, events are rejected if the number of clusters
in a particular module exceeds 90% of all pixel clusters in
the event.
The selection requirements imposed on tracks, topoclus-

ters, and pixel clusters fully suppress the collision back-
ground. In particular, the track and topocluster
requirements are designed to remove hadronic Pbþ Pb
interactions, which typically involve a high multiplicity of
tracks and larger energy deposits in the calorimeters.
Furthermore, the additional requirement of a large number
of pixel clusters specifically eliminates background from
SM photon-induced processes in UPC, which tend to
produce low hadronic activity and fewer pixel hits.
To further reduce the BIB, the azimuthal distribution of

reconstructed pixel clusters is examined. A variable T,
inspired by the transverse thrust [72], is defined as

T ¼ ð1=nPixClÞ
XnPixCl
i¼1

jr̂i · n̂j;

where r̂i is the direction (unit vector) of a given pixel
cluster in the transverse plane with respect to the origin of
the ATLAS coordinate system, and the transverse direction
n̂ maximizes the expression and corresponds to an azimu-
thal angle ϕT . The solution for n̂ (or ϕT) is found iteratively.
The direction of n̂ roughly aligns in r − ϕ with the

monopole’s trajectory. The T variable has a maximum
value of 1, for a set of fully aligned pixel clusters, and a
minimum value of around 2=π, for a uniform distribution of
clusters in the transverse plane. Simulated signal events
tend to have T values near unity, whereas the backgrounds
concentrate at much lower T values, typically just above
2=π. A requirement of T > 0.95 is therefore used in the
signal region (SR) selection, based on the simulated signal
properties. The signal acceptance times efficiency of the SR
selection varies between 4% and 0.2% for simulated events
with low and high monopole masses, respectively, and is
driven by the nPixCl > 150 requirement.
The background yield in this analysis is estimated using

a fully data-driven method. A control region (CR1) is
defined by requiring T ≤ 0.87. It is observed that the event
characteristics in CR1 are consistent with those of BIB.
Since the BIB typically results in asymmetric event activity,
an additional control region (CR2) enriched in BIB is
defined from events passing a supporting trigger that selects
events with ZDC activity on one side and no activity on the
opposite side. The same event selection criteria as for the
SR, except no requirement on T and a different topocluster
requirement, are applied to CR2. To help enrich the CR2
sample in BIB events and consequently reduce the signal
contamination, only events with one to three topoclusters
are used, with at least one out-of-time energy deposit in the
calorimeter, i.e., a topocluster with reconstructed time more
than 10 ns before the bunch-crossing time. The presence of
topoclusters with negative reconstructed time is one of the
characteristic features of BIB [63]. The signal contamina-
tion in both CR1 and CR2 is studied in the MC simulated
samples and is found to be negligible.
Events in CR2 are used to extrapolate the background

contribution from CR1 to SR, by using the relation
NSR

bkg ¼ ðNCR1=NCR2
T<0.87ÞNCR2

T>0.95, where NCR1 is the event
yield in CR1, and NCR2

T<0.87 (N
CR2
T>0.95) is the number of CR2

events having T < 0.87 (T > 0.95). To cross-check this
procedure, a validation region (VR) is defined by requiring
0.87 < T ≤ 0.95. Figure 2(a) shows the ϕT distributions in
the VR. The CR2-based background estimate describes the
data adequately. The enhanced event activity at ϕT ≈ 0 and
ϕT ≈ π is characteristic of BIB [63,64].
The number of pixel clusters is correlated with the

number of SCT space points [73], nSCTsp. To address a
small discrepancy between the CR1 and CR2 nSCTsp
distributions at low nSCTsp, extra reweighting of the
nSCTsp distribution is performed for events in CR2 to better
match the distribution observed in CR1. The correction
applied to the nSCTsp distribution improves the modeling of
the nPixCl distribution. This correction changes the shape of
the T distribution by a few percent at low T and by about
10% at high T.
Figure 2(b) shows the T distribution in CR1, the VR, and

the SR. The background in the SR is estimated to be 4� 4
(stat.) events.
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The systematic uncertainties that were considered are
related to the modeling of the detector response to the
monopole, the overall noise level in the pixel detector,
potential mismodeling of the XnXn selection, the back-
ground uncertainty, and the luminosity uncertainty.
Uncertainties evaluated in one direction are assumed to
be symmetric.
The uncertainty due to the ID material modeling in the

GEANT4 simulation is accounted for by comparing the
signal efficiency with its value in alternative signal samples.
These samples differ by having modified descriptions of
the ATLAS ID geometry: the passive material of the ID is
scaled up by 5%, the passive material of the IBL is scaled
up by 10%, or the passive material in the services region is
scaled up by 25%. These variations capture the full range of
data-MC differences observed in studies of the ID material
[74]. The changes in signal yield depend on the monopole
mass hypothesis and range from 3% to 20% for the lowest
and highest mass points, respectively.
The kinetic energy threshold below which δ electrons are

not propagated explicitly in the ATLAS simulation depends
on the GEANT4 “range cut” parameter [75]. Reducing the
value of this parameter by a factor of five produces less than
a 3% signal yield change, which is taken as a systematic
uncertainty.
The modified Bethe-Bloch formula for ionization by

monopoles has a theoretical uncertainty of about�3% [76].
Alternative signal samples where δ-electron production is
reduced by 3% were therefore simulated. This results in a
1%–4% decrease in signal yield for the mass range
considered, which is included as a systematic uncertainty.
Noise activity in the pixel detector is not fully accounted

for in the simulation. Less activity is observed in MC
simulated events with no interacting particles than in

“empty” data events with no tracks or topoclusters, and
with at least one neutron emitted by the EM breakup of an
ion. These data events, selected by an unbiased trigger that
requires ZDC activity on one side, are fully equivalent to
empty bunch-crossing events. To obtain better data-MC
agreement, the MC simulated “empty” events are over-
layed, on an event-by-event basis, with additional pixel
clusters randomly assigned to pixel-cluster positions seen
in “empty” data events. The same degree of pixel-cluster
overlay is then applied in MC signal events, resulting in a
1%–2% decrease in signal yield, which is taken as a
systematic uncertainty. A similar procedure is used to
estimate calorimeter noise, resulting in a 1% decrease in
signal yield.
To cover the XnXn selection modeling, a 20% uncer-

tainty is assigned to peff
XnXn. A value of 20% is chosen to

primarily cover the 10%–20% differences observed
between the f0nXn and fXnXn values in ATLAS data and
those predicted by SUPERCHIC4.2 [60]. It also covers
differences between SUPERCHIC and alternative
STARLIGHT [77] or GAMMA-UPC [78] predictions for
f0nXn and fXnXn.
The difference between the background estimates from

the reweighted and nonreweighted nSCTsp distributions in
CR2 affects the background yield in SR by 10% and is
taken as a systematic uncertainty. The reweighting of other
distributions that show slight differences between CR1 and
CR2 has a negligible impact on the background estimate.
The uncertainty in the integrated luminosity of the data

sample is 3.5%. It is derived from the calibration of the
luminosity following a methodology similar to that detailed
in Ref. [79], and using the LUCID-2 detector [80] for the
baseline luminosity measurements. The total systematic
uncertainty affecting the selection efficiency, computed by
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FIG. 2. (a) ϕT distribution for data in the VR and (b) T distribution for data in CR1, the VR, and the SR. Data (markers) are shown
together with the estimated beam-induced background (filled histograms). The distributions for background use events from CR2 scaled
as described in the text. The lower panels show the ratio of data to the estimated background. The shaded bands represent the statistical
uncertainty of the background. In (b) the green dotted-dashed line shows the representative signal contribution for a monopole mass of
100 GeV, and the arrow in the ratio plot is for the point that is outside the range.
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adding in quadrature all of the individual systematic
uncertainties, varies between 21% (lowest masses) and
38% (highest masses).
Three data events were found in the SR. This is

consistent with the estimate of 4� 4ðstatÞ � 1ðsystÞ back-
ground events. Consequently, exclusion limits are set at
95% confidence level (CL) using the CLs method [81]
implemented in RooStats [82]. The cross-section limits are
obtained by exploiting the selection efficiency and its
uncertainty for each signal sample, the systematic uncer-
tainty of the background estimate, and the integrated
luminosity’s uncertainty. Limits are calculated using the
pseudo-experiment approach, with 20 000 “toys” per mass
point. Figure 3 shows the obtained 95% CL limits. These
results are compared with the observed limits by MoEDAL
[45]. In addition, a comparison is made with the FPA model
predictions [43] [Eq. (1)] and with the alternative LCFA
model [43,45,46]. The present search significantly
improves on the previous cross-section limits reported
by MoEDAL for jqmj ¼ 1gD and excludes monopoles with
masses below 120 GeV, assuming the FPA model.
Assuming the total cross section follows the LCFA model,
magnetic monopoles with charge jqmj ¼ 1gD and masses
below 80 GeV are excluded. Limits obtained from alter-
native production channels, like from indirect searches of
monopoles produced close to the surface of neutron stars

via the thermal Schwinger process [83], are much less
stringent and are not shown here.
In conclusion, this Letter presents a search for magnetic

monopoles with mass in the range 20–150 GeV in ultra-
peripheral heavy-ion collisions using 262 μb−1 of Pbþ Pb
collision data at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.36 TeV collected by the
ATLAS detector at the LHC. This analysis uses an
alternative way of detecting low-mass monopoles in
heavy-ion collisions, complementary to the trapping tech-
nique used by the MoEDAL experiment. The targeted
monopole signature is based on high ionization in the
ATLAS pixel detector. The background is mainly beam-
induced, and its yield is estimated using a data-driven
procedure. No excess of events over the expected back-
ground is observed. For monopoles with a single Dirac
magnetic charge, the derived upper limits on monopole
pair-production cross sections, based on a nonperturbative
semiclassical model and derived at 95% confidence level,
are more stringent than the recently reported limits from
MoEDAL, also using Pbþ Pb collisions. Depending on the
model, monopoles with a single Dirac magnetic charge and
mass below 80–120 GeV are excluded. The exploration of
higher magnetic charges will be a subject of future
investigations.
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Ricerca (PRIN—20223N7F8K—PNRR M4.C2.1.1);
Japan: Japan Society for the Promotion of Science (JSPS
KAKENHI JP22H01227, JSPS KAKENHI JP22H04944,
JSPS KAKENHI JP22KK0227, JSPS KAKENHI
JP23KK0245); Netherlands: Netherlands Organisation
for Scientific Research (NWO Veni 2020—
VI.Veni.202.179); Norway: Research Council of Norway
(RCN-314472); Poland: Ministry of Science and Higher
Education (IDUB AGH, POB8, D4 no 9722), 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, NCN &
H2020 MSCA 945339, UMO-2020/37/B/ST2/01043,
UMO-2021/40/C/ST2/00187, UMO-2022/47/O/ST2/
00148, UMO-2023/49/B/ST2/04085, UMO-2023/51/B/
ST2/00920); Slovenia: Slovenian Research Agency
(ARIS Grant No. J1-3010); Spain: Generalitat
Valenciana (Artemisa, FEDER, IDIFEDER/2018/048),
Ministry of Science and Innovation (MCIN &
NextGenEU PCI2022-135018-2, MICIN & FEDER
PID2021-125273NB, RYC2019-028510-I, RYC2020-
030254-I, RYC2021-031273-I, RYC2022-038164-I);
Sweden: Carl Trygger Foundation (Carl Trygger
Foundation CTS 22∶2312), Swedish Research Council
(Swedish Research Council 2023-04654, VR 2018-
00482, VR 2022-03845, VR 2022-04683, VR 2023-
03403, VR grant 2021-03651), Knut and Alice
Wallenberg Foundation (KAW 2018.0458, KAW
2019.0447, KAW 2022.0358); Switzerland: Swiss
National Science Foundation (SNSF—PCEFP2_194658);
United Kingdom: Leverhulme Trust (Leverhulme Trust
RPG-2020-004), Royal Society (NIF-R1-231091); USA:
U.S. Department of Energy (ECA DE-AC02-76SF00515),
Neubauer Family Foundation.

[1] P. A. M. Dirac, Quantised singularities in the electromag-
netic field, Proc. R. Soc. A 133, 60 (1931).

[2] J. C. Maxwell, On physical lines of force, Philos. Mag. 90,
11 (1861).

[3] G. ’t Hooft, Magnetic monopoles in unified gauge theories,
Nucl. Phys. B 79, 276 (1974).

[4] N. E. Mavromatos and V. A. Mitsou, Magnetic monopoles
revisited: Models and searches at colliders and in the
cosmos, Int. J. Mod. Phys. A 35, 2030012 (2020).

[5] S. Klein and P. Steinberg, Photonuclear and two-photon
interactions at high-energy nuclear colliders, Annu. Rev.
Nucl. Part. Sci. 70, 323 (2020).

[6] ATLAS Collaboration, Two-particle azimuthal correlations
in photonuclear ultraperipheral Pbþ Pb collisions at
5.02 TeV with ATLAS, Phys. Rev. C 104, 014903
(2021).

[7] L. N. Epele, H. Fanchiotti, C. A. García Canal, V. A. Mitsou,
and V. Vento, Looking for magnetic monopoles at LHC with
diphoton events, Eur. Phys. J. Plus 127, 60 (2012).

[8] P. Musset, M. Price, and E. Lohrmann, Search for magnetic
monopoles in electron-positron collisions at 34 GeV CM
energy, Phys. Lett. 128B, 333 (1983).

[9] K. Kinoshita, P. B. Price, and D. Fryberger, Search for
highly ionizing particles in eþe− collisions atffiffiffi
s

p ¼ 29 GeV, Phys. Rev. Lett. 48, 77 (1982).
[10] D. Fryberger, T. E. Coan, K. Kinoshita, and P. B. Price,

Search for highly ionizing particles in eþe− collisions atffiffiffi
s

p ¼ 29 GeV, Phys. Rev. D 29, 1524 (1984).

PHYSICAL REVIEW LETTERS 134, 061803 (2025)

061803-7

https://doi.org/10.1098/rspa.1931.0130
https://doi.org/10.1080/14786446108643033
https://doi.org/10.1080/14786446108643033
https://doi.org/10.1016/0550-3213(74)90486-6
https://doi.org/10.1142/S0217751X20300124
https://doi.org/10.1146/annurev-nucl-030320-033923
https://doi.org/10.1146/annurev-nucl-030320-033923
https://doi.org/10.1103/PhysRevC.104.014903
https://doi.org/10.1103/PhysRevC.104.014903
https://doi.org/10.1140/epjp/i2012-12060-8
https://doi.org/10.1016/0370-2693(83)90270-8
https://doi.org/10.1103/PhysRevLett.48.77
https://doi.org/10.1103/PhysRevD.29.1524


[11] T. Gentile et al., Search for magnetically charged particles
produced in eþe− annihilations at

ffiffiffi
s

p ¼ 10.6 GeV, Phys.
Rev. D 35, 1081 (1987).

[12] Tasso Collaboration, A search for particles with magnetic
charge produced in eþe− annihilations at

ffiffiffi
s

p ¼ 35 GeV, Z.
Phys. C 38, 543 (1988).

[13] K. Kinoshita, M. Fujii, K. Nakajima, P. B. Price, and S.
Tasaka, Search for highly ionizing particles in eþe−

annihilations at
ffiffiffi
s

p ¼ 50–52 GeV, Phys. Rev. Lett. 60,
1610 (1988).

[14] K. Kinoshita, M. Fujii, K. Nakajima, P. B. Price, and S.
Tasaka, Search for highly ionizing particles in eþe−

annihilations at
ffiffiffi
s

p ¼ 50–60.8 GeV, Phys. Lett. B 228,
543 (1989).

[15] OPAL Collaboration, Search for Dirac magnetic monopoles
in eþe− collisions with the OPAL detector at LEP2, Phys.
Lett. B 663, 37 (2008).

[16] K. Kinoshita et al., Search for highly ionizing particles in
eþe− annihilations at

ffiffiffi
s

p ¼ 91.1 GeV, Phys. Rev. D 46,
R881 (1992).

[17] J. L. Pinfold et al., A search for highly ionizing particles
produced at the OPAL intersection point at LEP, Phys. Lett.
B 316, 407 (1993).

[18] H1 Collaboration, A direct search for stable magnetic
monopoles produced in positron-proton collisions at HERA,
Eur. Phys. J. C 41, 133 (2005).

[19] CDF Collaboration, Direct search for Dirac magnetic
monopoles in pp̄ collisions at

ffiffiffi
s

p ¼ 1.96 TeV, Phys.
Rev. Lett. 96, 201801 (2006).

[20] G. R. Kalbfleisch, W. Luo, K. A. Milton, E. H. Smith,
and M. G. Strauss, Limits on production of magnetic
monopoles utilizing samples from the D0 and CDF detec-
tors at the Fermilab Tevatron, Phys. Rev. D 69, 052002
(2004).

[21] G. R. Kalbfleisch et al., Improved experimental limits on the
production of magnetic monopoles, Phys. Rev. Lett. 85,
5292 (2000).

[22] D0 Collaboration, Search for heavy pointlike Dirac monop-
oles, Phys. Rev. Lett. 81, 524 (1998).

[23] P. B. Price, R. Guoxiao, and K. Kinoshita, Search for highly
ionizing particles at the Fermilab proton-antiproton collider,
Phys. Rev. Lett. 59, 2523 (1987).

[24] P. B. Price, J. Guiru, and K. Kinoshita, High-luminosity
search for highly ionizing particles at the Fermilab collider,
Phys. Rev. Lett. 65, 149 (1990).

[25] M. Bertani et al., Search for magnetic monopoles at the
Tevatron collider, Europhys. Lett. 12, 613 (1990).

[26] H. Hoffmann et al., A new search for magnetic monopoles
at the CERN-ISR with plastic detectors, Lett. Nuovo
Cimento 23, 357 (1978).

[27] R. A. Carrigan, Jr., B. P. Strauss, and G. Giacomelli, Search
for magnetic monopoles at the CERN intersecting storage
rings, Phys. Rev. D 17, 1754 (1978).

[28] B. Aubert, P. Musset, M. Price, and J. P. Vialle, Search
for magnetic monopoles in proton-antiproton inter-
actions at 540 GeV cm energy, Phys. Lett. 120B, 465
(1983).

[29] R. A. Carrigan, F. A. Nezrick, and B. P. Strauss, Search for
magnetic-monopole production by 300-GeV protons, Phys.
Rev. D 8, 3717 (1973).

[30] R. A. Carrigan, F. A. Nezrick, and B. P. Strauss, Extension
of Fermi National Accelerator Laboratory magnetic-
monopole search to 400 GeV, Phys. Rev. D 10, 3867 (1974).

[31] Y. D. He, Search for a Dirac magnetic monopole in high
energy nucleus-nucleus collisions, Phys. Rev. Lett. 79, 3134
(1997).

[32] ATLAS Collaboration, Search for magnetic monopoles inffiffiffi
s

p ¼ 7 TeV pp collisions with the Atlas detector, Phys.
Rev. Lett. 109, 261803 (2012).

[33] ATLAS Collaboration, Search for magnetic monopoles and
stable particles with high electric charges in 8 TeV pp
collisions with the ATLAS detector, Phys. Rev. D 93,
052009 (2016).

[34] ATLAS Collaboration, Search for magnetic monopoles and
stable high-electric-charge objects in 13 TeV proton-proton
collisions with the ATLAS detector, Phys. Rev. Lett. 124,
031802 (2020).

[35] ATLAS Collaboration, Search for magnetic monopoles and
stable high-electric-charge objects in 13 TeV proton-proton
collisions with the ATLAS detector, J. High Energy Phys.
11 (2023) 112.

[36] MoEDAL Collaboration, Search for magnetic monopoles
with the MoEDAL prototype trapping detector in 8 TeV
proton-proton collisions at the LHC, J. High Energy Phys.
08 (2016) 067.

[37] MoEDAL Collaboration, Search for magnetic monopoles
with the MoEDAL forward trapping detector in 13 TeV
proton-proton collisions at the LHC, Phys. Rev. Lett. 118,
061801 (2017).

[38] MoEDAL Collaboration, Search for magnetic monopoles
with the MoEDAL forward trapping detector in 2.11 fb−1 of
13 TeV proton-proton collisions at the LHC, Phys. Lett. B
782, 510 (2018).

[39] MoEDAL Collaboration, Magnetic monopole search with
the full MoEDAL trapping detector in 13 TeV pp collisions
interpreted in photon-fusion and Drell-Yan production,
Phys. Rev. Lett. 123, 021802 (2019).

[40] W.-Y. Song and W. Taylor, Pair production of magnetic
monopoles and stable high-electric-charge objects in pro-
ton-proton and heavy-ion collisions, J. Phys. G 49, 045002
(2022).

[41] A. K. Drukier and S. Nussinov, Monopole pair creation in
energetic collisions: Is it possible?, Phys. Rev. Lett. 49, 102
(1982).

[42] J. Schwinger, On gauge invariance and vacuum polarization,
Phys. Rev. 82, 664 (1951).

[43] O. Gould, D. L.-J. Ho, and A. Rajantie, Towards Schwinger
production of magnetic monopoles in heavy-ion collisions,
Phys. Rev. D 100, 015041 (2019).

[44] O. Gould, D. L.-J. Ho, and A. Rajantie, Schwinger pair
production of magnetic monopoles: Momentum distribution
for heavy-ion collisions, Phys. Rev. D 104, 015033 (2021).

[45] MoEDAL Collaboration, Search for magnetic monopoles
produced via the Schwinger mechanism, Nature (London)
602, 63 (2022).

[46] MoEDAL Collaboration, MoEDAL search in the CMS
beam pipe for magnetic monopoles produced via the
Schwinger effect, Phys. Rev. Lett. 133, 071803 (2024).

[47] K. A. Milton, Theoretical and experimental status of mag-
netic monopoles, Rep. Prog. Phys. 69, 1637 (2006).

PHYSICAL REVIEW LETTERS 134, 061803 (2025)

061803-8

https://doi.org/10.1103/PhysRevD.35.1081
https://doi.org/10.1103/PhysRevD.35.1081
https://doi.org/10.1007/BF01624358
https://doi.org/10.1007/BF01624358
https://doi.org/10.1103/PhysRevLett.60.1610
https://doi.org/10.1103/PhysRevLett.60.1610
https://doi.org/10.1016/0370-2693(89)90990-8
https://doi.org/10.1016/0370-2693(89)90990-8
https://doi.org/10.1016/j.physletb.2008.03.057
https://doi.org/10.1016/j.physletb.2008.03.057
https://doi.org/10.1103/PhysRevD.46.R881
https://doi.org/10.1103/PhysRevD.46.R881
https://doi.org/10.1016/0370-2693(93)90346-J
https://doi.org/10.1016/0370-2693(93)90346-J
https://doi.org/10.1140/epjc/s2005-02201-6
https://doi.org/10.1103/PhysRevLett.96.201801
https://doi.org/10.1103/PhysRevLett.96.201801
https://doi.org/10.1103/PhysRevD.69.052002
https://doi.org/10.1103/PhysRevD.69.052002
https://doi.org/10.1103/PhysRevLett.85.5292
https://doi.org/10.1103/PhysRevLett.85.5292
https://doi.org/10.1103/PhysRevLett.81.524
https://doi.org/10.1103/PhysRevLett.59.2523
https://doi.org/10.1103/PhysRevLett.65.149
https://doi.org/10.1209/0295-5075/12/7/007
https://doi.org/10.1007/BF02776247
https://doi.org/10.1007/BF02776247
https://doi.org/10.1103/PhysRevD.17.1754
https://doi.org/10.1016/0370-2693(83)90488-4
https://doi.org/10.1016/0370-2693(83)90488-4
https://doi.org/10.1103/PhysRevD.8.3717
https://doi.org/10.1103/PhysRevD.8.3717
https://doi.org/10.1103/PhysRevD.10.3867
https://doi.org/10.1103/PhysRevLett.79.3134
https://doi.org/10.1103/PhysRevLett.79.3134
https://doi.org/10.1103/PhysRevLett.109.261803
https://doi.org/10.1103/PhysRevLett.109.261803
https://doi.org/10.1103/PhysRevD.93.052009
https://doi.org/10.1103/PhysRevD.93.052009
https://doi.org/10.1103/PhysRevLett.124.031802
https://doi.org/10.1103/PhysRevLett.124.031802
https://doi.org/10.1007/JHEP11(2023)112
https://doi.org/10.1007/JHEP11(2023)112
https://doi.org/10.1007/JHEP08(2016)067
https://doi.org/10.1007/JHEP08(2016)067
https://doi.org/10.1103/PhysRevLett.118.061801
https://doi.org/10.1103/PhysRevLett.118.061801
https://doi.org/10.1016/j.physletb.2018.05.069
https://doi.org/10.1016/j.physletb.2018.05.069
https://doi.org/10.1103/PhysRevLett.123.021802
https://doi.org/10.1088/1361-6471/ac3dce
https://doi.org/10.1088/1361-6471/ac3dce
https://doi.org/10.1103/PhysRevLett.49.102
https://doi.org/10.1103/PhysRevLett.49.102
https://doi.org/10.1103/PhysRev.82.664
https://doi.org/10.1103/PhysRevD.100.015041
https://doi.org/10.1103/PhysRevD.104.015033
https://doi.org/10.1038/s41586-021-04298-1
https://doi.org/10.1038/s41586-021-04298-1
https://doi.org/10.1103/PhysRevLett.133.071803
https://doi.org/10.1088/0034-4885/69/6/R02


[48] ATLAS Collaboration, The ATLAS experiment at the
CERN Large Hadron Collider, J. Instrum. 3, S08003 (2008).

[49] ATLAS Collaboration, The ATLAS experiment at the
CERN Large Hadron Collider: a description of the detector
configuration for Run 3, J. Instrum. 19, P05063 (2024).

[50] ATLAS uses a right-handed coordinate system with its
origin at the nominal interaction point (IP) in the center of
the detector and the z axis coinciding with the axis of the
beam pipe. The x axis points from the IP to the center of the
LHC ring, and the y axis points upward. Cylindrical
coordinates ðr;ϕÞ are used in the transverse plane, ϕ being
the azimuthal angle around the beam pipe. The pseudor-
apidity is defined in terms of the polar angle θ as
η ¼ − ln tanðθ=2Þ.

[51] ATLAS Collaboration, Software and computing for Run 3
of the ATLAS experiment at the LHC, arXiv:2404.06335.

[52] ATLAS Collaboration, ATLAS insertable B-layer technical
design report, CERNATLAS-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.

[53] B. Abbott et al., Production and integration of the ATLAS
insertable B-layer, J. Instrum. 13, T05008 (2018).

[54] ATLAS Collaboration, The ATLAS trigger system for LHC
Run 3 and trigger performance in 2022, J. Instrum. 19,
P06029 (2024).

[55] A. Veyssiere, H. Beil, R. Bergere, P. Carlos, and A. Lepretre,
Photoneutron cross sections of 208 Pb and 197 Au, Nucl.
Phys. A 159, 561 (1970).

[56] ALICE Collaboration, Measurement of the cross section for
electromagnetic dissociation with neutron emission in
Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV, Phys. Rev. Lett.
109, 252302 (2012).

[57] ATLAS Collaboration, The ATLAS simulation infrastruc-
ture, Eur. Phys. J. C 70, 823 (2010).

[58] S. Agostinelli et al., GEANT4—A simulation toolkit,
Nucl. Instrum. Methods Phys. Res., Sect. A 506, 250
(2003).

[59] The omission of the dissociative contribution to the signal,
motivated by the possible suppression of monopole-pair
production in the elementary γγ fusion process in semi-
classical models, weakens the cross-section limits by about
10%.

[60] L. A. Harland-Lang, Exciting ions: A systematic treatment
of ultraperipheral heavy ion collisions with nuclear breakup,
Phys. Rev. D 107, 093004 (2023).

[61] ATLAS Collaboration, Exclusive dimuon production in
ultraperipheral Pbþ Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV
with ATLAS, Phys. Rev. C 104, 024906 (2021).

[62] ATLAS Collaboration, Exclusive dielectron production in
ultraperipheral Pbþ Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV
with ATLAS, J. High Energy Phys. 06 (2023) 182.

[63] ATLAS Collaboration, Characterisation and mitigation of
beam-induced backgrounds observed in the ATLAS detec-
tor during the 2011 proton-proton run, J. Instrum. 8, P07004
(2013).

[64] ATLAS Collaboration, Beam-induced and cosmic-ray back-
grounds observed in the ATLAS detector during the LHC
2012 proton-proton running period, J. Instrum. 11, P05013
(2016).

[65] ATLAS Collaboration, Comparison between simu-
lated and observed LHC beam backgrounds in the
ATLAS experiment at Ebeam ¼ 4 TeV, J. Instrum. 13,
P12006 (2018).

[66] ATLAS Collaboration, Beam-induced backgrounds
measured in the ATLAS detector during local gas injection
into the LHC beam vacuum, J. Instrum. 19, P06014
(2024).

[67] A. De Roeck, A. Katre, P. Mermod, D. Milstead, and T.
Sloan, Sensitivity of LHC experiments to exotic highly
ionising particles, Eur. Phys. J. C 72, 1985 (2012).

[68] ATLAS Collaboration, Measurement of the azimuthal
anisotropy of charged particles produced in

ffiffiffiffiffiffiffiffi
sNN

p ¼
5.02 TeV Pbþ Pb collisions with the ATLAS detector,
Eur. Phys. J. C 78, 997 (2018).

[69] ATLAS Collaboration, Topological cell clustering in the
ATLAS calorimeters and its performance in LHC Run 1,
Eur. Phys. J. C 77, 490 (2017).

[70] ATLAS Collaboration, Rapidity gap cross sections mea-
sured with the ATLAS detector in pp collisions atffiffiffi
s

p ¼ 7 TeV, Eur. Phys. J. C 72, 1926 (2012).
[71] ATLAS Collaboration, A neural network clustering algo-

rithm for the ATLAS silicon pixel detector, J. Instrum. 9,
P09009 (2014).

[72] ATLAS Collaboration, Measurement of distributions sensi-
tive to the underlying event in inclusive Z boson production
in pp collisions at

ffiffiffi
s

p ¼ 13 TeV with the ATLAS detector,
Eur. Phys. J. C 79, 666 (2019).

[73] An SCT space point is a pair of matched clusters on two
sides of an SCT detector module.

[74] ATLAS Collaboration, Study of the material of the ATLAS
inner detector for Run 2 of the LHC, J. Instrum. 12, P12009
(2017).

[75] ATLAS Collaboration, First report of the simulation opti-
mization group, CERN ATL-SOFT-PUB-2008-002, 2008,
https://cds.cern.ch/record/1097789.

[76] S. P. Ahlen, Theoretical and experimental aspects of the
energy loss of relativistic heavily ionizing particles, Rev.
Mod. Phys. 52, 121 (1980); 52, 653(E) (1980).

[77] S. R. Klein, J. Nystrand, J. Seger, Y. Gorbunov, and J.
Butterworth, STARlight: A Monte Carlo simulation pro-
gram for ultra-peripheral collisions of relativistic ions,
Comput. Phys. Commun. 212, 258 (2017).

[78] H.-S. Shao and D. d’Enterria, Gamma-UPC: automated
generation of exclusive photon-photon processes in ultra-
peripheral proton and nuclear collisions with varying form
factors, J. High Energy Phys. 09 (2022) 248.

[79] ATLAS Collaboration, Luminosity determination in pp
collisions at

ffiffiffi
s

p ¼ 13 TeV using the ATLAS detector at
the LHC, Eur. Phys. J. C 83, 982 (2023).

[80] G. Avoni et al., The new LUCID-2 detector for luminosity
measurement and monitoring in ATLAS, J. Instrum. 13,
P07017 (2018).

[81] A. L. Read, Presentation of search results: The CLS tech-
nique, J. Phys. G 28, 2693 (2002).

[82] K. Cranmer, G. Lewis, L. Moneta, A. Shibata, and W.
Verkerke, HistFactory: A tool for creating statistical models
for use with RooFit and RooStats, New York U., CERN,
NIKHEF CERN-OPEN-2012-016, 2012, https://cds.cern
.ch/record/1456844.

PHYSICAL REVIEW LETTERS 134, 061803 (2025)

061803-9

https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1088/1748-0221/19/05/P05063
https://arXiv.org/abs/2404.06335
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1451888
https://doi.org/10.1088/1748-0221/13/05/T05008
https://doi.org/10.1088/1748-0221/19/06/P06029
https://doi.org/10.1088/1748-0221/19/06/P06029
https://doi.org/10.1016/0375-9474(70)90727-X
https://doi.org/10.1016/0375-9474(70)90727-X
https://doi.org/10.1103/PhysRevLett.109.252302
https://doi.org/10.1103/PhysRevLett.109.252302
https://doi.org/10.1140/epjc/s10052-010-1429-9
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1103/PhysRevD.107.093004
https://doi.org/10.1103/PhysRevC.104.024906
https://doi.org/10.1007/JHEP06(2023)182
https://doi.org/10.1088/1748-0221/8/07/P07004
https://doi.org/10.1088/1748-0221/8/07/P07004
https://doi.org/10.1088/1748-0221/11/05/P05013
https://doi.org/10.1088/1748-0221/11/05/P05013
https://doi.org/10.1088/1748-0221/13/12/P12006
https://doi.org/10.1088/1748-0221/13/12/P12006
https://doi.org/10.1088/1748-0221/19/06/P06014
https://doi.org/10.1088/1748-0221/19/06/P06014
https://doi.org/10.1140/epjc/s10052-012-1985-2
https://doi.org/10.1140/epjc/s10052-018-6468-7
https://doi.org/10.1140/epjc/s10052-017-5004-5
https://doi.org/10.1140/epjc/s10052-012-1926-0
https://doi.org/10.1088/1748-0221/9/09/P09009
https://doi.org/10.1088/1748-0221/9/09/P09009
https://doi.org/10.1140/epjc/s10052-019-7162-0
https://doi.org/10.1088/1748-0221/12/12/P12009
https://doi.org/10.1088/1748-0221/12/12/P12009
https://cds.cern.ch/record/1097789
https://cds.cern.ch/record/1097789
https://cds.cern.ch/record/1097789
https://doi.org/10.1103/RevModPhys.52.121
https://doi.org/10.1103/RevModPhys.52.121
https://doi.org/10.1103/RevModPhys.52.653
https://doi.org/10.1016/j.cpc.2016.10.016
https://doi.org/10.1007/JHEP09(2022)248
https://doi.org/10.1140/epjc/s10052-023-11747-w
https://doi.org/10.1088/1748-0221/13/07/P07017
https://doi.org/10.1088/1748-0221/13/07/P07017
https://doi.org/10.1088/0954-3899/28/10/313
https://cds.cern.ch/record/1456844
https://cds.cern.ch/record/1456844
https://cds.cern.ch/record/1456844


[83] O. Gould and A. Rajantie, Magnetic monopole mass bounds
from heavy ion collisions and neutron stars, Phys. Rev. Lett.
119, 241601 (2017).

[84] ATLAS Collaboration, ATLAS computing acknowledge-
ments, CERN ATL-SOFT-PUB-2023-001, 2023, https://cds
.cern.ch/record/2869272.

G. Aad ,105 E. Aakvaag ,17 B. Abbott ,124 S. Abdelhameed ,120a K. Abeling ,57 N. J. Abicht ,51 S. H. Abidi ,30

M. Aboelela ,46 A. Aboulhorma ,36e H. Abramowicz ,156 H. Abreu ,155 Y. Abulaiti ,121 B. S. Acharya ,71a,71b,b

A. Ackermann ,65a C. Adam Bourdarios ,4 L. Adamczyk ,88a S. V. Addepalli ,27 M. J. Addison ,104 J. Adelman ,119

A. Adiguzel ,22c T. Adye ,138 A. A. Affolder ,140 Y. Afik ,41 M. N. Agaras ,13 A. Aggarwal ,103 C. Agheorghiesei ,28c

F. Ahmadov ,40,c S. Ahuja ,98 X. Ai ,64e G. Aielli ,78a,78b A. Aikot ,168 M. Ait Tamlihat ,36e B. Aitbenchikh ,36a

M. Akbiyik ,103 T. P. A. Åkesson ,101 A. V. Akimov ,150 D. Akiyama ,173 N. N. Akolkar ,25 S. Aktas ,22a

K. Al Khoury ,43 G. L. Alberghi ,24b J. Albert ,170 P. Albicocco ,55 G. L. Albouy ,62 S. Alderweireldt ,54

Z. L. Alegria ,125 M. Aleksa ,37 I. N. Aleksandrov ,40 C. Alexa ,28b T. Alexopoulos ,10 F. Alfonsi ,24b M. Algren ,58

M. Alhroob ,172 B. Ali ,136 H. M. J. Ali ,94,d S. Ali ,32 S. W. Alibocus ,95 M. Aliev ,34c G. Alimonti ,73a

W. Alkakhi ,57 C. Allaire ,68 B. M.M. Allbrooke ,151 J. S. Allen ,104 J. F. Allen ,54 C. A. Allendes Flores ,141f

P. P. Allport ,21 A. Aloisio ,74a,74b F. Alonso ,93 C. Alpigiani ,143 Z. M. K. Alsolami ,94 M. Alvarez Estevez ,102

A. Alvarez Fernandez ,103 M. Alves Cardoso ,58 M. G. Alviggi ,74a,74b M. Aly ,104 Y. Amaral Coutinho ,85b

A. Ambler ,107 C. Amelung,37 M. Amerl ,104 C. G. Ames ,112 D. Amidei ,109 B. Amini ,56 K. J. Amirie ,159

S. P. Amor Dos Santos ,134a K. R. Amos ,168 D. Amperiadou ,157 S. An,86 V. Ananiev ,129 C. Anastopoulos ,144

T. Andeen ,11 J. K. Anders ,37 A. C. Anderson ,61 S. Y. Andrean ,49a,49b A. Andreazza ,73a,73b S. Angelidakis ,9

A. Angerami ,43 A. V. Anisenkov ,39 A. Annovi ,76a C. Antel ,58 E. Antipov ,150 M. Antonelli ,55 F. Anulli ,77a

M. Aoki ,86 T. Aoki ,158 M. A. Aparo ,151 L. Aperio Bella ,50 C. Appelt ,156 A. Apyan ,27 S. J. Arbiol Val ,89

C. Arcangeletti ,55 A. T. H. Arce ,53 J-F. Arguin ,111 S. Argyropoulos ,157 J.-H. Arling ,50 O. Arnaez ,4 H. Arnold ,150

G. Artoni ,77a,77b H. Asada ,114 K. Asai ,122 S. Asai ,158 N. A. Asbah ,37 R. A. Ashby Pickering ,172 K. Assamagan ,30

R. Astalos ,29a K. S. V. Astrand ,101 S. Atashi ,163 R. J. Atkin ,34a M. Atkinson,167 H. Atmani,36f P. A. Atmasiddha ,132

K. Augsten ,136 A. D. Auriol ,21 V. A. Austrup ,104 G. Avolio ,37 K. Axiotis ,58 G. Azuelos ,111,e D. Babal ,29b

H. Bachacou ,139 K. Bachas ,157,f A. Bachiu ,35 E. Bachmann ,52 A. Badea ,41 T. M. Baer ,109 P. Bagnaia ,77a,77b

M. Bahmani ,19 D. Bahner ,56 K. Bai ,127 J. T. Baines ,138 L. Baines ,97 O. K. Baker ,177 E. Bakos ,16

D. Bakshi Gupta ,8 L. E. Balabram Filho ,85b V. Balakrishnan ,124 R. Balasubramanian ,4 E. M. Baldin ,39 P. Balek ,88a

E. Ballabene ,24b,24a F. Balli ,139 L. M. Baltes ,65a W. K. Balunas ,33 J. Balz ,103 I. Bamwidhi ,120b E. Banas ,89

M. Bandieramonte ,133 A. Bandyopadhyay ,25 S. Bansal ,25 L. Barak ,156 M. Barakat ,50 E. L. Barberio ,108

D. Barberis ,59b,59a M. Barbero ,105 M. Z. Barel ,118 T. Barillari ,113 M-S. Barisits ,37 T. Barklow ,148 P. Baron ,126

D. A. Baron Moreno ,104 A. Baroncelli ,64a A. J. Barr ,130 J. D. Barr ,99 F. Barreiro ,102

J. Barreiro Guimarães da Costa ,14 M. G. Barros Teixeira ,134a S. Barsov ,39 F. Bartels ,65a R. Bartoldus ,148

A. E. Barton ,94 P. Bartos ,29a A. Basan ,103 M. Baselga ,51 A. Bassalat ,68,g M. J. Basso ,160a S. Bataju ,46

R. Bate ,169 R. L. Bates ,61 S. Batlamous,102 B. Batool ,146 M. Battaglia ,140 D. Battulga ,19 M. Bauce ,77a,77b

M. Bauer ,81 P. Bauer ,25 L. T. Bazzano Hurrell ,31 J. B. Beacham ,53 T. Beau ,131 J. Y. Beaucamp ,93

P. H. Beauchemin ,162 P. Bechtle ,25 H. P. Beck ,20,h K. Becker ,172 A. J. Beddall ,84 V. A. Bednyakov ,40

C. P. Bee ,150 L. J. Beemster ,16 T. A. Beermann ,37 M. Begalli ,85d M. Begel ,30 A. Behera ,150 J. K. Behr ,50

J. F. Beirer ,37 F. Beisiegel ,25 M. Belfkir ,120b G. Bella ,156 L. Bellagamba ,24b A. Bellerive ,35 P. Bellos ,21

K. Beloborodov ,39 D. Benchekroun ,36a F. Bendebba ,36a Y. Benhammou ,156 K. C. Benkendorfer ,63 L. Beresford ,50

M. Beretta ,55 E. Bergeaas Kuutmann ,166 N. Berger ,4 B. Bergmann ,136 J. Beringer ,18a G. Bernardi ,5

C. Bernius ,148 F. U. Bernlochner ,25 F. Bernon ,37 A. Berrocal Guardia ,13 T. Berry ,98 P. Berta ,137 A. Berthold ,52

S. Bethke ,113 A. Betti ,77a,77b A. J. Bevan ,97 N. K. Bhalla ,56 S. Bhatta ,150 D. S. Bhattacharya ,171 P. Bhattarai ,148

Z. M. Bhatti ,121 K. D. Bhide ,56 V. S. Bhopatkar ,125 R. M. Bianchi ,133 G. Bianco ,24b,24a O. Biebel ,112

R. Bielski ,127 M. Biglietti ,79a C. S. Billingsley,46 Y. Bimgdi ,36f M. Bindi ,57 A. Bingham ,176 A. Bingul ,22b

C. Bini ,77a,77b G. A. Bird ,33 M. Birman ,174 M. Biros ,137 S. Biryukov ,151 T. Bisanz ,51 E. Bisceglie ,45b,45a

J. P. Biswal ,138 D. Biswas ,146 I. Bloch ,50 A. Blue ,61 U. Blumenschein ,97 J. Blumenthal ,103 V. S. Bobrovnikov ,39

PHYSICAL REVIEW LETTERS 134, 061803 (2025)

061803-10

https://doi.org/10.1103/PhysRevLett.119.241601
https://doi.org/10.1103/PhysRevLett.119.241601
https://cds.cern.ch/record/2869272
https://cds.cern.ch/record/2869272
https://cds.cern.ch/record/2869272
https://orcid.org/0000-0002-6665-4934
https://orcid.org/0000-0001-7616-1554
https://orcid.org/0000-0002-5888-2734
https://orcid.org/0000-0002-0287-5869
https://orcid.org/0000-0002-1002-1652
https://orcid.org/0000-0001-5763-2760
https://orcid.org/0000-0002-8496-9294
https://orcid.org/0009-0003-6578-220X
https://orcid.org/0000-0002-9987-2292
https://orcid.org/0000-0001-5329-6640
https://orcid.org/0000-0002-1599-2896
https://orcid.org/0000-0003-0403-3697
https://orcid.org/0000-0002-8588-9157
https://orcid.org/0000-0003-4699-7275
https://orcid.org/0000-0002-2634-4958
https://orcid.org/0000-0002-5859-2075
https://orcid.org/0000-0002-2919-6663
https://orcid.org/0000-0002-8387-3661
https://orcid.org/0000-0002-1041-3496
https://orcid.org/0000-0001-6644-0517
https://orcid.org/0000-0003-0627-5059
https://orcid.org/0000-0002-9058-7217
https://orcid.org/0000-0001-8102-356X
https://orcid.org/0000-0002-4355-5589
https://orcid.org/0000-0002-1922-2039
https://orcid.org/0000-0003-3695-1847
https://orcid.org/0000-0003-3644-540X
https://orcid.org/0000-0003-4368-9285
https://orcid.org/0000-0003-3856-2415
https://orcid.org/0000-0002-0573-8114
https://orcid.org/0000-0001-6578-6890
https://orcid.org/0000-0002-1322-4666
https://orcid.org/0000-0002-8020-1181
https://orcid.org/0000-0002-7342-3130
https://orcid.org/0000-0003-4141-5408
https://orcid.org/0000-0002-2846-2958
https://orcid.org/0000-0001-7623-6421
https://orcid.org/0000-0003-3424-2123
https://orcid.org/0000-0002-8250-6501
https://orcid.org/0000-0002-0547-8199
https://orcid.org/0000-0003-2388-987X
https://orcid.org/0000-0003-0253-2505
https://orcid.org/0000-0001-6430-1038
https://orcid.org/0000-0003-0830-0107
https://orcid.org/0000-0002-8224-7036
https://orcid.org/0000-0002-1977-0799
https://orcid.org/0000-0002-1936-9217
https://orcid.org/0000-0001-7381-6762
https://orcid.org/0000-0003-0922-7669
https://orcid.org/0000-0002-8977-279X
https://orcid.org/0000-0002-0966-0211
https://orcid.org/0000-0003-1793-1787
https://orcid.org/0000-0001-7569-7111
https://orcid.org/0000-0001-8653-5556
https://orcid.org/0000-0002-4507-7349
https://orcid.org/0000-0001-5216-3133
https://orcid.org/0000-0002-9377-8852
https://orcid.org/0000-0002-9012-3746
https://orcid.org/0000-0002-7128-9046
https://orcid.org/0000-0001-9355-4245
https://orcid.org/0000-0003-4745-538X
https://orcid.org/0000-0002-5738-2471
https://orcid.org/0000-0001-9398-8158
https://orcid.org/0000-0001-9990-7486
https://orcid.org/0000-0002-1509-3217
https://orcid.org/0000-0001-7303-2570
https://orcid.org/0000-0002-3883-6693
https://orcid.org/0000-0001-9431-8156
https://orcid.org/0000-0002-7641-5814
https://orcid.org/0000-0002-3785-0709
https://orcid.org/0000-0002-8181-6532
https://orcid.org/0000-0003-1525-4620
https://orcid.org/0000-0002-0042-292X
https://orcid.org/0000-0003-0026-982X
https://orcid.org/0000-0003-3043-3715
https://orcid.org/0000-0002-1798-7230
https://orcid.org/0000-0003-2184-3480
https://orcid.org/0000-0003-1155-7982
https://orcid.org/0000-0002-2126-4246
https://orcid.org/0000-0002-6814-0355
https://orcid.org/0000-0002-4692-0369
https://orcid.org/0000-0002-8029-7347
https://orcid.org/0000-0001-7566-6067
https://orcid.org/0000-0003-1757-5620
https://orcid.org/0000-0003-0205-6887
https://orcid.org/0000-0003-3649-7621
https://orcid.org/0000-0003-1587-5830
https://orcid.org/0000-0002-4413-871X
https://orcid.org/0000-0002-1846-0262
https://orcid.org/0009-0009-9682-4656
https://orcid.org/0000-0002-9766-2670
https://orcid.org/0000-0001-5161-5759
https://orcid.org/0000-0002-8274-6118
https://orcid.org/0000-0001-7834-8750
https://orcid.org/0000-0002-7201-5936
https://orcid.org/0000-0002-4649-4398
https://orcid.org/0000-0001-9683-0890
https://orcid.org/0000-0002-6678-7665
https://orcid.org/0000-0002-2293-5726
https://orcid.org/0000-0003-2734-130X
https://orcid.org/0000-0001-7498-0097
https://orcid.org/0000-0002-6618-5170
https://orcid.org/0000-0003-4675-7810
https://orcid.org/0000-0003-3942-1702
https://orcid.org/0000-0003-1205-6784
https://orcid.org/0000-0002-9418-6656
https://orcid.org/0000-0002-8849-0360
https://orcid.org/0000-0001-8648-2896
https://orcid.org/0000-0002-7255-0832
https://orcid.org/0000-0003-0229-3858
https://orcid.org/0000-0001-7748-1429
https://orcid.org/0000-0002-1577-5090
https://orcid.org/0000-0002-6096-0893
https://orcid.org/0000-0003-3578-2228
https://orcid.org/0000-0002-3477-4499
https://orcid.org/0000-0003-1420-4955
https://orcid.org/0000-0002-3670-6908
https://orcid.org/0000-0001-5279-2298
https://orcid.org/0000-0001-8381-2255
https://orcid.org/0000-0002-4340-4932
https://orcid.org/0000-0002-4826-2662
https://orcid.org/0000-0001-5095-605X
https://orcid.org/0000-0001-9424-6607
https://orcid.org/0000-0002-3624-4475
https://orcid.org/0000-0002-1972-1006
https://orcid.org/0000-0002-7639-9703
https://orcid.org/0000-0001-8324-0576
https://orcid.org/0000-0002-3623-1228
https://orcid.org/0000-0001-6918-9065
https://orcid.org/0000-0003-2664-3437
https://orcid.org/0000-0003-3664-8186
https://orcid.org/0000-0003-4241-022X
https://orcid.org/0000-0001-7657-6004
https://orcid.org/0000-0002-2256-4515
https://orcid.org/0000-0002-9047-6517
https://orcid.org/0000-0001-8599-024X
https://orcid.org/0009-0005-5576-327X
https://orcid.org/0000-0001-5199-9588
https://orcid.org/0000-0002-2469-513X
https://orcid.org/0000-0003-4578-2651
https://orcid.org/0000-0003-4173-0926
https://orcid.org/0000-0001-8061-9978
https://orcid.org/0000-0001-8508-1169
https://orcid.org/0000-0003-0770-2702
https://orcid.org/0000-0002-9326-1415
https://orcid.org/0000-0003-1346-5774
https://orcid.org/0000-0002-1110-4433
https://orcid.org/0000-0002-6580-008X
https://orcid.org/0009-0006-1619-1261
https://orcid.org/0000-0003-2580-2520
https://orcid.org/0000-0001-5840-1788
https://orcid.org/0000-0002-9854-975X
https://orcid.org/0000-0002-0942-1966
https://orcid.org/0000-0001-9700-2587
https://orcid.org/0000-0003-0844-4207
https://orcid.org/0000-0001-7041-7096
https://orcid.org/0000-0002-7048-4915
https://orcid.org/0000-0003-2866-9446
https://orcid.org/0000-0002-4382-1541
https://orcid.org/0000-0001-5325-6040
https://orcid.org/0000-0003-2014-9489
https://orcid.org/0000-0002-5256-839X
https://orcid.org/0000-0002-8754-1074
https://orcid.org/0000-0002-3436-2726
https://orcid.org/0000-0001-5740-1866
https://orcid.org/0000-0002-3111-0910
https://orcid.org/0000-0002-3938-4553
https://orcid.org/0000-0002-7824-3358
https://orcid.org/0000-0002-5572-2372
https://orcid.org/0000-0001-7326-0565
https://orcid.org/0000-0003-0253-106X
https://orcid.org/0000-0002-7709-037X
https://orcid.org/0000-0002-5170-0053
https://orcid.org/0000-0001-9864-7985
https://orcid.org/0000-0001-7090-7474
https://orcid.org/0000-0002-3533-3740
https://orcid.org/0000-0002-9752-9204
https://orcid.org/0000-0002-3021-0258
https://orcid.org/0000-0003-2387-0386
https://orcid.org/0000-0003-0914-8178
https://orcid.org/0000-0003-2872-7116
https://orcid.org/0000-0002-3407-0918
https://orcid.org/0000-0001-5317-9794
https://orcid.org/0000-0001-9696-9497
https://orcid.org/0000-0003-1419-3213
https://orcid.org/0000-0001-8021-8525
https://orcid.org/0000-0002-1533-0876
https://orcid.org/0000-0002-0129-1423
https://orcid.org/0000-0001-9278-3863
https://orcid.org/0009-0004-5048-9104
https://orcid.org/0009-0004-7639-1869
https://orcid.org/0000-0002-6923-5372
https://orcid.org/0000-0001-6544-9376
https://orcid.org/0000-0001-9608-543X
https://orcid.org/0000-0001-6389-5364
https://orcid.org/0000-0002-9148-4658
https://orcid.org/0000-0002-4819-0419
https://orcid.org/0000-0002-4568-5360
https://orcid.org/0000-0002-8985-6934
https://orcid.org/0000-0003-3623-3335
https://orcid.org/0000-0002-2022-2140
https://orcid.org/0000-0002-0660-1558
https://orcid.org/0000-0003-4889-8748
https://orcid.org/0000-0003-3479-2221
https://orcid.org/0000-0001-7212-1096
https://orcid.org/0000-0002-6691-6498
https://orcid.org/0000-0002-8451-9672
https://orcid.org/0000-0003-4864-8909
https://orcid.org/0000-0001-6294-6561
https://orcid.org/0009-0000-5402-0697
https://orcid.org/0000-0001-9805-2893
https://orcid.org/0000-0003-4868-6059
https://orcid.org/0000-0002-1634-4399
https://orcid.org/0000-0002-7739-295X
https://orcid.org/0000-0002-5501-4640
https://orcid.org/0000-0001-9024-4989
https://orcid.org/0000-0002-7659-8948
https://orcid.org/0000-0001-9974-1527
https://orcid.org/0000-0002-4009-0990
https://orcid.org/0000-0001-7098-9393
https://orcid.org/0000-0001-6775-0111
https://orcid.org/0000-0003-2049-9622
https://orcid.org/0000-0003-0945-4087
https://orcid.org/0000-0001-5196-8327
https://orcid.org/0000-0002-5360-5973
https://orcid.org/0000-0002-0392-1783
https://orcid.org/0000-0003-4466-1196
https://orcid.org/0000-0002-3080-1824
https://orcid.org/0000-0002-7026-8171
https://orcid.org/0000-0002-1253-8583
https://orcid.org/0000-0002-7963-9725
https://orcid.org/0000-0002-8076-5614
https://orcid.org/0000-0002-9975-1781
https://orcid.org/0000-0002-2837-2442
https://orcid.org/0000-0003-3433-1687
https://orcid.org/0000-0001-8153-2719
https://orcid.org/0000-0003-0499-8755
https://orcid.org/0000-0002-1976-5703
https://orcid.org/0000-0002-9569-8231
https://orcid.org/0000-0003-0780-0345
https://orcid.org/0000-0002-3824-409X
https://orcid.org/0000-0003-0073-3821
https://orcid.org/0000-0003-0839-9311
https://orcid.org/0000-0002-4105-9629
https://orcid.org/0000-0003-2677-5675
https://orcid.org/0000-0002-9045-3278
https://orcid.org/0000-0003-3837-4166
https://orcid.org/0000-0001-9977-0416
https://orcid.org/0000-0003-1621-6036
https://orcid.org/0000-0001-8686-4026
https://orcid.org/0000-0003-3024-587X
https://orcid.org/0000-0001-7345-7798
https://orcid.org/0000-0003-4473-7242
https://orcid.org/0000-0002-8663-6856
https://orcid.org/0000-0002-2079-5344
https://orcid.org/0000-0001-5442-1351
https://orcid.org/0009-0002-0240-0270
https://orcid.org/0000-0001-6172-545X
https://orcid.org/0009-0005-3102-4683
https://orcid.org/0000-0002-2455-8039
https://orcid.org/0000-0001-6674-7869
https://orcid.org/0000-0003-2025-5935
https://orcid.org/0000-0002-3835-0968
https://orcid.org/0000-0003-2781-623X
https://orcid.org/0000-0003-3386-9397
https://orcid.org/0000-0002-7820-3065
https://orcid.org/0000-0001-6410-9046
https://orcid.org/0000-0001-8361-2309
https://orcid.org/0000-0002-7543-3471
https://orcid.org/0000-0002-6696-5169
https://orcid.org/0000-0002-7716-5626
https://orcid.org/0000-0002-6134-0303
https://orcid.org/0000-0001-5412-1236
https://orcid.org/0000-0002-2003-0261


M. Boehler ,56 B. Boehm ,171 D. Bogavac ,37 A. G. Bogdanchikov ,39 L. S. Boggia ,131 C. Bohm ,49a V. Boisvert ,98

P. Bokan ,37 T. Bold ,88a M. Bomben ,5 M. Bona ,97 M. Boonekamp ,139 A. G. Borbély ,61 I. S. Bordulev ,39
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5APC, Université Paris Cité, CNRS/IN2P3, Paris, France

6High Energy Physics Division, Argonne National Laboratory, Argonne, Illinois, USA
7Department of Physics, University of Arizona, Tucson, Arizona, USA

8Department of Physics, University of Texas at Arlington, Arlington, Texas, USA
9Physics Department, National and Kapodistrian University of Athens, Athens, Greece

10Physics Department, National Technical University of Athens, Zografou, Greece
11Department of Physics, University of Texas at Austin, Austin, Texas, USA
12Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan

13Institut de Física d’Altes Energies (IFAE), Barcelona Institute of Science and Technology, Barcelona, Spain
14Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China

15Physics Department, Tsinghua University, Beijing, China
16Institute of Physics, University of Belgrade, Belgrade, Serbia

17Department for Physics and Technology, University of Bergen, Bergen, Norway
18aPhysics Division, Lawrence Berkeley National Laboratory, Berkeley, California, USA

18bUniversity of California, Berkeley, California, USA
19Institut für Physik, Humboldt Universität zu Berlin, Berlin, Germany

20Albert Einstein Center for Fundamental Physics and Laboratory for High Energy Physics, University of Bern, Bern, Switzerland
21School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom

22aDepartment of Physics, Bogazici University, Istanbul, Türkiye
22bDepartment of Physics Engineering, Gaziantep University, Gaziantep, Türkiye

22cDepartment of Physics, Istanbul University, Istanbul, Türkiye
23aFacultad de Ciencias y Centro de Investigaciónes, Universidad Antonio Nariño, Bogotá, Colombia

23bDepartamento de Física, Universidad Nacional de Colombia, Bogotá, Colombia
24aDipartimento di Fisica e Astronomia A. Righi, Università di Bologna, Bologna, Italy
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