
Measurement of D0 Meson Photoproduction in Ultraperipheral Heavy Ion Collisions

V. Chekhovsky et al.
*

(CMS Collaboration)

(Received 10 September 2025; revised 17 December 2025; accepted 7 January 2026; published 26 March 2026)

This Letter reports the first measurement of photonuclear D0 meson production in ultraperipheral
heavy ion collisions. The study is performed using lead-lead collision data, with an integrated luminosity
of 1.34 nb−1, collected by the CMS experiment at a nucleon-nucleon center-of-mass energy of 5.36 TeV.
Photonuclear events, where one of the colliding nuclei breaks up and the other remains intact, are selected
based on breakup neutron emissions and by requiring no particle activity in a large rapidity interval
in the direction of the photon-emitting nucleus. The D0 mesons are reconstructed via the D0

→ K−
π
þ

decay channel, with the cross section measured as a function of D0 meson transverse momentum
and rapidity. The results are compared with next-to-leading-order perturbative QCD calculations that
employ recent parametrizations of the lead nuclear parton distribution functions, as well as with
predictions based on the color glass condensate framework. This measurement is the first photonuclear
collision study characterizing parton distribution functions of lead nuclei for parton fractional momenta
x (relative to the nucleon) ranging approximately from a few 10

−4 to 10
−2 for different hard energy

scale Q2 selections.
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Ultraperipheral collisions (UPCs) of heavy ions serve as
a powerful experimental tool for studying the gluonic
structure of nuclei and for probing the evolution equations
of quantum chromodynamics (QCD) for partons carrying a
small fraction of the nucleon momentum, x [1,2]. The
UPCs occur when the impact parameter of the collision
exceeds the sum of the radii of the two nuclei. At ultra-
relativistic energies, the Lorentz-contracted electromag-
netic fields surrounding the heavy ions act as sources of
high-energy quasireal photons, leading to abundant photo-
nuclear interactions. An overview of recent UPC results
from CMS can be found in Ref. [3].
For LHC energies in particular, the large flux of high-

energy photons results in sizeable cross sections for the
production of heavy quarks [4,5]. Charm photoproduction in
UPCs occurs when a quasireal photon emitted from one
nucleus interacts with a gluon from the other nucleus,
forming a charm quark-antiquark pair (cc̄). Measurements
of the production yields of charmed hadrons, which result
from the hadronization of c quarks, are sensitive to the gluon
distribution in the target nucleus [6]. Because of their large
masses relative to ΛQCD, the energy scale below which
strong coupling becomes large, the production of heavy

quarks can be described by perturbative QCD (pQCD)
calculations down to zero transverse momentum pT. In
photonuclear events, the energy scale of the interaction (Q2)
and the x value of the scattered partons in the nucleus can be
inferred from the transverse momenta and rapidities of the
final-state c quarks. Consequently, by measuring charmed
meson yields as functions of pT and rapidity (y) the
properties of gluons in the nucleus can be constrained
across different x and Q2 regions. Similarly, jets produced
in UPCs have been used to probe the properties of partons in
the nucleus [7]. The low particle multiplicities and negligible
backgrounds from strong interactions that characterize such
events ensure that the fragmentation and hadronization of c
quarks in UPCs occur in a vacuumlike environment, without
significant modifications caused by the presence of a large
number of color-carrying partons [8–12]. Calculations of
heavy-quark production in UPCs have so far been performed
at leading order in perturbation theory either within the
collinear factorization approach [4,13–15] or using the color
glass condensate (CGC) framework [14,16]. More recently,
GγA-FONLL [5] has extended these studies to next-to-
leading-order accuracy within collinear factorization.
In this Letter, we present the first measurement of the

photonuclear production cross section of inclusive D0

mesons (including beauty-hadron decays) in UPCs. The
data presented here probe, for the first time in photonuclear
collisions, the parton distribution functions of lead nuclei
for x ranging from about 3 × 10−4 to 3 × 10−2 andQ2 from
about 18 to 600 GeV2. Tabulated results are provided in the
HEPData record for this analysis [17].
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The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter, and a brass and scintillator
hadron calorimeter, each composed of a barrel and two
endcap sections. Forward calorimeters (HF) extend the
pseudorapidity (η) coverage provided by the barrel and
endcap detectors. The zero degree calorimeters (ZDCs) are
used to measure the energy of very forward neutrons
produced from nuclear breakup [18,19]. The ZDCs are
located in front of the neutral particle absorber, roughly
�140 m away from the CMS interaction point, between the
two beampipes. They measure neutral particles at jηj > 8.5.
Particles are reconstructed using the CMS particle-flow
algorithm [20], which combines the information of the
different subdetectors to determine the kinematics of each
event. The CMS experiment uses a two-tiered trigger
system [21]. The first level (Level-1 or L1) comprises
custom hardware processors and uses fast information from
the calorimeters and the muon system to achieve the first
significant data rate reduction. The second level, i.e., the
high-level trigger, implements a simplified version of the
CMS offline reconstruction software running on a com-
puter farm and can perform more refined selections. A
more detailed description of the CMS detector, together
with a definition of the coordinate system used and the
relevant kinematic variables, can be found in Ref. [22].
Details of the CMS detector configuration at the time of this
measurement can be found in Ref. [23].
The analysis uses the lead-lead (PbPb) dataset, corre-

sponding to a recorded integrated luminosity of about
1.34 nb−1, collected in 2023 at a nucleon-nucleon center-
of-mass energy of 5.36 TeV. The photonuclear production
of D0 mesons in the pT range 2–5 GeV is measured using a
sample of events triggered by a signal in at least one of the
ZDCs that is greater than or equal to the one-neutron (1n)
threshold (inclusively referred to as Xn). A dedicated L1
trigger algorithm requiring an Xn signal in one ZDC and the
absence of signal in the other (0n), in coincidence with an
L1 jet with energy above 8 GeV, was used to enrich the
sample of D0 mesons with pT > 5 GeV. In this Letter, the
notation Xn0n (0nXn) indicates that the outgoing lead-ion
at negative (positive) rapidities breaks up. Offline, events are
required to have one primary vertex, formed by at least two
tracks and located within 15 cm of the nominal interaction
region along the beamline. Events must additionally fulfill
selection criteria intended to reject beam-gas interactions
and accelerator-induced backgrounds [24]. To suppress
residual contamination from hadronic events, a large rap-
idity gap is required on the side of the outgoing intact
nucleus that emitted the photon, following previous analy-
ses [7,25,26]. This condition is satisfied if no particle-flow
candidate with energy above the noise threshold is detected
in the η range of the HF calorimeter (3.0 < jηj < 5.2). An

energy threshold of 9.2 (8.6) GeV is applied to the HF
detector at positive (negative) η, with values optimized
according to each detector’s performance. Monte Carlo
(MC) simulations are used to estimate signal efficiency,
detector acceptance, and some background sources.
Photonuclear events are generated with PYTHIA version
8.309 [27], with default photon flux settings for Pb ions
acting as a source of quasireal photons in the equivalent
photon approximation [28]. The events include direct and
resolved photoproduction processes, with the photon PDF
modeled using the Cornet-Jankowski-Krawczyk-Lorca, or
CJKL, parametrization [29], and the lead nuclear PDF
(nPDF) parametrized by EPPS21 [30]. Both promptly
(c→ D0) and nonpromptly (b → D0) produced D0 mesons
are included in the simulation. The events are propagated
through the CMS detector with Geant4 [31], with D0 meson
decays simulated using EvtGen 2.0.0 [32], and final-state
photon radiation modeled by PHOTOS 2.0 [33].
The D0 mesons and their charge conjugates (D̄0 mes-

ons) are reconstructed via the hadronic decay channel
D0
→ K−

π
þ, following a strategy similar to that discussed

in Ref. [34]. Only D0 candidates with daughter tracks
satisfying high-purity selection criteria [35], along with the
conditions pT > 1 GeV and jηj < 2.4 are considered. The
D0 candidates are then reconstructed by combining pairs
of oppositely charged tracks with an invariant mass within
185 MeV of the world-average D0 meson mass of
1868.48 MeV [36]. This range provides a handle to
constrain the modeling of the backgrounds described later
in this Letter. For each track pair, two D0 candidates are
created by assigning pion and kaon masses to the tracks in
both possible combinations. To reduce the combinatorial
background, the D0 meson candidates are selected based
on the value of four topological variables (where the
selection value used depends on the pT and y of the
candidate): the three-dimensional decay length normalized
to its uncertainty (required to be larger than 2.5–3.5), the
pointing angle defined as the angle between the total
momentum vector of the tracks and the vector connecting
the primary and the secondary vertices (required to be
smaller than 0.25–0.50 rad), the opening angle between
the two daughter tracks (required to be smaller than
0.3–0.5 rad), and the χ

2 probability of the D0 vertex fit
[37] (p value required to be larger than 0.1). The selection
is optimized in each pT bin to maximize the expected
statistical significance of the D0 meson signal. The D0

meson yields are extracted in three different pT intervals
(2–5, 5–8, and 8–12 GeV). Four rapidity intervals
(−2 < y < −1, −1 < y < 0, 0 < y < 1, and 1 < y < 2)
are used for D0 mesons in bins with pT > 5 GeV, whereas
a single rapidity interval (−1 < y < 1) is used for pT

interval 2–5 GeV. The D0 yields are extracted using an
unbinned maximum likelihood fit to the invariant mass
distributions in the range 1.68 < mKπ < 2.05 GeV. The
yields are determined separately for the Xn0n and 0nXn
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event categories. In Xn0n events, the incoming photon-
emitting nucleus originates from negative rapidities (γN),
whereas in 0nXn events it comes from positive rapidities
(Nγ). An example of the D0 invariant mass distribution is
shown in Fig. 1.
The combinatorial background, arising from track pairs

unrelated to genuine D0 meson decays, is modeled with an
exponential function whose slope and normalization are
determined from the fit. The signal shape consists of a
superposition of two Gaussian functions sharing the same
mean but differing in width, a choice made in earlier CMS
publications that models the mass peak well [34]. An
additional Gaussian function models the invariant mass of
D0 candidates with incorrect mass assignment, for which
the mass hypothesis for the pion and kaon are inter-
changed. The widths of the Gaussian functions for both the
D0 signal and the swapped mass candidates are con-
strained using MC simulation. A floating multiplicative
scaling factor for the width of the distribution is included in
the fit to account for potential discrepancies in the signal
resolution between data and MC. The ratio of the signal
yield to the yield of D0 candidates with swapped mass
assignments is fixed based on MC simulation. A Crystal
Ball function is used to describe the peaking backgrounds
from the decays D0

→ KþK− and D0
→ π

þ
π
− [36], with

its parameters and the ratio of its integral to the D0
→

K−
π
þ yield also fixed according to MC simulations. Of the

18 fits for each D0 pT and y bin in Xn0n and 0nXn events,
17 result in p values greater than 0.05, and one has a p
value of ∼0.01. This distribution of p values is consistent
with statistical expectations.
The yields extracted from the fit are corrected for the

average trigger prescale factor (applied to reduce the data
rate resulting from the high instantaneous luminosity of

the LHC), the trigger efficiency, and the efficiency of the
offline event selection. The jet trigger efficiency correction
is evaluated in intervals of D0 pT and rapidity with a two-
step procedure. First, the efficiency of the L1 jet selection is
evaluated as a function of the leading-track pT and η with a
sample of inclusive photonuclear events. The efficiency
map is then used to reweight, on an event-by-event basis,
the uncorrected distributions of D0 meson candidates
obtained via the triggered sample in intervals of D0 pT
and y. The resulting jet trigger efficiency ranges from 21%
to 28%, depending on the rapidity, for D0 mesons in
the transverse momentum range 5 < pT < 8 GeV, to
46%–54% in the 8 < pT < 12 GeV range (no jet trigger
is used for 2 < pT < 5 GeV). The event selection effi-
ciency, which includes the effect of losses from the rapidity
gap and primary vertex requirements, exceeds 98% across
all rapidity and pT intervals, with comparable values for
direct and resolved photoproduction. An additional cor-
rection accounts for soft electromagnetic interactions from
independent PbPb collisions within the same bunch cross-
ing (electromagnetic pileup), which may cause neutron
emission from the photon-emitting nucleus, thereby reduc-
ing the ZDC Xn0n (or 0nXn) selection efficiency. The
correction factor (about 0.96) is estimated from the average
amount of pileup interactions in PbPb collisions and the
cross section for single and double electromagnetic dis-
sociation (EMD) [7,38]. The acceptance and reconstruction
efficiency ofD0 candidates is evaluated as a function of the
D0 pT and y, and ranges from 5% for 2 < pT < 5 GeV to
25% for 8 < pT < 12 GeV.
The measured cross section is subject to several sys-

tematic uncertainties arising from the signal extraction,
acceptance and reconstruction efficiency, offline selection,
trigger selection, branching fraction of the D0

→ K−
π
þ

decay channel, and integrated luminosity determination.
The uncertainty in the rapidity-gap selection efficiency is
evaluated by varying the energy threshold for the particle-
flow candidates used to determine the presence of a gap
between 5 and 15 GeV, resulting in an uncertainty of
7%–23%. The correction for the inefficiency induced by
electromagnetic pileup is found to have an uncertainty of
4%. The uncertainty due to the background modeling in
the fit is estimated by repeating the fit with different
functions for the background. The signal shape is also
varied by forcing the means and widths (each separately)
of the Gaussian functions that describe the signal to be
equal to the values extracted in simulations; these three fit
variations result in an uncertainty of 3%–20% depending
on the D0 pT and y. In the background variation study, a
second-order Chebyshev polynomial function is used. The
uncertainty in the signal yield coming from the modeling
of the D0

→ KþK− and πþπ− peaks is estimated from MC
to be about 13%. The final uncertainty in the extracted
yield is evaluated as the quadratic sum of all the individual
uncertainties.

FIG. 1. Invariant mass distribution ofD0 mesons with 5 < pT <
8 GeV and 0.0 < y < 1.0. The description of the fit template is
provided in the text.
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Dedicated studies are conducted to estimate the effects of
the differences in the properties of signal events in data and
simulation. Specifically, to evaluate the impact of the
discrepancies in the distributions of the D0 meson selection
variables, the corrected yields obtained by varying each
topological selection are studied. Topological selections are
relaxed in a range such that signal events can still be
extracted with good statistical significance. The final
uncertainty is evaluated as the quadratic sum of the
differences between the cross sections obtained when
varying each selection and the nominal one (2%–15%).
The difference between the D0 meson reconstruction and
selection efficiencies evaluated in direct- and resolved-
photon events is taken to account for the differences in
the relative abundance of the two classes of signal events in
simulation and data; the resulting effect is 1%–5%. An
analogous systematic uncertainty is included to account for
differences in the fraction of prompt D0 mesons (fprompt)
between data and simulation. This uncertainty is evaluated
by reweighting the MC-based efficiency for prompt and
nonprompt D0 mesons according to the fprompt value
extracted from the data. The extraction relies on the
difference between prompt and nonprompt events in the
distribution of the D0 meson candidate’s distance of closest
approach, defined as the decay length multiplied by the sine
of the pointing angle. The associated uncertainty is approx-
imately 5% across all pT and y intervals.
The D0 selection and reconstruction efficiency also

depends on the distribution of the D0 mesons in pT and
y, as well as on the event multiplicity; this is because the
single-track reconstruction efficiency decreases in events
with more tracks. The MC samples are reweighted to two
alternative distributions, one based on fixed-order-next-to-
leading logarithmic (FONLL) calculations and the other on
data after accounting for EMD. The charged-hadron multi-
plicity is also reweighted to match that in data. These
variations of theD0 meson reconstruction and identification
efficiency result in a systematic uncertainty of 7% or less.
The uncertainty due to the D0 trigger efficiency is found to
be about 20% in the pT bins where the jet trigger is used.
The systematic uncertainty in the hadron tracking efficiency
(2.3% per track) is taken from the analysis of the proton-
proton collision samples collected in 2022–2023 with
comparable detector conditions to those of the current data
set [39]. The systematic uncertainty associated with the
branching fraction is 0.76% [36], and the uncertainty in the
integrated luminosity is 6.4% [40].
All systematic uncertainties are treated as symmetric.

The total systematic uncertainty in the cross section
measurement is computed as the sum in quadrature of
the different contributions mentioned above, and is found
to range from ∼26%–48%, depending on the D0 meson y
and pT. The dominant source of systematic uncertainties
in the 2–5 GeV bin is associated with the modeling of

D0
→ KþK− and πþπ− decays, the change to a Chebyshev

polynomial in modeling the background, and the variation
of the pointing angle selection. For 5–8 and 8–12 GeV, the
systematic uncertainties are dominated by the trigger and
rapidity gap thresholds uncertainties, in addition to the
modeling of the D0

→ KþK− and π
þ
π
− decays. Each

source of systematic uncertainty is assumed to be fully
correlated across bins, whereas the statistical uncertainties
are treated as uncorrelated.
In Fig. 2, theD0 meson production cross section in Xn0n

and rapidity-reflected 0nXn events is shown (black
markers) as a function of the D0 rapidity in pT intervals.
The cross section is divided by a factor of two to average the
contributions of D0 and D̄0 mesons. Vertical bars indicate
the statistical uncertainties, while brackets represent the
systematic ones. Forward (positive) rapidities probe smaller
values of x, whereas backward (negative) rapidities are
sensitive to larger x. Likewise, low-pT D0 mesons corre-
spond to lower Q2 values, whereas high-pT hadrons probe
the nPDFs at higher Q2. A qualitative estimate of the
kinematic region probed in eachD0 meson pT and y interval
can be obtained by approximatingQ2 as p2

T;c þm2
c, and the

parton longitudinal momentum fraction in the nucleus as

x ≈ e−y
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Q2=sNN
p

, where
ffiffiffiffiffiffiffiffi

sNN
p

is the nucleon-nucleon
center-of-mass energy. Assuming the heavy-flavor hadron
carries about half of the parent charm-quark momentum, a
D0 meson produced with pT ¼ 2 GeV at y ¼ 1 probes
partons with x ≈ 3 × 10−4 at a hard scale Q2

≈ 18 GeV2.
Conversely, a D0 meson produced with pT ¼ 12 GeV at
y ¼ −2 probes partons with x ≈ 0.03 at Q2

≈ 600 GeV2.
Further details on the x and Q2 coverage of this measure-
ment are given in Ref. [5].
The measurements are compared with recent pQCD

calculations from GγA-FONLL [5], a framework that builds
on FONLL [41–43] to model heavy-quark production in
photonuclear collisions and employs photon-flux reweight-
ing to reproduce the flux properties expected in UPCs. The
predictions include corrections for the EMD survival
probability of the photon-emitting nucleus [44]. The sub-
panels of Fig. 2 display the theory-to-data ratios obtained
with lead nPDFs from EPPS21 [30] (middle) and proton
PDFs from CT18NLO [45] (bottom). The light blue and red
bands represent the uncertainties associated with variations
of the FONLL factorization and renormalization scales,
while the hatched bands represent the nPDF-parametriza-
tion uncertainties. For D0 mesons with 2 < pT < 5 GeV,
the theory-to-data ratios obtained with EPPS21 lie slightly
above unity (about 1.4). Although still compatible within
the combined experimental and theoretical uncertainties,
this trend may indicate a stronger nuclear suppression for
low-x gluons than predicted. In the highest-pT interval,
8 < pT < 12 GeV, the theory-to-data ratio obtained with
EPPS21 remains consistently below unity, at about 0.8–0.9,
across the probed D0 meson rapidity range, indicating that
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the data slightly exceed the nPDF-based predictions. In the
same subpanel, the data are also compared with recent
theoretical predictions [16] based on the CGC framework,
which relies on nonlinear QCD evolution to model the
properties of gluons at low x. The CGC theory-to-data ratio
is about 1.2 for D0 mesons with 2 < pT < 5 GeV and
−1 < y < 1, lying at the upper edge of the measurement.
For pT > 5 GeV, the ratio indicates that predictions exceed
the data by a factor of 1.5–3. The measurement therefore
provides scale-dependent constraints on calculations of
charm quark production incorporating nonlinear QCD
evolution.
To summarize, this Letter presented the first measure-

ment of the inclusive, prompt and nonprompt, photonuclear
D0 meson cross section as a function of transverse
momentum and rapidity in ultraperipheral heavy-ion colli-
sions. Exploiting the clean environment of photonuclear
interactions, where final state and hadronization effects are
largely reduced compared to hadronic production, this
measurement provides novel constraints on nuclear matter
over a wide range of parton momentum fraction x and
interaction energy scale Q2. Comparisons with theory
provide discrimination among parton distribution function
parametrizations and challenge calculations based on non-
linear quantum chromodynamics evolution at high Q2. By
demonstrating both its experimental feasibility and theo-
retical relevance, this Letter establishes open heavy-flavor
production in ultraperipheral LHC collisions as a powerful
probe of parton dynamics in nuclei.
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C. Daumann,46 S. Diekmann ,46 A. Dodonova ,46 N. Eich ,46 D. Eliseev ,46 F. Engelke ,46 J. Erdmann ,46

M. Erdmann ,46 B. Fischer ,46 T. Hebbeker ,46 K. Hoepfner ,46 F. Ivone ,46 A. Jung ,46 N. Kumar ,46 M. y. Lee ,46

F. Mausolf ,46 M. Merschmeyer ,46 A. Meyer ,46 F. Nowotny,46 A. Pozdnyakov ,46 Y. Rath,46 W. Redjeb ,46 F. Rehm,46

H. Reithler ,46 V. Sarkisovi ,46A. Schmidt ,46 C. Seth,46 A. Sharma ,46 J. L. Spah ,46 F. Torres Da Silva De Araujo ,46,y

S. Wiedenbeck ,46 S. Zaleski,46 C. Dziwok ,47 G. Flügge ,47 T. Kress ,47 A. Nowack ,47 O. Pooth ,47 A. Stahl ,47

T. Ziemons ,47 A. Zotz ,47 H. Aarup Petersen ,48 M. Aldaya Martin ,48 J. Alimena ,48 S. Amoroso,48 Y. An ,48

J. Bach ,48 S. Baxter ,48 M. Bayatmakou ,48 H. Becerril Gonzalez ,48 O. Behnke ,48 A. Belvedere ,48 F. Blekman ,48,z

K. Borras ,48,aa A. Campbell ,48 S. Chatterjee ,48 F. Colombina ,48 M. De Silva ,48 G. Eckerlin,48 D. Eckstein ,48

E. Gallo ,48,z A. Geiser ,48 V. Guglielmi ,48 M. Guthoff ,48 A. Hinzmann ,48 L. Jeppe ,48 B. Kaech ,48

M. Kasemann ,48 C. Kleinwort ,48 R. Kogler ,48 M. Komm ,48 D. Krücker ,48 W. Lange,48 D. Leyva Pernia ,48

K. Lipka ,48,bb W. Lohmann ,48,cc F. Lorkowski ,48 R. Mankel ,48 I.-A. Melzer-Pellmann ,48

M. Mendizabal Morentin ,48 A. B. Meyer ,48 G. Milella ,48 K. Moral Figueroa ,48 A. Mussgiller ,48 L. P. Nair ,48

J. Niedziela ,48 A. Nürnberg ,48 J. Park ,48 E. Ranken ,48 A. Raspereza ,48 D. Rastorguev ,48 L. Rygaard,48

M. Scham ,48,dd,aa S. Schnake ,48,aa P. Schütze ,48 C. Schwanenberger ,48,z D. Selivanova ,48 K. Sharko ,48

M. Shchedrolosiev ,48 D. Stafford ,48 F. Vazzoler ,48 A. Ventura Barroso ,48 R. Walsh ,48 D. Wang ,48 Q. Wang ,48

K. Wichmann,48 L. Wiens ,48,aa C. Wissing ,48 Y. Yang ,48 S. Zakharov,48 A. Zimermmane Castro Santos ,48

A. Albrecht ,49 M. Antonello ,49 S. Bollweg,49 M. Bonanomi ,49 K. El Morabit ,49 Y. Fischer ,49 M. Frahm,49

E. Garutti ,49 A. Grohsjean ,49 J. Haller ,49 D. Hundhausen,49 H. R. Jabusch ,49 G. Kasieczka ,49 P. Keicher ,49

R. Klanner ,49 W. Korcari ,49 T. Kramer ,49 C. c. Kuo,49 V. Kutzner ,49 F. Labe ,49 J. Lange ,49 A. Lobanov ,49

C. Matthies ,49 L. Moureaux ,49 M. Mrowietz,49 A. Nigamova ,49 K. Nikolopoulos ,49 Y. Nissan,49 A. Paasch ,49

K. J. Pena Rodriguez ,49 T. Quadfasel ,49 B. Raciti ,49 M. Rieger ,49 D. Savoiu ,49 J. Schindler ,49 P. Schleper ,49

M. Schröder ,49 J. Schwandt ,49 M. Sommerhalder ,49 H. Stadie ,49 G. Steinbrück ,49 A. Tews,49 R. Ward ,49

B. Wiederspan,49 M. Wolf ,49 S. Brommer ,50 E. Butz ,50 Y.M. Chen ,50 T. Chwalek ,50 A. Dierlamm ,50

G. G. Dincer ,50 U. Elicabuk,50 N. Faltermann ,50 M. Giffels ,50 A. Gottmann ,50 F. Hartmann ,50,ee R. Hofsaess ,50

M. Horzela ,50 U. Husemann ,50 J. Kieseler ,50 M. Klute ,50 O. Lavoryk ,50 J. M. Lawhorn ,50 M. Link,50

A. Lintuluoto ,50 S. Maier ,50 M. Mormile ,50 Th. Müller ,50 M. Neukum,50 M. Oh ,50 E. Pfeffer ,50 M. Presilla ,50

PHYSICAL REVIEW LETTERS 136, 122303 (2026)

122303-8



G. Quast ,50 K. Rabbertz ,50 B. Regnery ,50 R. Schmieder,50 N. Shadskiy ,50 I. Shvetsov ,50 H. J. Simonis ,50

L. Sowa ,50 L. Stockmeier,50 K. Tauqeer,50 M. Toms ,50 B. Topko ,50 N. Trevisani ,50 T. Voigtländer ,50

R. F. Von Cube ,50 J. Von Den Driesch,50 M. Wassmer ,50 S. Wieland ,50 F. Wittig,50 R. Wolf ,50 W.D. Zeuner ,50

X. Zuo ,50 G. Anagnostou ,51 G. Daskalakis ,51 A. Kyriakis ,51 A. Papadopoulos ,51,ee A. Stakia ,51

G. Melachroinos,52 Z. Painesis ,52 I. Paraskevas ,52 N. Saoulidou ,52 K. Theofilatos ,52 E. Tziaferi ,52 K. Vellidis ,52

I. Zisopoulos ,52 T. Chatzistavrou,53 G. Karapostoli ,53 K. Kousouris ,53 E. Siamarkou,53 G. Tsipolitis ,53

I. Bestintzanos,54 I. Evangelou ,54 C. Foudas,54 C. Kamtsikis,54 P. Katsoulis,54 P. Kokkas ,54

P. G. Kosmoglou Kioseoglou ,54 N. Manthos ,54 I. Papadopoulos ,54 J. Strologas ,54 D. Druzhkin ,55 C. Hajdu ,55

D. Horvath ,55,ff,gg K. Márton,55 A. J. Rádl ,55,hh F. Sikler ,55 V. Veszpremi ,55 M. Csanád ,56 K. Farkas ,56

A. Fehérkuti ,56,ii M.M. A. Gadallah ,56,jj Á. Kadlecsik ,56 B. Cs. Kovács,56 G. Pásztor ,56 G. I. Veres ,56 B. Ujvari ,57

G. Zilizi ,57 G. Bencze,58 S. Czellar,58 J. Molnar,58 Z. Szillasi,58 T. Csorgo ,59,ii F. Nemes ,59,ii T. Novak ,59 S. Bansal ,60

S. B. Beri,60 V. Bhatnagar ,60 G. Chaudhary ,60 S. Chauhan ,60 N. Dhingra ,60,kk A. Kaur ,60 A. Kaur ,60 H. Kaur ,60

M. Kaur ,60 S. Kumar ,60 T. Sheokand,60 J. B. Singh ,60 A. Singla ,60 A. Bhardwaj ,61 A. Chhetri ,61

B. C. Choudhary ,61 A. Kumar ,61 A. Kumar ,61 M. Naimuddin ,61 K. Ranjan ,61 M. K. Saini,61 S. Saumya ,61

S. Mukherjee ,62 S. Baradia ,63 S. Barman ,63,ll S. Bhattacharya ,63 S. Das Gupta,63 S. Dutta ,63 S. Dutta,63 S. Sarkar,63

M.M. Ameen ,64 P. K. Behera ,64 S. C. Behera ,64 S. Chatterjee ,64 G. Dash ,64 A. Dattamunsi,64 P. Jana ,64

P. Kalbhor ,64 S. Kamble ,64 J. R. Komaragiri ,64,mm D. Kumar ,64,mm T. Mishra ,64 B. Parida ,64,nn P. R. Pujahari ,64

N. R. Saha ,64 A. K. Sikdar ,64 R. K. Singh ,64 P. Verma ,64 S. Verma ,64 A. Vijay ,64 L. Bhatt,65 S. Dugad ,65

G. B. Mohanty ,65 M. Shelake ,65 P. Suryadevara,65 A. Bala ,66 S. Banerjee ,66 S. Bhowmik ,66,oo R.M. Chatterjee,66

M. Guchait ,66 Sh. Jain ,66 A. Jaiswal,66 B.M. Joshi ,66 S. Kumar ,66 G. Majumder ,66 K. Mazumdar ,66 S. Parolia ,66

A. Thachayath ,66 S. Bahinipati ,67,pp D. Maity ,67,qq P. Mal ,67 K. Naskar ,67,qq A. Nayak ,67,qq S. Nayak,67 K. Pal ,67

R. Raturi,67 P. Sadangi,67 S. K. Swain ,67 S. Varghese ,67,qq D. Vats ,67,qq S. Acharya ,68,rr A. Alpana ,68 S. Dube ,68

B. Gomber ,68,rr P. Hazarika ,68 B. Kansal ,68 A. Laha ,68 B. Sahu ,68,rr R. Sharma ,68 S. Sharma ,68 K. Y. Vaish ,68

H. Bakhshiansohi ,69,ss A. Jafari ,69,tt M. Zeinali ,69,uu S. Bashiri ,70 S. Chenarani ,70,vv S. M. Etesami ,70

Y. Hosseini ,70 M. Khakzad ,70 E. Khazaie ,70 M. Mohammadi Najafabadi ,70 S. Tizchang ,70,ww M. Felcini ,71

M. Grunewald ,71 M. Abbrescia ,72a,72b M. Barbieri,72a,72b M. Buonsante ,72a,72b A. Colaleo ,72a,72b D. Creanza ,72a,72c

B. D’Anzi ,72a,72b N. De Filippis ,72a,72c M. De Palma ,72a,72b W. Elmetenawee ,72a,72b,q N. Ferrara ,72a,72b L. Fiore ,72a

G. Iaselli ,72a,72c L. Longo ,72a M. Louka ,72a,72b G. Maggi ,72a,72c M. Maggi ,72a I. Margjeka ,72a

V. Mastrapasqua ,72a,72b S. My ,72a,72b S. Nuzzo ,72a,72b A. Pellecchia ,72a,72b A. Pompili ,72a,72b G. Pugliese ,72a,72c

R. Radogna ,72a,72b D. Ramos ,72a A. Ranieri ,72a L. Silvestris ,72a F. M. Simone ,72a,72c Ü. Sözbilir,72a

A. Stamerra ,72a,72b D. Troiano ,72a,72b R. Venditti ,72a,72b P. Verwilligen ,72a A. Zaza ,72a,72b G. Abbiendi ,73a

C. Battilana ,73a,73b D. Bonacorsi ,73a,73b P. Capiluppi ,73a,73b A. Castro ,73a,73b,a F. R. Cavallo ,73a M. Cuffiani ,73a,73b

G.M. Dallavalle ,73a T. Diotalevi ,73a,73b F. Fabbri ,73a A. Fanfani ,73a,73b D. Fasanella ,73a P. Giacomelli ,73a

L. Giommi ,73a,73b C. Grandi ,73a L. Guiducci ,73a,73b S. Lo Meo ,73a,xx M. Lorusso ,73a,73b L. Lunerti ,73a

S. Marcellini ,73a G. Masetti ,73a F. L. Navarria ,73a,73b G. Paggi ,73a,73b A. Perrotta ,73a F. Primavera ,73a,73b

A.M. Rossi ,73a,73b S. Rossi Tisbeni ,73a,73b T. Rovelli ,73a,73b G. P. Siroli ,73a,73b S. Costa ,74a,74b,yy A. Di Mattia ,74a

A. Lapertosa ,74a R. Potenza,74a,74b A. Tricomi ,74a,74b,yy J. Altork ,75a,75b P. Assiouras ,75a G. Barbagli ,75a

G. Bardelli ,75a M. Bartolini ,75a,75b A. Calandri ,75a,75b B. Camaiani ,75a,75b A. Cassese ,75a R. Ceccarelli ,75a

V. Ciulli ,75a,75b C. Civinini ,75a R. D’Alessandro ,75a,75b L. Damenti,75a,75b E. Focardi ,75a,75b T. Kello ,75a

G. Latino ,75a,75b P. Lenzi ,75a,75b M. Lizzo ,75a M. Meschini ,75a S. Paoletti ,75a A. Papanastassiou,75a,75b

G. Sguazzoni ,75a L. Viliani ,75a L. Benussi ,76 S. Bianco ,76 S. Meola ,76,zz D. Piccolo ,76 M. Alves Gallo Pereira ,77a

F. Ferro ,77a E. Robutti ,77a S. Tosi ,77a,77b A. Benaglia ,78a F. Brivio ,78a F. Cetorelli ,78a,78b F. De Guio ,78a,78b

M. E. Dinardo ,78a,78b P. Dini ,78a S. Gennai ,78a R. Gerosa ,78a,78b A. Ghezzi ,78a,78b P. Govoni ,78a,78b L. Guzzi ,78a

G. Lavizzari,78a,78b M. T. Lucchini ,78a,78b M. Malberti ,78a S. Malvezzi ,78a A. Massironi ,78a D. Menasce ,78a

L. Moroni ,78a M. Paganoni ,78a,78b S. Palluotto ,78a,78b D. Pedrini ,78a A. Perego ,78a,78b B. S. Pinolini,78a

G. Pizzati ,78a,78b S. Ragazzi ,78a,78b T. Tabarelli de Fatis ,78a,78b S. Buontempo ,79a A. Cagnotta ,79a,79b

F. Carnevali ,79a,79b N. Cavallo ,79a,79c C. Di Fraia ,79a,79b F. Fabozzi ,79a,79c L. Favilla ,79a,79d A. O. M. Iorio ,79a,79b

L. Lista ,79a,79b,aaa P. Paolucci ,79a,ee B. Rossi ,79a R. Ardino ,80a P. Azzi ,80a N. Bacchetta ,80a,bbb A. Bergnoli ,80a

D. Bisello ,80a,80b P. Bortignon ,80a G. Bortolato ,80a,80b A. C. M. Bulla ,80a R. Carlin ,80a,80b P. Checchia ,80a

PHYSICAL REVIEW LETTERS 136, 122303 (2026)

122303-9



T. Dorigo ,80a,ccc F. Gasparini ,80a,80b U. Gasparini ,80a,80b S. Giorgetti ,80a E. Lusiani ,80a M. Margoni ,80a,80b

A. T. Meneguzzo ,80a,80b J. Pazzini ,80a,80b P. Ronchese ,80a,80b R. Rossin ,80a,80b F. Simonetto ,80a,80b M. Tosi ,80a,80b

A. Triossi ,80a,80b S. Ventura ,80a P. Zotto ,80a,80b A. Zucchetta ,80a,80b G. Zumerle ,80a,80b A. Braghieri ,81a

S. Calzaferri ,81a D. Fiorina ,81a P. Montagna ,81a,81b M. Pelliccioni ,81a V. Re ,81a C. Riccardi ,81a,81b P. Salvini ,81a

I. Vai ,81a,81b P. Vitulo ,81a,81b S. Ajmal ,82a,82b M. E. Ascioti,82a,82b G.M. Bilei ,82a C. Carrivale,82a,82b

D. Ciangottini ,82a,82b L. Della Penna,82a L. Fanò ,82a,82b V. Mariani ,82a,82b M. Menichelli ,82a F. Moscatelli ,82a,ddd

A. Rossi ,82a,82b A. Santocchia ,82a,82b D. Spiga ,82a T. Tedeschi ,82a,82b C. Aimè ,83a,83b C. A. Alexe ,83a,83c
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Università di Milano-Bicocca, Milano, Italy
79a
INFN Sezione di Napoli, Napoli, Italy

79b
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