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A search for pairs of light neutral pseudoscalar bosons (A) resulting from the decay of a Higgs boson is
performed. The search is conducted using LHC proton-proton collision data at

ffiffiffi

s
p ¼ 13 TeV, collected

with the CMS detector in 2016–2018 and corresponding to an integrated luminosity of 138 fb−1. The A

boson decays into a highly collimated electron-positron pair. A novel multivariate algorithm using tracks
and calorimeter information is developed to identify these distinctive signatures, and events are selected
with two such merged electron-positron pairs. No significant excess above the standard model background
predictions is observed. Upper limits on the branching fraction forH → AA → 4e are set at 95% confidence
level, for masses between 10 and 100 MeV and proper decay lengths below 100 μm, reaching branching
fraction sensitivities as low as 10−5. This is the first search for Higgs boson decays to four electrons via
light pseudoscalars at the LHC. It significantly improves the experimental sensitivity to axionlike particles
with masses below 100 MeV .
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The standard model (SM) of particle physics has been
very successful at describing the fundamental particles and
their interactions. However, many questions remain unan-
swered, such as the strong CP problem [1,2] and the nature
of dark matter (DM) [3–5]. Particles and interactions
beyond the SM are postulated to solve the above-mentioned
limitations. For example, an elegant solution to the strong
CP problem is provided by the Peccei-Quinn mechanism
[2,6,7], which introduces the axion. While the mass of the
axion had originally been thought to be vanishingly small,
well below 1 eV, recent studies indicate that mass values
for the axion in the tens-of-MeV range are theoretically
viable [8,9]. In certain DM models, the pseudoscalar
axionlike particles (ALPs) [2,6,7,10] are considered as
mediators of the interaction between DM and SM particles,
or even as direct candidates for DM particles, especially
when they are light and weakly coupled to SM particles.
Consequently, searches for axions and light ALPs

(collectively referred to as ALPs, hereafter) are of great
interest and have been carried out extensively [11].
Furthermore, Ref. [8] examines the implications of ALPs
with a mass around 10 MeV, and hypothesizes an axion
with a mass of 17 MeV from an observed excess in the
electron-positron pair invariant mass spectrum, reported by

the ATOMKI Collaboration [12] and recently examined by
the MEG II [13] and PADME [14] experiments. Finally, it
is notable that the CERN LHC has a unique potential for
the observation of ALPs, especially if the Higgs boson
couples to them and decays into them [15,16].
For sub-GeV particles, electromagnetic decays can be

used to both trigger and cleanly identify the events in LHC
experiments. There are two possible electromagnetic decay
channels for ALPs: electron-positron pairs and photon
pairs. In the sub-GeV mass range, ALPs can be long lived
because of their small mass and decay width. LHC searches
from the CMS [17] and ATLAS [18] Collaborations have
set the only limits on ALPs originating in Higgs boson
decays with masses down to Oð100Þ MeV. Searches for
ALPs coming from Higgs boson decays, with masses as
low as 10MeV, or for ALPs decaying into electron-positron
pairs, are unexplored. The reason is that the decay products
of such low-mass ALPs are highly collimated for typical
ALP momenta above 30 GeV. The search, therefore,
needs innovative techniques to handle the merged electron-
positron pairs, particularly in the case of ALP production
via Higgs boson decays [8,15].
In this Letter, a search is presented for ALPs with a mass

in the range 10 to 100 MeVand a proper decay length (cτ)
below 100 μm. The ALPs are produced in Higgs boson
decays, and then, each ALP decays into an electron-
positron pair (H → AA → 4e).
The analysis strategy is to, first, reconstruct the ALP

candidates from merged electron-positron pairs. Next,
we reconstruct a Higgs boson candidate from a pair of
ALP candidates and search for a localized excess in the
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four-electron invariant mass spectrum near the known Higgs
boson mass. The signal of a Higgs boson decaying to ALPs
would manifest as a narrow resonant peak in the four-
electron invariant mass distribution on top of a smoothly
falling and predominantly nonresonant background.
The study is based on data from proton-proton (pp)

collisions at a center-of-mass energy
ffiffiffi

s
p ¼ 13 TeV. The

data were collected with the CMS detector [19,20] at the
LHC from 2016 to 2018, corresponding to an integrated
luminosity of 138 fb−1. Tabulated results are provided in
the HEPData record for this analysis [21]. The full like-
lihood for this analysis is provided in [22].
The CMS apparatus [19,20] is a multipurpose, nearly

hermetic detector, designed to trigger events of interest
using a two-tiered trigger system [23,24] and identify
electrons, muons, photons, and charged and neutral had-
rons [25–27]. A global particle-flow (PF) algorithm [28]
aims to reconstruct all individual particles in an event (PF
candidates) by combining information from multiple sub-
detectors: the all-silicon inner tracker, the crystal electro-
magnetic calorimeter (ECAL), and the brass and scintillator
hadron calorimeter (HCAL), all operating inside a 3.8 T
superconducting solenoid, together with the gas-ionization
muon system embedded in the flux-return yoke outside
the solenoid. The PF candidates are then used to build τ

leptons, jets, and missing transverse momentum [29–31].
Forward calorimeters, made of steel and quartz fibers,
extend the pseudorapidity coverage provided by the barrel
and end cap detectors. More detailed descriptions of the
CMS detector, as well as the coordinate system and relevant
kinematic variables, can be found in Refs. [19,20].
In the Monte Carlo (MC) simulation, the signal is

generated using Higgs boson production via the gluon-
fusion process, modeled with the POWHEG v2.0 generator at
next-to-leading order (NLO) accuracy in quantum chromo-
dynamics for the hard-scattering matrix element [32–35].
Parton showering, hadronization, and the Higgs boson
decay are simulated with PYTHIA 8.240 [36], including
underlying event modeling with the CP5 tune [37]. The
parton distribution function set is NNPDF3.1 at next-to-
next-to-leading order (NNLO) accuracy [38]. Higgs boson-
related backgrounds include gluon fusion production with
decays into a pair of photons (FxFx prescription [39] for jet
matching and merging) as well as the electron-positron-
photon three-body Dalitz decay, modeled at NLO by
MadGraph5_aMC@NLO v2.6.5 [40]. The SM Z boson produc-
tion is modeled at NNLO by the POWHEG v2.0 generator
with the MINNLOPS prescription [41,42]. Double-photon
production is modeled at NLO with Sherpa 2.2.4 [43] using
the NNPDF3.0 [44] PDF, while single photon plus jet
(γ þ jets) is modeled with PYTHIA 8.240.
Events are required to contain at least two reconstructed

merged electron pairs (MEPs). Accordingly, high-level
trigger paths that select two objects with significant electro-
magnetic energy [45] are used.

Despite the application of a novel end-to-end machine
learning based reconstruction of the merged diphoton
signature [46], the diphoton search [17] was limited by
the angular resolution of the CMS ECAL. In this search, we
target ALPs decaying to electron-positron pairs. Unlike the
diphoton channel, the two charged particles leave hits in the
silicon tracker. The tracker has an angular resolution that is
superior to the ECAL, which enables us to resolve highly
collimated pairs and reach sensitivity to ALP masses as low
as 10 MeV. However, the standard CMS reconstruction
does not include a dedicated algorithm for highly colli-
mated electron-positron pairs and will typically reconstruct
them as a single electron or misidentify them as converted
photons. To address this, we have developed a set of
dedicated reconstruction and identification techniques for
merged electron-positron pairs. Henceforth, we refer to
these as MEPs, since the electrons and positrons involved
are not experimentally distinguished in this analysis. The
MEPs are first reconstructed by matching two Gaussian-
sum filter (GSF) [25,47] tracks from the silicon tracker
to the same ECAL cluster; each track, extrapolated to the
ECAL surface, must satisfy ΔRðtrack;ECAL clusterÞ <
0.015, where ΔR is the Euclidean distance in the η-ϕ plane.
An ECAL cluster is a collection of energy deposits in the
ECAL that contains the calorimeter shower from an
electron or a photon [25]. The GSF tracks are required
to have a transverse momentum pT > 5 GeV and fewer
than two missing hits in the inner tracker. The associated
ECAL cluster is required to have an energy larger than
25 GeV, which is above the thresholds for the triggers
used in this analysis. The pT of the reconstructed MEPs,
obtained from the vector sum of the two GSF tracks, is
further required to be consistent with the ECAL cluster pT
within 70%. An adaptive vertex fitter [48] is used to fit the
vertex of the MEP using the two GSF tracks. The resulting
χ2 value of the vertex fit is required to be smaller than five
to reject failures of the vertex reconstruction. Successfully
reconstructed MEPs are required to pass an isolation
requirement, defined as the ratio of the summed transverse
momentum and energy from the surrounding additional PF
candidates within 0.015 < ΔR < 0.3. The isolation varia-
ble combines tracker, ECAL, and HCAL components, with
the cutoff set at the 95% signal efficiency, to reject jets
misidentified as MEPs.
A gradient boosted decision tree (GBDT) classifier,

implemented with the XGBoost package [49], has been
developed to identify MEPs that pass the isolation criteria
and to discriminate ALP-induced MEPs from background
objects. The backgrounds mainly come from photon
conversions, electrons with additional tracks falling within
the ΔR < 0.015 cone centered on the electron momentum,
and processes with jets that mimic the MEP signature. For
example, processes such as Z boson, diphoton, and γ þ jets
production can contribute as backgrounds. The input
variables include observables related to the MEPs, such
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as the shower shape variables from the ECAL, and
tracking-related variables such as the angular separation
between the two matched GSF tracks, as well as the
displacement of the reconstructed vertex with respect to
the primary vertex (PV). The PV is taken to be the vertex
corresponding to the hardest scattering in the event, eva-
luated using tracking information alone, as described in
Section IX.4.1 of Ref. [50]. We exclude input variables
that are explicitly correlated with the energy scale of
the ALP candidate, such as pT and energy, to avoid
biasing ALP identification to a specific kinematic region
of the MEP. The model is then trained using samples with
different ALP mass hypotheses. The identification model is
trained separately for four different data-taking periods in
2016 (split into two subperiods because of a change in the
detector conditions), 2017, and 2018.
The identification model is trained using simulated

samples of ALP signals, with various mass hypotheses,
and simulated background samples, which include mis-
reconstructed MEP candidates originating from photon
conversions and misidentified electrons. The available
samples are split into statistically independent subsets,
with 80% used for training and 20% reserved for testing.
The GBDT working point (WP) chosen in the analysis,

with a 70% signal efficiency for the classifier, reduces
about 75% of MEP candidates from Z → ee, about 55%
from γ þ jets, and about 60% from diphoton events, where
the efficiencies are defined as the ratio between the number
of MEPs passing the GBDT WP and the number of MEPs
passing the isolation requirement. This WP optimizes the
expected sensitivity reach and yields a sufficient number of
events for the statistical analysis. The performance of this
identification WP is further corrected with a Z → μμγ

control sample, where a pure sample of converted photons
is used as a proxy for MEPs. Data from different data-
taking eras are separated to validate the MEP selection and
extract scale factors (SFs), defined as corrections for
efficiency differences in MEP identification between data
and simulation. This is accomplished by fitting the Z boson
peak in the three-body invariant mass distribution of the
μμγ system in both data and simulation.
The Z → μμγ events used for this procedure are selected

using standard CMS muon identification criteria [26]
together with the Z boson mass constraint, ensuring a
high-purity sample of photon conversions reconstructed as
MEP candidates [25]. The same selection is applied to
simulated events to extract the efficiency correction factors.
The SFs are consistent with unity and are checked by

varying the signal and background functions for the fit or
the mass range of the fit. They are also checked in different
bins of vertex transverse displacement with respect to the
PV and the ΔR distance between the two GSF tracks, as
motivated by the kinematic differences between the signal
and background processes. The systematic shifts from the
former are under 10% for all cases, while for the latter,

a closure within 5% is found when measuring the SFs in
different regions of the ΔR between the two GSF tracks.
The efficiencies of the trigger paths are evaluated using
Z → ee events that pass the MEP identification criteria
used for the event selection. The single-leg efficiency is
found to be 95%, resulting in an overall event-level
efficiency of about 90%.
The Higgs boson candidates are reconstructed from the

two successfully identified MEPs, with the reconstructed
candidate mass m4e found from the invariant mass of the
system formed by the two MEPs, assumed to be massless.
This approximation is justified since the ALP mass is
negligible compared to the Higgs boson mass and detector
resolution.
The MEP energy values are determined by the merged

ECAL clusters. The observed yield of the signal, for the
process H → AA→ 4e, is then extracted from this mass
spectrum by fitting the data points to a set of parametric
shapes, for which different modeling methods are used for
resonant and nonresonant processes. For example, the
expected number of signal events after the full selection
varies from five to ten, depending on the ALP mass and
lifetime hypothesis, assuming a branching fraction of
around 5 × 10−5 corresponding to the observed sensitivity
reach.
For the continuous background processes that originate

from either prompt or nonprompt photon production and do
not have a peaking structure around the Higgs boson mass,
the falling shape of the mass spectrum is modeled from
data. The background shape is determined by fitting the
data in the sidebands of the 125 GeV Higgs boson mass
peak, which are set as from 100 to 180 GeVwith the 115 to
135 GeV window of the Higgs boson mass excluded. A set
of F tests [51] is used to constrain the model complexity
and determine the nominal parameters for the final fit.
The candidate background functions include polynomial
functions, exponential functions, Bernstein polynomials,
Laurent series, and power-law functions, which are widely
used in the CMSH → γγ analyses, such as in Refs. [52,53].
The discrete profiling method [54] is introduced to account
for the uncertainty of the parametric shape choices.
In addition to the nonresonant processes described

above, which dominate the background, there is a non-
negligible resonant background. This is primarily from
Higgs bosons decaying into two photons and the photons
converting into electron-positron pairs, similar to ALPs.
These converted photons are also reconstructed as MEPs
and, therefore, produce a resonant background structure
near the Higgs boson mass. This resonant background and
the signal are modeled in approximately the same way. For
both of them, a set of parametric shapes is used to model the
peak structures from the intermediate Higgs boson reso-
nance. The parametric shapes are fitted to simulated events
that fulfill the event selection criteria. The parametric shape
chosen for the peaking background is either a sum of
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multiple Gaussian functions, or a double-sided Crystal
Ball function [55,56], with the choice depending on the
number of events, in order to ensure fit stability. While the
former can be used with a sufficient number of events to
exploit a more complicated signal shape behavior, the latter
is used with a limited event count to ensure a single peak
structure.
The dominant systematic uncertainties come from the

SFs, affecting the identification and trigger efficiencies.
The uncertainties from the SF fitting procedure and the
phase space closure are already accounted for, as discussed
above. The nonresonant background shape uncertainty is
handled via the discrete profiling method discussed above.
The systematic uncertainties on the shape of the distribu-
tions for the signal and resonant background processes
arise from the ECAL cluster energy scale and resolution
corrections, evaluated using varied simulation templates.
The uncertainty on the integrated luminosity applies to
the yield of simulated processes, ranging from 1.2% to
2.5% depending on the data-taking year, while the overall
2016–2018 uncertainty is 1.6% [57–59]. Finally, the
theoretical uncertainty in the Higgs boson production cross
section [60] is included.
The statistical analysis is performed with an unbinned

profile-likelihood fit to the four-electron invariant mass
spectrum using asymptotic formulas, implemented with the
COMBINE V8.2.0 package [61]. The measured distribution of
the four-electron invariant mass is compared to the signal-
plus-background fit in Fig. 1. No significant excess is
observed over the background prediction. The observed
limits are generally slightly higher than the expected limits,
consistent with a small upward fluctuation of the data
relative to the background-only prediction. The deviation
remains within the 1-standard-deviation uncertainty band
and, therefore, is statistically compatible with the back-
ground-only hypothesis.
Upper limits at 95% confidence level (CL) on the

branching fraction for H → AA → 4e are reported in
Fig. 2. Figure 2 shows the 95% CL upper branching
fraction limits as functions of the ALP mass for cτ ¼ 1,
10, and 100 μm, as well as the map of these limits in the
ALP mass versus lifetime plane. For the last plot, points
with the additional lifetime hypotheses are created by
reweighting the existing samples, using the exponential
probability distribution of the decay probability. The upper
limit on the decay branching fraction is observed to be as
low as Oð10−5Þ at 95% CL, in the mass range of 10 to
100 MeV and for proper decay lengths between 0 and
10 μm. The sensitivity degrades at larger masses because of
wider opening angles of the electron pairs and, also, at

longer lifetimes because more ALPs start to fail the number
of inner tracker hits requirement. An interpretation of these
results in the effective ALP coupling model can be found in
the Appendix of the End Matter.
This analysis establishes the first direct limits on the

Higgs boson exotic decay H → AA → 4e for an axionlike
particle A with a mass of Oð10Þ MeV, reaching branching
fraction sensitivities as low as 10−5. The limiting factor for
the sensitivity of this analysis is the number of events in
data, while the leading systematic uncertainty arises from
the identification efficiency of merged electron-positron
pairs. This search explores previously inaccessible param-
eter space and provides the most stringent constraints to
date on this model. This search significantly improves the
experimental sensitivity to axionlike particles with masses
below 100 MeV, extending collider coverage to masses as
low as 10 MeV for the first time. These results establish a
new benchmark for future searches at the LHC.

FIG. 1. Invariant mass distribution of the four-electron system
(m4e) for selected events (points), compared to the background-
only fit (red) with its 68% and 95% CL uncertainty bands
(green and yellow). A nonstacked benchmark signal (blue) for a
Higgs boson decaying to a pair of ALPs with mA ¼ 20 MeV and
cτ ¼ 10 μm is overlaid and normalized to a branching ratio (BR)
of 4.6 × 10

−5, which corresponds to the 95% CL upper limit
value set by this analysis. The lower panel shows the same data
after subtracting the background fit.
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End Matter

Appendix: Interpretation of results in the effective

ALP-Higgs coupling model—To bridge the gap between
the collider and intensity-frontier experiments, the
reported limits are interpreted in an effective ALP
coupling model, as described in Refs. [15,63]. In this
framework, the ALP couples to SM fermions and the

Higgs doublet through derivative interactions. The
effective Lagrangian terms governing these interactions
are described in Ref. [15], and the corresponding partial
decay widths for the ALP decaying into fermion pairs
and for the Higgs boson decaying into a pair of ALPs
are, at LO, given by
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Here, cff is the strength of the flavor-dependent
coupling between the ALP and an SM fermion, CAH is
the strength of the coupling between the ALP and the
Higgs field, Λ is the characteristic energy scale of such
an effective theory (often denoted as fA in the literature
on ALPs), v is the vacuum expectation value of the
Higgs field, and mA, mf, and mH denote the masses of
the ALP, fermion, and Higgs boson, respectively.
With the assumption that ALPs only decay to electron-

positron pairs, the total decay width of the ALP is entirely
determined by the partial width in this channel, thus,
relating its lifetime to the parameter cff=Λ. Therefore,
the results reported in Fig. 2 can be reinterpreted as a
function of this parameter, as shown in Fig. 3.
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P. Asenov ,88a,88b P. Azzurri ,88a G. Bagliesi ,88a L. Bianchini ,88a,88b T. Boccali ,88a E. Bossini ,88a

D. Bruschini ,88a,88c L. Calligaris ,88a,88b R. Castaldi ,88a F. Cattafesta ,88a,88c M. A. Ciocci ,88a,88d M. Cipriani ,88a,88b

R. Dell’Orso ,88a S. Donato ,88a,88b R. Forti ,88a,88b A. Giassi ,88a F. Ligabue ,88a,88c A. C. Marini ,88a,88b

D. Matos Figueiredo ,88a A. Messineo ,88a,88b S. Mishra ,88a V. K. Muraleedharan Nair Bindhu ,88a,88b S. Nandan ,88a

F. Palla ,88a M. Riggirello ,88a,88c A. Rizzi ,88a,88b G. Rolandi ,88a,88c S. Roy Chowdhury ,88a,bbb T. Sarkar ,88a

A. Scribano ,88a P. Solanki ,88a,88b P. Spagnolo ,88a F. Tenchini ,88a,88b R. Tenchini ,88a G. Tonelli ,88a,88b

N. Turini ,88a,88d F. Vaselli ,88a,88c A. Venturi ,88a P. G. Verdini ,88a P. Akrap ,89a,89b C. Basile ,89a,89b S. C. Behera ,89a

F. Cavallari ,89a L. Cunqueiro Mendez ,89a,89b F. De Riggi ,89a,89b D. Del Re ,89a,89b E. Di Marco ,89a M. Diemoz ,89a

F. Errico ,89a L. Frosina ,89a,89b R. Gargiulo ,89a,89b B. Harikrishnan ,89a,89b F. Lombardi,89a,89b E. Longo ,89a,89b

L. Martikainen ,89a,89b J. Mijuskovic ,89a,89b G. Organtini ,89a,89b N. Palmeri ,89a,89b R. Paramatti ,89a,89b

S. Rahatlou ,89a,89b C. Rovelli ,89a F. Santanastasio ,89a,89b L. Soffi ,89a V. Vladimirov,89a,89b N. Amapane ,90a,90b

R. Arcidiacono ,90a,90c S. Argiro ,90a,90b M. Arneodo ,90a,90c N. Bartosik ,90a,90c R. Bellan ,90a,90b A. Bellora ,90a,90b

C. Biino ,90a C. Borca ,90a,90b N. Cartiglia ,90a M. Costa ,90a,90b R. Covarelli ,90a,90b N. Demaria ,90a L. Finco ,90a

M. Grippo ,90a,90b B. Kiani ,90a,90b L. Lanteri ,90a,90b F. Legger ,90a F. Luongo ,90a,90b C. Mariotti ,90a S. Maselli ,90a

A. Mecca ,90a,90b L. Menzio,90a,90b P. Meridiani ,90a E. Migliore ,90a,90b M. Monteno ,90a M.M. Obertino ,90a,90b

G. Ortona ,90a L. Pacher ,90a,90b N. Pastrone ,90a M. Ruspa ,90a,90c F. Siviero ,90a,90b V. Sola ,90a,90b A. Solano ,90a,90b

A. Staiano ,90a C. Tarricone ,90a,90b D. Trocino ,90a G. Umoret ,90a,90b E. Vlasov ,90a,90b R. White ,90a,90b

J. Babbar ,91a,91b S. Belforte ,91a V. Candelise ,91a,91b M. Casarsa ,91a F. Cossutti ,91a K. De Leo ,91a

G. Della Ricca ,91a,91b R. Delli Gatti ,91a,91b S. Dogra ,92 J. Hong ,92 J. Kim ,92 T. Kim ,92 D. Lee,92 H. Lee ,92

J. Lee ,92 S.W. Lee ,92 C. S. Moon ,92 Y. D. Oh ,92 S. Sekmen ,92 B. Tae,92 Y. C. Yang ,92 M. S. Kim ,93 G. Bak ,94

P. Gwak ,94 H. Kim ,94 D. H. Moon ,94 J. Seo ,94 E. Asilar ,95 F. Carnevali ,95 J. Choi ,95,ccc T. J. Kim ,95

Y. Ryou ,95 S. Ha ,96 S. Han,96 B. Hong ,96 J. Kim ,96 K. Lee ,96 K. S. Lee ,96 S. Lee ,96 J. Yoo ,96 J. Goh ,97

J. Shin ,97 S. Yang ,97 Y. Kang ,98 H. S. Kim ,98 Y. Kim ,98 S. Lee ,98 J. Almond,99 J. H. Bhyun,99 J. Choi ,99

J. Choi,99 W. Jun ,99 H. Kim ,99 J. Kim,99 T. Kim,99 Y. Kim,99 Y.W. Kim ,99 S. Ko ,99 H. Lee ,99 J. Lee ,99 J. Lee,99

B. H. Oh ,99 S. B. Oh ,99 J. Shin ,99 U.K. Yang,99 I. Yoon ,99 W. Jang ,100 D. Y. Kang,100 D. Kim ,100 S. Kim ,100

B. Ko,100 J. S. H. Lee ,100 Y. Lee ,100 I. C. Park ,100 Y. Roh,100 I. J. Watson ,100 G. Cho,101 K. Hwang ,101 B. Kim ,101

S. Kim,101 K. Lee,101 H. D. Yoo ,101 Y. Lee ,102 I. Yu ,102 T. Beyrouthy ,103 Y. Gharbia ,103 F. Alazemi ,104

K. Dreimanis ,105 O.M. Eberlins ,105 A. Gaile ,105 C. Munoz Diaz ,105 D. Osite ,105 G. Pikurs ,105 R. Plese ,105

A. Potrebko ,105 M. Seidel ,105 D. Sidiropoulos Kontos ,105 N. R. Strautnieks ,106 M. Ambrozas ,107

A. Juodagalvis ,107 S. Nargelas ,107 A. Rinkevicius ,107 G. Tamulaitis ,107 I. Yusuff ,108,ddd Z. Zolkapli,108

J. F. Benitez ,109 A. Castaneda Hernandez ,109 A. Cota Rodriguez ,109 L. E. Cuevas Picos,109 H. A. Encinas Acosta,109

L. G. Gallegos Maríñez,109 J. A. Murillo Quijada ,109 L. Valencia Palomo ,109 G. Ayala ,110 H. Castilla-Valdez ,110

H. Crotte Ledesma ,110 R. Lopez-Fernandez ,110 J. Mejia Guisao ,110 R. Reyes-Almanza ,110

A. Sánchez Hernández ,110 C. Oropeza Barrera ,111 D. L. Ramirez Guadarrama,111 M. Ramírez García ,111

I. Bautista ,112 F. E. Neri Huerta ,112 I. Pedraza ,112 H. A. Salazar Ibarguen ,112 C. Uribe Estrada ,112 I. Bubanja ,113

N. Raicevic ,113 P. H. Butler ,114 A. Ahmad ,115 M. I. Asghar ,115 A. Awais ,115 M. I. M. Awan,115 W. A. Khan ,115

V. Avati,116 L. Forthomme ,116 L. Grzanka ,116 M. Malawski ,116 K. Piotrzkowski ,116 M. Bluj ,117 M. Górski ,117

M. Kazana ,117M. Szleper ,117 P. Zalewski ,117K. Bunkowski ,118K. Doroba ,118A. Kalinowski ,118M. Konecki ,118

J. Krolikowski ,118 A. Muhammad ,118 P. Fokow ,119 K. Pozniak ,119 W. Zabolotny ,119 M. Araujo ,120 D. Bastos ,120

PHYSICAL REVIEW LETTERS 136, 181807 (2026)

181807-11



C. Beirão Da Cruz E Silva,120 A. Boletti ,120 M. Bozzo ,120 T. Camporesi ,120 G. Da Molin ,120 M. Gallinaro ,120

J. Hollar ,120 N. Leonardo ,120 G. B. Marozzo ,120 A. Petrilli ,120 M. Pisano ,120 J. Seixas ,120 J. Varela ,120

J. W. Wulff ,120 P. Adzic ,121 L. Markovic ,121 P. Milenovic ,121 V. Milosevic ,121 D. Devetak ,122 M. Dordevic ,122

J. Milosevic ,122 L. Nadderd ,122 V. Rekovic,122 M. Stojanovic ,122 M. Alcalde Martinez ,123 J. Alcaraz Maestre ,123

Cristina F. Bedoya ,123 J. A. Brochero Cifuentes ,123 Oliver M. Carretero ,123 M. Cepeda ,123 M. Cerrada ,123

N. Colino ,123 B. De La Cruz ,123 A. Delgado Peris ,123 A. Escalante Del Valle ,123 D. Fernández Del Val ,123

J. P. Fernández Ramos ,123 J. Flix ,123 M. C. Fouz ,123 M. Gonzalez Hernandez ,123 O. Gonzalez Lopez ,123

S. Goy Lopez ,123 J. M. Hernandez ,123 M. I. Josa ,123 J. Llorente Merino ,123 C. Martin Perez ,123

E. Martin Viscasillas ,123 D. Moran ,123 C.M. Morcillo Perez ,123 Á. Navarro Tobar ,123 R. Paz Herrera ,123
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Università di Genova, Genova, Italy
83a
INFN Sezione di Milano-Bicocca, Milano, Italy
83b

Università di Milano-Bicocca, Milano, Italy
84a
INFN Sezione di Napoli, Napoli, Italy

84b
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