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This paper presents the measurement of charged-hadron and identified-hadron (K0
S , �, �−) yields in photonu-

clear collisions using 1.7 nb−1 of
√

sNN = 5.02 TeV Pb + Pb data collected in 2018 with the ATLAS detector
at the Large Hadron Collider. Candidate photonuclear events are selected using a combination of tracking and
calorimeter information, including the zero-degree calorimeter. The yields as a function of transverse momentum
and rapidity are measured in these photonuclear collisions as a function of charged-particle multiplicity. These
photonuclear results are compared with 0.1 nb−1 of

√
sNN = 5.02 TeV p + Pb data collected in 2016 by ATLAS

using similar charged-particle multiplicity selections. These photonuclear measurements shed light on potential
quark-gluon plasma formation in photonuclear collisions via observables sensitive to radial flow, enhanced
baryon-to-meson ratios, and strangeness enhancement. The results are also compared with the Monte Carlo
DPMJET-III generator and hydrodynamic calculations to test whether such photonuclear collisions may produce
small droplets of quark-gluon plasma that flow collectively.

DOI: 10.1103/7lx4-x8rw

I. INTRODUCTION

When ultrarelativistic beams of lead nuclei are brought
into collision, the processes often studied are those for which
the nuclei have an impact parameter smaller than twice the
nuclear radius. Such collisions are now understood to create
droplets of quark-gluon plasma (QGP) that flow as a nearly
perfect fluid, i.e., hydrodynamically [1]. However, the strong
electromagnetic (EM) fields of the fully ionized nuclei can
also induce interactions when the nuclei have significantly
larger impact parameters [2,3]. In the equivalent photon ap-
proximation, these strong EM fields correspond to a flux of
quasi-real, high-energy photons. Importantly, the nuclei can
produce high-energy photons coherently from the entire nu-
cleus, resulting in an enhancement to the photon spectrum
over a broad energy range which is proportional to Z2 (e.g.,
atomic number Z = 82 for Pb).

As a result, the rates for EM interactions (which include
photon–photon and photon–nucleus scatterings) are large
enough to be measurable in Pb+Pb collisions at the Large
Hadron Collider (LHC). Such collisions are commonly re-
ferred to as “ultraperipheral collisions” (UPCs) because they
can occur when the impact parameters between the incom-
ing nuclei are large enough such that there is no hadronic
interaction between the nuclei. The ATLAS Collaboration
has measured UPC events where the basic interactions are
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photon–photon collisions [4–7], including light-by-light scat-
tering and scattering where two leptons in the final state are
produced. The ATLAS Collaboration has also measured UPC
photonuclear collisions, for example, in the case of dijet pro-
duction [8]. In photonuclear reactions, the photon could act as
a pointlike particle interacting with a parton in the nucleus
(the “direct” case). However, the vector-meson dominance
picture suggests that the photon could fluctuate to a vector
meson, for example, a ρ meson, which then interacts with
the Pb nucleus (the “resolved” case) [2,9]. Therefore, some
subset of these collisions could be considered as ρ–nucleus
collisions, albeit at a lower center-of-mass collision energy
than the nucleon-nucleon

√
sNN , depending on the ρ energy.

Hence, such events will have an overall rapidity boost of the
center-of-mass frame in the direction of the nucleus.

Two-particle azimuthal correlations have been measured in
photonuclear (γ + Pb) events by ATLAS [10]. These results
indicate significant nonzero elliptic (v2) and triangular (v3)
flow coefficients. These coefficients have been interpreted
in terms of a hydrodynamically flowing medium [11], and
alternatively in terms of scattering diagrams in the glasma
framework [12]. The v2 values are significantly smaller in
photonuclear events compared with p + Pb events at the same
charged particle multiplicity N rec

ch . The lower elliptic flow in
photonuclear events may be explained by the stronger lon-
gitudinal decorrelations in the rapidity-shifted photonuclear
events in hydrodynamic calculations [11]. These authors make
the specific prediction that the radial flow [13] is essentially
the same in photonuclear and p + Pb collisions, as measured
via the mean transverse momentum, pT, of charged and iden-
tified particles. The formation of a small QGP droplet may
also lead to other manifestations of QGP seen in heavy-ion
collisions such as a baryon/meson enhancement [14] and
strangeness enhancement [15,16]. A measurement by CMS
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of two-particle correlations in the lower-multiplicity γ + p

system did not find evidence for collective effects when com-
pared to the expectation from event generators [17].

This paper presents the yields of charged hadrons and iden-
tified strange hadrons (K0

S , �, �−) in photonuclear collisions
using 1.7 nb−1 of

√
sNN = 5.02 TeV Pb+Pb data collected in

2018 with the ATLAS detector at the LHC. The results are
compared with measurements in p + Pb collisions specifi-
cally to test the predictions of Ref. [11]. Additionally, these
photonuclear data are compared with the photonuclear Monte
Carlo (MC) DPMJET-III [18,19] generator and with hydrody-
namic calculations [11] to test the hypothesis of a small QGP
droplet formation.

II. ATLAS DETECTOR

The ATLAS detector [20] at the LHC [21] covers nearly the
entire solid angle around the collision point.1 It consists of an
inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a
muon spectrometer incorporating three large superconducting
magnets. The inner-detector system (ID) is immersed in a 2 T
axial magnetic field and provides charged-particle tracking in
the range |η| < 2.5.

The high-granularity silicon pixel detector covers the ver-
tex region and typically provides three measurements per
track. An innermost insertable B-layer [22] has been operating
as a part of the pixel detector since 2015. It is followed by the
silicon microstrip tracker (SCT) which usually provides four
two-dimensional measurement points per track. These silicon
detectors are complemented by the transition radiation tracker
(TRT), which enables radially extended track reconstruction
up to |η| = 2.0.

The calorimeter system covers the pseudorapidity range
|η| < 4.9. Within the region |η| < 3.2, electromagnetic
calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) electromagnetic calorimeters, with an
additional thin LAr presampler covering |η| < 1.8, to cor-
rect for energy loss in material upstream of the calorimeters.
Hadronic calorimetry is provided by the steel/scintillating-
tile calorimeter, segmented into three barrel structures within
|η| < 1.7, and two copper/LAr hadronic endcap calorimeters
covering 1.5 < |η| < 3.2. The angular coverage is completed
with forward copper/LAr and tungsten/LAr calorimeter mod-
ules optimized for electromagnetic and hadronic measure-
ments, respectively. The muon spectrometer (MS) surrounds
the calorimeters and is based on three large air-core toroidal

1ATLAS 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 along the beam pipe. The x axis points from the IP to the
center of the LHC ring, and the y axis points upwards. Cylindrical
coordinates (r,�) are used in the transverse plane, � being the
azimuthal angle around the z axis. The pseudorapidity is defined in
terms of the polar angle θ as η = − ln tan(θ/2). Angular distance
is measured in units of 	R ≡

√

(	η)2 + (	�)2. Both the rapidity
and pseudorapidity are calculated in the center-of-mass frame per
nucleon pair.

superconducting magnets with eight coils each. The MS
includes a system of precision tracking chambers and fast de-
tectors for triggering. The minimum-bias trigger scintillator,
reconfigured for Run 2, detects charged particles over 2.07 <

|η| < 3.86 using two hodoscopes of 12 counters positioned at
z = ±3.6 m. The zero-degree calorimeters (ZDCs) play a key
role in identifying UPC events in heavy-ion collisions. They
are located at z = ±140 m from the interaction point, just
beyond the point where the common straight-section vacuum-
pipe divides back into two independent beam-pipes. The ZDC
modules consist of layers of alternating quartz rods and tung-
sten plates that measure neutral particles at pseudorapidities
|η| > 8.3.

A two-level trigger system [23] is used to select events. The
first-level trigger (L1) is implemented in hardware and uses a
subset of the detector information to reduce the accepted rate
to at most 100 kHz. This is followed by the software-based
high-level trigger (HLT) that reduced the accepted event rate
to 1–4 kHz depending on the data-taking conditions during
2018 Pb+Pb collisions.

A software suite [24] is used in data simulation, in the
reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data acquisition
systems of the experiment.

III. EVENT SELECTION AND SIMULATIONS

Photonuclear interactions are selected via event topolo-
gies where one of the Pb nuclei remains intact, resulting
in no spectator neutrons and very sparse particle production
downstream of the given nucleus. This is taken to be the
photon-going direction. The datasets and event selection for
photonuclear collisions are identical to those used in a previ-
ous measurement of two-particle azimuthal correlations [10],
and are briefly summarized below.

The measurements presented in this paper were performed
using the

√
sNN = 5.02 TeV Pb+Pb dataset collected with a

variety of triggers in 2018, with a total integrated luminosity
of 1.7 nb−1. The 25-track high-multiplicity trigger (HMT),
15-track HMT, and the minimum-bias (MB) trigger were con-
figured with progressively higher prescale factors, sampling
1.6 nb−1, 0.13 nb−1, and 1.0 µb−1 of data, respectively. Pho-
tonuclear candidate events were first selected by the trigger
requiring one ZDC side (referred to as the Pb-going side and
corresponding to η < 0) to have a minimum amount of energy
at L1, E > 1 TeV, consistent with the presence of one or more
neutrons. The other side (referred to as the photon-going side
and corresponding to η > 0) was required to have energy be-
low a maximum-energy cutoff, E < 1 TeV, consistent with no
neutrons. The per-nucleon energy is 2.5 TeV, leading to a sin-
gle neutron peak energy well above this 1 TeV threshold [4].
The selected topology is referred to as “0nXn.” Events were
also required to satisfy an upper bound of 200 GeV on the total
transverse energy deposited across all central calorimeters at
L1, for further rejection of hadronic Pb + Pb events.

Reconstructed pseudorapidity gap quantities, constructed
using charged-particle tracks and clusters of energetic
calorimeter cells in each event, are used to distinguish
between different physics processes such as photonuclear col-
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FIG. 1. Multiplicity distributions (N rec
ch ) from (a) Pb+Pb photonuclear and (b) p + Pb collisions. The N rec

ch range utilized in this paper,
15 � N rec

ch � 60, is highlighted.

lisions, low-activity (peripheral) hadronic Pb + Pb collisions,
and γ γ → X processes. The requirement of a rapidity gap
above a minimum value in the photon-going direction can
efficiently remove peripheral Pb + Pb events. Rather than
the traditional pseudorapidity gap quantity [25], which de-
termines the pseudorapidity difference between the edge of
the detector and the closest particle, an alternative “sum-of-
gaps” definition is used, which adds together contiguous gaps
separated by particle production concentrated in a narrow
pseudorapidity region. This alternative definition is used to
retain a large selection efficiency for resolved photon events
where a large contiguous pseudorapidity gap may other-
wise be spoiled by a hadronic fragment on the photon-going
side. The quantity

∑

γ 	ηrec corresponds to the sum-of-gaps
calculated in the photon-going half of the detector, and is
constructed using tracks with pT > 0.4 GeV, |η| < 2.5 and
clusters with pT > 0.2 GeV, |η| < 4.9 in each event. It is
calculated by first sorting the tracks and clusters in η. The
differences in η between adjacent particles, 	η, are included
in the sum if they are larger than 0.5. The value of 0.5
was observed in the simulation to retain good efficiency for
resolved photon events. The gap calculation is computed as
always starting from mid rapidity to the edge of the detec-
tor; thus,

∑

γ 	ηrec ranges from 0 to 4.9. UPC events with
∑

γ 	ηrec > 2.5 are utilized in this paper following the pro-
cedure in Ref. [10].

Despite the 0nXn ZDC and
∑

γ 	ηrec selections, a residual
contamination of the photonuclear events by Pb+Pb periph-
eral inelastic collisions remains, which is smaller than 3%.
To account for this, a small purity correction factor and as-
sociated systematic uncertainties are applied, as performed in
Ref. [10]. No other backgrounds, such as from γ γ processes,
were found to be significant after the event selection.

This paper includes comparisons with the 2016 p + Pb
collision data collected at

√
sNN = 5.02 TeV, with an inte-

grated luminosity of 0.1 nb−1, obtained using a minimum-bias
trigger as detailed in Ref. [26]. In the p + Pb system,

positive and negative (pseudo)rapidities denote the proton-
and nucleus-going directions, respectively.

Each event is characterized by the number of reconstructed
tracks with pT > 0.4 GeV and |η| < 2.5, referred to as the re-
constructed charged-particle multiplicity (N rec

ch ). This standard
ATLAS heavy-ion event class definition utilizes reconstructed
tracks that are not corrected for track acceptance and effi-
ciency; see, for example, Refs. [27–30]. Monte Carlo studies
indicate that selections on N rec

ch correspond to equivalent se-
lections on truth-level charged particles with pT > 0.4 GeV
and |η| < 2.5 as well, but with an average value of N truth

ch ≈
1.2 × N rec

ch . Figure 1 shows the N rec
ch distributions in photonu-

clear Pb+Pb and p + Pb events. The N rec
ch range utilized in this

paper, 15 � N rec
ch � 60, is highlighted. The N rec

ch differential
results are presented in the range 15 � N rec

ch � 60 and N rec
ch

integrated results are shown for 25 � N rec
ch � 60. The p + Pb

events are then reweighted to have effectively the same N rec
ch

distribution as the UPC Pb+Pb events.
The simulated event sample for the photonuclear analysis

is generated with DPMJET-III + STARLIGHT. Events were gener-
ated with different minimum requirements on N rec

ch to provide
a good statistical coverage over the N rec

ch range accessed in
data. First, the distribution of photon flux for Pb beams at the
LHC was calculated using STARLIGHT [31]. The flux distribu-
tion was passed to a multipurpose generator based on the Dual
Parton Model (DPM) and referred to as DPMJET-III [18,19],
which simulates direct and resolved photon–lead (γ + Pb)
interactions at the generator level.

The DPM model is a diagrammatic way of describing
particle production in hadron–hadron collisions [32]. There
are two major concepts that underlie the dual-parton
model. The first is the dual resonance model [33],
which assumes that there are two alternative (or “dual”)
descriptions of hadron–hadron interactions—the t-channel
diagram where particles can be exchanged as a form
of interaction and the s-channel diagram where the
two incoming particles fluctuate into an intermediate
state and then interact. The second is the Veneziano
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scattering amplitude, which allows for a convergent
calculation of the scattering amplitude for the exchange of a
large set of particles. These two concepts enable calculations
in soft hadron physics through pomeron exchange. The
pomeron is a particle with vacuum quantum numbers
analogous to a closed string and can be exchanged between
hadrons as a form of interaction. Thus, through the dual
resonance model there are intermediate states in elastic
hadron–hadron collisions with a large number of pomerons.
These diagrams can be “cut” to calculate the amplitude of the
inelastic process of hadrons interacting to form a large number
of primarily meson final states. The DPMJET-III MC generator
combines the DPM with perturbative QCD (pQCD), as well as
other features, to attempt a full description of hadron–hadron,
hadron–photon, and photon–photon collisions [19]. The full
set of particles was then run through a full GEANT4 [34]
simulation of the ATLAS detector. A sample of thirteen
million γ + Pb events were generated.

The simulated event sample for the p + Pb analysis is gen-
erated with HIJING [35]. The HIJING model combines pQCD
inspired models for multiple-jet production with low-pT mul-
tistring phenomenology. The model thus extends the PYTHIA

string picture [36] to include modeling of both high-energy
pp collisions, as well at p–nucleus and nucleus–nucleus col-
lisions. The geometry for multiple collisions in p–nucleus
and nucleus–nucleus collisions is provided by MC Glauber
[37]. The model also includes multiple mini-jet production,
nuclear shadowing of parton distribution functions, and a
schematic mechanism of jet interactions in dense matter. The
phenomenological parameters are adjusted to reproduce es-
sential features of pp multiparticle production data for a wide
energy range (

√
sNN = 5 GeV to 2 TeV). For the sample used

here the so-called “jet quenching” feature is turned off. A
sample of five million p + Pb HIJING events was generated.

IV. ANALYSIS

This paper reports charged-hadron and identified-strange-
hadron yields reconstructed using tracks in the inner tracker
with pT > 0.1 GeV and |η| < 2.5. Both utilize the same event
selection criteria detailed above. Additionally, the yields are
determined in both photonuclear Pb+Pb and p + Pb using
identical track reconstruction and extraction methods.

A. Charged hadrons

The charged-hadron analysis utilizes tracks that origi-
nate from the collision, referred to as primaries. Primary
particles are defined as charged particles with a lifetime
τ > 3 × 10−10 s, either directly produced in the collision or
from subsequent decays of directly produced particles with
τ < 3.0 × 10−11 s. This definition excludes charged strange
baryons that have a very small probability to actually tra-
verse the tracker before decaying (for example, the �− with
τ = 1.6 × 10−10 s and �− with τ = 0.8 × 10−10 s). However,
it includes charged hadrons from the decay of 	 resonances
and ρ mesons with lifetimes shorter than 3.0 × 10−8 s. The
contribution of charged leptons is negligible and thus the
tracks represent charged hadrons. The track reconstruction

follows that utilized for low pileup pp data-taking [38,39].
The reconstructed tracks are required to satisfy quality criteria
as detailed in Ref. [40]. Tracks are further required to have
pT > 0.1 GeV, |η| < 2.5, and a distance of closest approach
to the reconstructed vertex in both the longitudinal and trans-
verse directions of less than 1.5 mm.

The reconstructed tracks are then used to calculate
charged-hadron yields as functions of pT in different η slices:

Y1(η, pT) =
1

Nev

dN2
ch

dpTdη
(1)

and then yields integrated over pT as a function of η:

Y2(η) =
1

Nev

dNch

dη
, (2)

where Nev is the number of selected events and Nch is the
number of charged particles.

The tracks entering these observables in bins of pT and η

are corrected for reconstruction and selection inefficiency, as
well as for contributions from tracks that are not associated
with primary particles, on a per-track basis using simulation-
derived correction factors.

The reconstruction efficiency is defined as the ratio of the
number of truth primary charged particles whose associated
reconstructed track has a truth-matched primary charged par-
ticle Nmatched

truth (as defined in Ref. [41]) to the total number of
truth primary charged particles, Ntruth, as a function of both pT

and η:

ε(η, pT) =
Nmatched

truth (η, pT)

Ntruth(η, pT)
. (3)

The contributions to reconstructed tracks that are not asso-
ciated with primary particles are classified into fake tracks and
secondary tracks. To correct for these contributions, tracks are
weighted on a track-by-track basis by the “primary fraction,”
fprimary, which is estimated as a function of reconstructed kine-
matics in simulated events by taking the ratio of the number of
primary tracks N

primary
ch to the number of reconstructed tracks

Nch:

f primary(η, pT) =
N

primary
ch (η, pT)

Nch(η, pT)
. (4)

The yields as a function of η are measured for pT >

0.1 GeV and extrapolated using the DPMJET-III MC down to
pT = 0 GeV, i.e., correcting the yields by the fraction of
DPMJET-III charged particles with pT > 0.1 GeV to charged
particles down to pT = 0 GeV. These correction factors are 5–
15% in photonuclear Pb+Pb and 5–7% in p + Pb collisions.

Finally, using the yields detailed above, the 〈pT〉 in η in-
tervals are calculated as a function of N rec

ch . When calculating
〈pT〉 the extrapolation down to pT = 0 GeV is performed us-
ing a Modified Hagedorn fit [42]:

1

N

dN

d pT
= A1

p2
T

√

p2
T + m2

0

(

1 +
pT

p1

)−n1

, (5)

where m0 is the rest mass of considered particle, p1 and n1 are
the free parameters, and A1 is the normalization constant. The
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FIG. 2. Invariant-mass distributions of (a) K0
S , (b) �, and (c) �− in Pb+Pb photonuclear collisions. The data are fitted to a signal (double

Gaussian) and a background component (detailed in the text). The signal counts, and fit parameters for the mean μ and widths σ1 and σ2 of the
double Gaussian are also shown in units of MeV.

〈pT〉 in each η bin and in each N rec
ch bin is calculated by finding

the mean value of the fit results for pT > 0 GeV.

B. Identified strange hadrons

Only the K0
S , �, and �− originating from the primary

vertex are considered. The contribution of secondary � from
�0 decay is included, while contributions from the decay
products of heavy baryons (�−, �−) are excluded from
the definition of primary �. For � and �−, the definition
includes only the baryon state and does not represent an
average of baryons and antibaryons. Antibaryons have an ad-
ditional acceptance correction due to annihilation processes,
and GEANT4 is known to not model this correctly [43,44].

Identified strange hadrons are reconstructed using oppo-
sitely charged tracks with pT > 0.1 GeV and |η| < 2.5, which
are fitted to a common secondary vertex using a Kalman

filter [45]. The K0
S candidates in the π+ + π− decay mode

(branching ratio of 69.2%) are required to satisfy the follow-
ing criteria:

(i) The χ2 of the two-track vertex fit is required to be less
than 15 (with one degree of freedom).

(ii) The cosine of the pointing angle in the transverse plane
(cos θ ) between the K0

S momentum vector and the K0
S

flight direction, defined as the line connecting the re-
constructed primary vertex to the decay direction, is
required to fulfill the requirements:
(a) cos θ > 0.999 for Pb+Pb photonuclear collisions,

except in the most backward rapidity bin, y:
[−2.5,−1.6], cos θ > 0.9999.

(b) cos θ > 0.995 for p + Pb, except in the most
backward and forward rapidity bins of p + Pb, y:
[−2.5,−1.6] and y: [1.6, 2.5], cos θ > 0.999

064908-5
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FIG. 3. Reconstruction efficiencies of (a) K0
S , (b) �, and (c) �− as a function of ptruth

T in intervals of ytruth as determined using DPMJET-III.
The efficiencies are fitted using polynomial functions for K0

S and �. Statistical uncertainties are shown as vertical lines.

(c) Requirements on the minimum values of the vari-
ables | Lxy

σLxy
| and | PT

σPT
|, in bins of pT and y. These

are optimized using the Toolkit for Multivariate Data
Analysis (TMVA) package within the ROOT frame-
work [46], where Lxy is the distance from the
reconstructed primary vertex to the reconstructed sec-
ondary vertex (decay vertex of the K0

S candidate) in
the transverse plane, σLxy is the uncertainty on Lxy

reconstruction, pT is the reconstructed momentum of
the K0

S candidate and σpT is the uncertainty in the pT

reconstruction.

The � candidates in the p + π− decay mode (branching
ratio of 63.9%) are required to satisfy the following criteria:

(i) The pT of the � candidate is greater than 0.5 GeV.
(ii) The χ2 of the two-track vertex fit is required to be less

than 15 (with one degree of freedom).
(iii) The cosine of the pointing angle (cos θ ) is required to

be greater than 0.999.
(iv) Requirements on the minimum values of the variables

| Lxy

σLxy
| and | PT

σPT
|, in bins of pT and y, determined using

the TMVA package as above.

The �− candidates in the � + π− decay mode (branching
ratio of 99.5%) are required to satisfy the following criteria:

(i) The pT of the �− candidate is greater than 1 GeV, and
|y| < 1.6.

064908-6
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FIG. 4. K0
S yields as a function of pT in different y selections in (a) Pb+Pb photonuclear and (b) p + Pb collisions. The bottom panels

show the ratio of the Modified Hagedorn fit results to the data. Statistical uncertainties are shown as vertical lines and systematic uncertainties
are shown as colored boxes.

(ii) The χ2 of the two-track vertex fit for reconstructing
both � and �− is required to be less than 15 (with
one degree of freedom).

(iii) The cosine of the pointing angle (cos θ ) associ-
ated with �− vertex is required to be greater than
0.9992.

(iv) The cosine of the pointing angle associated with �

vertex is required to be greater than 0.99999.
(v) Requirements on the minimum values of the variables

| Lxy

σLxy
| associated with vertex fit for reconstructing �

and �−, in bins of pT and y, determined using the
TMVA package as above.

Below the minimum pT value for � and �−, the efficiency
is very low due to the slow pions. In contrast, the K0

S can be
measured down to pT = 0 GeV. The tight selection criteria
for the pointing angle and the minimum value of | Lxy

σLxy
| signifi-

cantly improve the signal significance in all kinematic regions.
Figure 2 shows the resulting invariant-mass distributions

for K0
S , �, and �− in Pb+Pb photonuclear collisions. The

FIG. 5. � yields as a function of pT in different y selections in (a) Pb+Pb photonuclear and (b) p + Pb collisions. The bottom panels show
the ratio of the Modified Hagedorn fit results to the data. Statistical uncertainties are shown as vertical lines and systematic uncertainties are
shown as colored boxes.
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(GeV)
(GeV)

(GeV)(GeV)

FIG. 6. Relative systematic uncertainties in (a) charged hadrons, (b) K0
S , (c) �, and (d) �− yields in photonuclear collisions as a function

of pT . All uncertainty contributions are added in quadrature and the result is symmetrized to obtain the full systematic uncertainty.

number of signal candidates in a given pT and y bin is deter-
mined by fitting the invariant-mass distribution of the strange
hadron candidates in that bin. The fit utilizes a double Gaus-
sian for the signal peak and a second-order (third-order for
�) polynomial for the combinatorial background. The back-
ground component also includes a functional form modeling
the cases where the particles are mis-identified, e.g., a truth
K0

S that has its decay products fit under the assumption of
a parent � particle. These functional forms are determined
from DPMJET-III MC. The ratio of the widths and amplitudes
of the two Gaussian distributions is constrained based on
the MC truth-matched invariant-mass distributions within the
corresponding pT-y bin. The fit ranges utilized in this analysis
are [420, 580] MeV for K0

S , [1080, 1170] MeV for �, and
[1280, 1360] MeV for �−. The quality of the fit is evaluated
based on reasonable χ2 values.

The signal candidates, obtained in bins of pT and y, are
corrected for reconstruction and selection inefficiencies, using
Eq. (3) on the secondary vertex candidates, and for signal
inefficiency, which accounts for the missed fraction of re-
constructed candidates due to the TMVA-optimized selection
requirements. Furthermore, signal candidates are corrected for

the contributions of secondaries, as defined by Eq. (4). The
largest sources of secondaries are from hadronic interactions
of particles with the detector material and the decay products
of heavier strange baryons, which contribute to the � yield
at the 10% level [47]. Figure 3 shows the reconstruction effi-
ciencies for K0

S , �, and �− calculated using DPMJET-III γ + Pb
simulations. High-pT neutral strange particles start to have a
sufficiently large relativistic boost that the decay occurs after
some of the silicon-detector components, leading to missing
hits and an efficiency drop.

The corrected number of signal candidates is used to calcu-
late the identified-hadron yield as a function of pT in different
rapidity bins using Eq. (1), and as a function of y using
Eq. (2).

The minimum pT values are 0 GeV for K0
S , and 0.5 GeV

for �−. For �, the minimum pT is 0.5 GeV for |y| < 1.6 and
0.8 GeV for 1.6 < |y| < 2.5. Thus the pT-integrated yields for
K0

S are simply calculated by summing the yields as a function
of pT, whereas for � and �− the yield below the minimum pT

must be accounted for. Hence, an extrapolation procedure is
performed for � and �−, using the Modified Hagedorn func-
tional fit, given by Eq. (5). Figures 4 and 5 show the K0

S and �
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FIG. 7. Relative systematic uncertainties in (a) charged hadrons, (b) K0
S , (c) �, and (d) �− yields in photonuclear collisions as a function

of (pseudo) rapidity. The yield of K0
S is measured down to pT = 0 GeV. For charged hadrons, � and �−, the measured yield is extrapolated to

pT = 0 GeV. All uncertainty contributions are added in quadrature and the result is symmetrized to obtain the full systematic uncertainty.

FIG. 8. Charged-hadron yields as a function of pT in six η selections for (a) Pb+Pb photonuclear and (b) p + Pb collisions. Statistical
uncertainties are shown as vertical lines and systematic uncertainties are shown as colored boxes.
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FIG. 9. (a) K0
S , (b) �, and (c) �− yields are shown as a function of pT in six y selections in Pb+Pb photonuclear collisions. The (d) K0

S ,
(e) �, and (f) �− yields are shown as a function of pT in six y selections in p + Pb collisions. Statistical uncertainties are shown as vertical
lines and systematic uncertainties are shown as colored boxes.

yields in Pb+Pb photonuclear and p + Pb collisions as a func-
tion of pT across six y selections, with the Modified Hagedorn
fit results. The fit to the K0

S yield, where measurements extend
down to pT = 0 GeV, shows that the function provides a good
description of the data. This confirms that the same fit function
can be used to extrapolate the � and �− yields down to pT =
0 GeV. The fit is performed using statistical uncertainties only
and is then repeated for each systematic uncertainty variation.
Approximately 20% of the total yield lies in the region of
extrapolation (pT < 0.5 GeV) for �, and is larger for the most
forward/backward rapidities (where pT < 0.8 GeV). Approx-
imately 20–30% of the total yield lies in the region of extrap-
olation (pT < 0.5 GeV) for �−. Systematic uncertainties on
these extrapolations, and from other sources, are discussed
below.

Finally, using the pT-integrated yields determined above,
the 〈pT〉 and the ratio of strange-hadron to charged-hadron
yields are calculated as a function of N rec

ch . These values are
calculated after extrapolating down to pT = 0 GeV.

V. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainties in this measure-
ment are described in the following. For the event selection
criteria in Pb+Pb photonuclear events, the primary sources
contributing to both the charged-hadron and identified-hadron
yields include uncertainties associated with the purity es-
timation and pseudorapidity gap selection. In both Pb+Pb
photonuclear and p + Pb collisions, uncertainties are assigned
to track selection by relaxing specific hit requirements in turn,
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FIG. 10. Charged-hadron yields as a function of η and the K0
S , �, and �− yields as a function of y for (a) Pb+Pb photonuclear and

(b) p + Pb collisions. Statistical uncertainties are shown as vertical lines and systematic uncertainties are shown as colored boxes.

to contributions from fake and secondary tracks by varying
fprimary in Eq. (4) by 50% of the rate, and to the mis-modeling
of the detector material [38,48]. An uncertainty is also
assigned for bin migration due to track momentum resolution.
This bin migration effect is quite small and the uncertainty
is set by turning off the bin migration entirely. Furthermore,
uncertainties on the fit values of the track reconstruction effi-
ciency are included as systematic uncertainties.

For the identified-hadron analysis, specific uncertainties
are assigned to the selection requirements by varying the spe-
cific requirements from the nominal values. The uncertainty
in the signal extraction is further quantified by varying the
fit range of invariant-mass distributions. Finally, to assess
the uncertainty in the extrapolation to pT = 0 GeV, a varied
fit functional form for the pT distribution based on Tsallis
statistics [49] is utilized. The fitting procedure is redone for
all other systematic variations.

In all cases, the ratio of the varied to nominal result is
either smoothened via fit or directly used, and the values
are assigned as the systematic uncertainty. All uncertainty
contributions are added in quadrature and then symmetrized
by taking the maximum variation at each point to determine
the total systematic uncertainty. Other potential sources of
uncertainty, such as those related to the trigger efficiency [10],
were found to be negligible compared to the ones described
above.

Figures 6 and 7 present the relative systematic uncertainties
on charged hadrons, K0

S , �, and �− yields in photonuclear
collisions as a function of pT and (pseudo)rapidity, respec-
tively. The dominant uncertainty in the low pT region (pT <

1 GeV) arises from variations in the detector materials and
bin-migration effects. For identified hadrons, in addition to
these uncertainties, the uncertainty in the background cor-
rection contributes significantly. For the 〈pT〉 calculation, the
total uncertainties are on the order of 3–5%. As a function of
rapidity, a significant uncertainty for charged hadrons and �,
�− particles comes from the extrapolation of the yield down
to pT = 0 GeV. For the K0

S there is no such uncertainty as the

yield is measured down to pT = 0 GeV. The uncertainty is
dominated by systematic rather than statistical effects.

VI. RESULTS

The resulting yields as a function of pT for charged
hadrons are shown in Fig. 8 in six pseudorapidity selec-
tions spanning −2.5 < η < 2.5 in Pb+Pb photonuclear and
p + Pb collisions. The yields are calculated for collisions with
25 � N rec

ch � 60, with the p + Pb N rec
ch distribution reweighted

to match that of the photonuclear collision sample. The
photonuclear collision yields have a strong pseudorapidity de-
pendence, with much lower multiplicity in the photon-going
direction (positive η). In contrast, the p + Pb collision yields
are nearly η-symmetric. Unlike in more central p + Pb colli-
sions [50], the yields in the low-multiplicity selection (25 �

N rec
ch � 60) are symmetric in rapidity; hence, the η distribution

is more pp-like.
Figure 9 shows the yields as a function of pT for identified

strange hadrons K0
S , �, and �− in six rapidity selections

spanning −2.5 < y < 2.5 in Pb+Pb photonuclear and p + Pb
collisions for the same event selection as the charged-hadron
yields. The � and �− yields are for baryons only and are not
the average of baryons and antibaryons. The � yields include
decays from �0, but otherwise are not inclusive of other
baryon feed-down contributions, e.g., from �− and �. As in
the charged-hadron case, the yields of all strange hadrons have
a strong rapidity dependence in photonuclear collisions.

The yields as a function of pT are then integrated over
the pT range of the measurements, and extrapolated to be
inclusive over all pT, i.e., pT > 0. The resulting pT-integrated
yields as a function of pseudorapidity, for charged hadrons,
and rapidity, for identified strange hadrons are shown in
Fig. 10. The pT-integrated yields again show a strong rapidity
asymmetry in photonuclear collisions and are nearly rapidity
symmetric in p + Pb collisions.

Next, the pT distributions are characterized in terms of the
〈pT〉, calculated to correspond to the mean value for pT > 0.
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FIG. 11. 〈pT〉 for charged hadrons, K0
S , and � in (a) Pb+Pb photonuclear and (b) p + Pb collisions as a function of N rec

ch . The left (right)
panels are for a backward (forward) rapidity interval. Statistical uncertainties are shown as vertical lines and systematic uncertainties are shown
as colored boxes.

These 〈pT〉 values for charged hadrons, K0
S , and � parti-

cles, in two rapidity intervals, as a function of finer intervals
of N rec

ch are shown in Fig. 11. The top (bottom) subfigures
correspond to photonuclear Pb+Pb (p + Pb) collisions, with
the left (right) panels corresponding to backward (forward)
rapidity. In both photonuclear and p + Pb collisions, the 〈pT〉
increases with increasing N rec

ch and there is a distinct ordering

with 〈pT〉 (charged hadrons) < 〈pT〉 (K0
S ) < 〈pT〉 (�). Under

the assumption that charged hadrons are dominated by pions,
the pattern follows a distinct mass ordering. In photonuclear
collisions, the 〈pT〉 show a large rapidity asymmetry, with
much lower values for all particles at forward rapidity. In
contrast, the p + Pb results are consistent with being rapidity
symmetric.
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FIG. 12. Ratio of �/K0
S and �−/K0

S yields as a function of pT in two rapidity intervals for (a) Pb+Pb photonuclear and (b) p + Pb
collisions. Statistical uncertainties are shown as vertical lines and systematic uncertainties are shown as colored boxes.

For the �−, the 〈pT〉 can only be calculated in one
selection of N rec

ch , 25 � N rec
ch � 60, and correspond to values

of 1.60 ± 0.02(stat) ± 0.24(sys) GeV [1.04 ± 0.01(stat) ±
0.12(sys) GeV] for photonuclear collisions and 1.33 ± 0.03
(stat) ± 0.18(sys) GeV [1.06 ± 0.02(stat) ± 0.25(sys) GeV]
for p + Pb collisions, at backward (forward) rapidity. These
values suggest that the �− may have a slightly higher
〈pT〉 than � particles, although consistent within large
uncertainties.

To further elucidate the data trends, the ratios of �/K0
S

and �−/K0
S as a function of pT, for two rapidity intervals,

in Pb+Pb photonuclear and p + Pb collisions are shown in
Fig. 12. The most striking observation is the larger �/K0

S ratio
at intermediate pT ≈ 1.5–4.0 GeV when measured at back-
ward rapidity compared to forward rapidity in photonuclear
collisions. This baryon enhancement at intermediate pT is
reminiscent of the “baryon anomaly” observed in p + Pb and
Pb+Pb collisions [51] and is often associated with quark re-
combination as the dominant hadronization mechanism [52].
The ratios in p + Pb in both rapidity intervals are comparable
to the backward rapidity photonuclear values. For the �−, the
uncertainties preclude any strong conclusions.

Finally, the ratio of identified-strange-hadron yields rela-
tive to charged-hadron yields is calculated as a function of
N rec

ch . The resulting ratios at backward and forward rapidities
are shown as a function of N rec

ch in Fig. 13 for photonuclear
and p + Pb collisions. In photonuclear collisions, there is a
clear increase in strange hadron yields relative to charged
hadrons between backward and forward rapidity. If there is
strangeness enhancement due to final-state interactions, this
would be consistent with the larger ratios in the Pb-going
direction. The ratios are similar between backward rapidity
photonuclear yields and the p + Pb yields in both rapidity
intervals. Overall, the ratios are generally consistent with be-
ing flat, i.e., not exhibiting an N rec

ch dependence over the given
range, with a hint of a rise in the � to charged-hadron ratios. It
is notable that the large strangeness enhancement observed in
pp, p + Pb, and Pb+Pb collisions in Ref. [15] is actually quite
small for K0

S and � in the multiplicity range corresponding to
the measurements presented here.

VII. DISCUSSION

These experimental results are now compared with
DPMJET-III MC for photonuclear collisions and HIJING for
p + Pb collisions, respectively, neither of which includes
any final-state interactions or QGP formation. Comparisons
are also made to the so-called “hybrid” model that explic-
itly includes a hydrodynamic modeling of QGP formation
in both photonuclear and p + Pb collisions [11]. The hy-
brid model incorporates initial conditions by an extension of
MC Glauber to three-dimensions, time evolution via viscous
hydrodynamics using the publicly available package MUSIC

[53], and finally hadronic scattering via the publicly available
package URQMD [54]. For the photonuclear case, following
Ref. [9], a parametrization is used for the photon energy
and hence the center-of-mass energy distribution. The γ + Pb
collisions are treated via the vector meson dominance pic-
ture, i.e., the virtual photon state may be decomposed into
a set of vector meson states, like ρ, ω, and φ, in a low
virtuality regime, Q2 = 0.0625 GeV2. The virtual photon is
treated as a vector meson with two “partonic participants” in
the MC Glauber calculation (in contrast to the three “par-
tonic participants” for the proton projectile in the p + Pb
case).

When making such comparisons to the data, the event
selection criteria used here are important to incorporate. In
particular, the yields presented here are characterized by spe-
cific N rec

ch intervals, e.g., 25 � N rec
ch � 60. As discussed earlier,

MC studies indicate that the selections on N rec
ch correspond

to equivalent selections on truth-level charged particles with
pT > 0.4 GeV and |η| < 2.5 as well, but with an average
value of N truth

ch ≈ 1.2 × N rec
ch . Each event is additionally

characterized by the sum-of-gaps using reconstructed tracks
and energy clusters. Monte Carlo studies indicate that this
selection corresponds to equivalent selections on truth-level
particles with pT > 0.45 GeV and |η| < 4.9. Differences be-
tween the reconstruction and truth level selections are less
than 2–3%. For the DPMJET-III and HIJING simulations, the
exact event selection criteria used in this measurement are
applied through a full GEANT4 simulation of the detector
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FIG. 13. Ratios of identified-strange-hadron yields to charged-hadron yields as a function of N rec
ch for (a) Pb+Pb photonuclear collisions

and (b) p + Pb collisions. The left (right) panels are for a backward (forward) rapidity interval. Statistical uncertainties are shown as vertical
lines and systematic uncertainties are shown as colored boxes.

response and reconstruction, i.e., to match the experimental
event selection of N rec

ch and
∑

γ 	ηrec. Once an event satisfies
these criteria, its truth-level particles are included in the yield
calculation. In the hybrid model case, the model framework
was calibrated with p + Pb measurements at a center-of-mass
energy of 5.02 TeV and then made predictions for γ + Pb
collisions.

Figure 14 shows the measured charged hadron, K0
S , �,

and �− yields as a function of rapidity, compared to MC
results from DPMJET-III for photonuclear collisions and HIJING

for p + Pb collisions. Both calculations describe the charged
hadron and K0

S rapidity dependence and the overall normal-
ization at the 15–25% level. In contrast, the � and �− yields
are poorly described with HIJING under-predicting the strange
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FIG. 14. Charged-hadron yields as a function of η and the K0
S , �, and �− yields as a function of y for (a) Pb+Pb photonuclear collisions,

with comparisons to the MC model DPMJET-III, and (b) p + Pb collisions, with comparisons to HIJING. Statistical uncertainties are shown as
vertical lines and systematic uncertainties are shown as colored boxes. The statistical uncertainties in the MC simulations are represented by
colored bands, though they are negligible.

baryon yields by almost a factor of two and DPMJET-III over-
predicting the yields at forward rapidity and under-predicting
at backward rapidity.

Figure 15 shows the same ATLAS results now compared
with calculations from the hybrid model. The charged-
hadron yields are well described in p + Pb collisions, and
only qualitatively described in photonuclear collisions. For
both collision systems, the K0

S are over-predicted, the �

under-predicted, and the �− well described. Since the level
of disagreement for strange hadrons (K0

S and �) is simi-
lar in both p + Pb and photonuclear collisions, it is likely
a generic failing of the modeling for strangeness and/or
baryons in general in the hadronization of the hydrodynamic
QGP.

It is also instructive to compare the experimental results
for 〈pT〉 as a function of N rec

ch as shown in Fig. 16 with the
MC models DPMJET-III and HIJING and Fig. 17 with the hybrid
model. Both MC models substantially under-predict the 〈pT〉
for all particles, and also under-predict the difference in 〈pT〉
between hadrons of different masses. Strikingly, DPMJET-III

predicts a higher 〈pT〉 for � particles at forward rapidity
compared to backward rapidity, exactly opposite to the trend
in data.

In contrast, the hybrid model provides a reasonable de-
scription of the 〈pT〉 of charged hadrons and � particles in
both photonuclear and p + Pb collisions, including the higher
〈pT〉 values at backward rapidity compared to forward rapidity
in photonuclear collisions. However, the 〈pT〉 values for K0

S

FIG. 15. Charged-hadron yields as a function of η and the K0
S , �, and �− yields as a function of y for (a) Pb+Pb photonuclear collisions and

(b) p + Pb collisions. Both are compared to the hybrid model calculations. Statistical uncertainties are shown as vertical lines and systematic
uncertainties are shown as colored boxes. The statistical uncertainties of the model calculations are shown by colored bands.
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FIG. 16. 〈pT〉 for charged hadrons, K0
S , and � in (a) Pb+Pb photonuclear and (b) p + Pb collisions as a function of N rec

ch . The left (right)
panels are for a backward (forward) rapidity selection. Statistical uncertainties are shown as vertical lines and systematic uncertainties are
shown as colored boxes. Also shown are comparisons to the MC model DPMJET-III and HIJING for Pb+Pb photonuclear and p + Pb collisions,
respectively, with the shaded bands indicating the statistical uncertainties.

are under-predicted in all cases. Until these deficiencies in the
hybrid model are resolved, first in the p + Pb case, stronger
conclusions regarding QGP formation in photonuclear events
remains premature.

VIII. CONCLUSION

This paper reports a measurement of the yields of charged
hadrons and identified K0

S , �, �− in high-energy pho-
tonuclear collisions. Events are selected from 1.7 nb−1 of
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FIG. 17. 〈pT〉 for charged hadrons, K0
S , and � in (a) Pb+Pb photonuclear and (b) p + Pb collisions as a function of N rec

ch . The left (right)
panels are for a backward (forward) rapidity selection. Statistical uncertainties are shown as vertical lines and systematic uncertainties are
shown as colored boxes. Also shown are comparisons to the hybrid hydrodynamic model for both collision types.

√
sNN = 5.02 TeV Pb+Pb data collected by the ATLAS

detector at the LHC in 2018. The yields are measured
as a function of pT and rapidity for different N rec

ch inter-
vals. The results are compared with p + Pb collision data
at comparable N rec

ch intervals. These photonuclear events re-
veal a strong rapidity asymmetry in all particle yields, with
fewer particles in the photon-going direction as expected. In

the Pb-going direction, the particles exhibit larger average
transverse momentum that increases for higher mass parti-
cles. There is also a significant enhancement of the �/K0

S
(baryon/meson) ratio, and a hint of an enhancement of overall
strange particle production. These observations in the Pb-
going direction are generally consistent with what is observed
in the p + Pb Pb-going direction, giving credence to the
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hypothesis that the photonuclear collisions are dominated by
vector meson dominance, i.e., hadronic ρ meson–Pb colli-
sions. Comparisons with MC models reveal a very incomplete
modeling of the physics processes. The hybrid model, based
on the assumption of QGP formation and hydrodynamic
expansion, captures some features such as the larger mean
pT at backward rapidity in photonuclear events, but fails
to quantitatively describe the yields of identified strange
particles.
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E. K. Filmer ,162a F. Filthaut ,116 M. C. N. Fiolhais ,133a,133c,r L. Fiorini ,169 W. C. Fisher ,109 T. Fitschen ,103

P. M. Fitzhugh,138 I. Fleck ,147 P. Fleischmann ,108 T. Flick ,177 M. Flores ,34d,s L. R. Flores Castillo ,64a

L. Flores Sanz De Acedo ,37 F. M. Follega ,78a,78b N. Fomin ,33 J. H. Foo ,161 A. Formica ,138 A. C. Forti ,103

E. Fortin ,37 A. W. Fortman ,18a L. Foster ,18a L. Fountas ,9,t D. Fournier ,66 H. Fox ,93 P. Francavilla ,74a,74b

S. Francescato ,61 S. Franchellucci ,56 M. Franchini ,24b,24a S. Franchino ,63a D. Francis,37 L. Franco ,116

V. Franco Lima ,37 L. Franconi ,48 M. Franklin ,61 G. Frattari ,28 Y. Y. Frid ,157 J. Friend ,59 N. Fritzsche ,37

A. Froch ,56 D. Froidevaux ,37 J. A. Frost ,129 Y. Fu ,109 S. Fuenzalida Garrido ,140f M. Fujimoto ,104 K. Y. Fung ,64a

E. Furtado De Simas Filho ,83e M. Furukawa ,159 J. Fuster ,169 A. Gaa ,55 A. Gabrielli ,24b,24a A. Gabrielli ,161

P. Gadow ,37 G. Gagliardi ,57b,57a L. G. Gagnon ,18a S. Gaid ,88b S. Galantzan ,157 J. Gallagher ,1 E. J. Gallas ,129

A. L. Gallen ,167 B. J. Gallop ,137 K. K. Gan ,122 S. Ganguly ,159 Y. Gao ,52 A. Garabaglu ,142

F. M. Garay Walls ,140a,140b C. García ,169 A. Garcia Alonso ,117 A. G. Garcia Caffaro ,178 J. E. García Navarro ,169

M. Garcia-Sciveres ,18a G. L. Gardner ,131 R. W. Gardner ,40 N. Garelli ,164 R. B. Garg ,149 J. M. Gargan ,52

C. A. Garner,161 C. M. Garvey ,34a V. K. Gassmann,164 G. Gaudio ,73a V. Gautam,13 P. Gauzzi ,75a,75b J. Gavranovic ,95

I. L. Gavrilenko ,133a A. Gavrilyuk ,38 C. Gay ,170 G. Gaycken ,126 E. N. Gazis ,10 A. Gekow,122 C. Gemme ,57b

M. H. Genest ,60 A. D. Gentry ,115 S. George ,97 T. Geralis ,46 A. A. Gerwin ,123 P. Gessinger-Befurt ,37

064908-22



CHARGED-HADRON AND IDENTIFIED-HADRON … PHYSICAL REVIEW C 111, 064908 (2025)

M. E. Geyik ,177 M. Ghani ,173 K. Ghorbanian ,96 A. Ghosal ,147 A. Ghosh ,165 A. Ghosh ,7 B. Giacobbe ,24b

S. Giagu ,75a,75b T. Giani ,117 A. Giannini ,62 S. M. Gibson ,97 M. Gignac ,139 D. T. Gil ,86b A. K. Gilbert ,86a

B. J. Gilbert ,42 D. Gillberg ,35 G. Gilles ,117 D. M. Gingrich ,2,d M. P. Giordani ,69a,69c P. F. Giraud ,138

G. Giugliarelli ,69a,69c D. Giugni ,71a F. Giuli ,76a,76b I. Gkialas ,9,t L. K. Gladilin ,38 C. Glasman ,101 M. Glazewska ,20

G. Glemža ,48 M. Glisic,126 I. Gnesi ,44b Y. Go ,27b M. Goblirsch-Kolb ,37 B. Gocke ,49 D. Godin,110 B. Gokturk ,22a

S. Goldfarb ,107 T. Golling ,56 M. G. D. Gololo ,34c D. Golubkov ,38 J. P. Gombas ,109 A. Gomes ,133a,133b

G. Gomes Da Silva ,147 A. J. Gomez Delegido ,169 R. Gonçalo ,133a L. Gonella ,21 A. Gongadze ,155c F. Gonnella ,21

J. L. Gonski ,149 R. Y. González Andana ,52 S. González de la Hoz ,169 M. V. Gonzalez Rodrigues ,48

R. Gonzalez Suarez ,167 S. Gonzalez-Sevilla ,56 L. Goossens ,37 B. Gorini ,37 E. Gorini ,70a,70b A. Gorišek ,95

T. C. Gosart ,131 A. T. Goshaw ,51 M. I. Gostkin ,39 S. Goswami ,124 C. A. Gottardo ,37 S. A. Gotz ,111

M. Gouighri ,36b A. G. Goussiou ,142 N. Govender ,34c R. P. Grabarczyk ,129 I. Grabowska-Bold ,86a K. Graham ,35

E. Gramstad ,128 S. Grancagnolo ,70a,70b C. M. Grant,1 P. M. Gravila ,29f F. G. Gravili ,70a,70b H. M. Gray ,18a

M. Greco ,112 M. J. Green ,1 C. Grefe ,25 A. S. Grefsrud ,17 I. M. Gregor ,48 K. T. Greif ,165 P. Grenier ,149

S. G. Grewe,112 A. A. Grillo ,139 K. Grimm ,32 S. Grinstein ,13,u J.-F. Grivaz ,66 E. Gross ,175 J. Grosse-Knetter ,55

L. Guan ,108 G. Guerrieri ,37 R. Guevara ,128 R. Gugel ,102 J. A. M. Guhit ,108 A. Guida ,19 E. Guilloton ,173

S. Guindon ,37 F. Guo ,14,114c J. Guo ,144a L. Guo ,48 L. Guo ,114b,v Y. Guo ,108 A. Gupta ,49 R. Gupta ,132

S. Gupta ,28 S. Gurbuz ,25 S. S. Gurdasani ,48 G. Gustavino ,75a,75b P. Gutierrez ,123 L. F. Gutierrez Zagazeta ,131

M. Gutsche ,50 C. Gutschow ,98 C. Gwenlan ,129 C. B. Gwilliam ,94 E. S. Haaland ,128 A. Haas ,120 M. Habedank ,59

C. Haber ,18a H. K. Hadavand ,8 A. Haddad ,41 A. Hadef ,50 A. I. Hagan ,93 J. J. Hahn ,147 E. H. Haines ,98

M. Haleem ,172 J. Haley ,124 G. D. Hallewell ,104 L. Halser ,20 K. Hamano ,171 M. Hamer ,25 S. E. D. Hammoud ,66

E. J. Hampshire ,97 J. Han ,143a L. Han ,114a L. Han ,62 S. Han ,18a K. Hanagaki ,84 M. Hance ,139 D. A. Hangal ,42

H. Hanif ,148 M. D. Hank ,131 J. B. Hansen ,43 P. H. Hansen ,43 D. Harada ,56 T. Harenberg ,177 S. Harkusha ,179

M. L. Harris ,105 Y. T. Harris ,25 J. Harrison ,13 N. M. Harrison ,122 P. F. Harrison,173 M. L. E. Hart ,98

N. M. Hartman ,112 N. M. Hartmann ,111 R. Z. Hasan ,97,137 Y. Hasegawa ,146 F. Haslbeck ,129 S. Hassan ,17

R. Hauser ,109 M. Haviernik ,136 C. M. Hawkes ,21 R. J. Hawkings ,37 Y. Hayashi ,159 D. Hayden ,109 C. Hayes ,108

R. L. Hayes ,117 C. P. Hays ,129 J. M. Hays ,96 H. S. Hayward ,94 M. He ,14,114c Y. He ,48 Y. He ,98 N. B. Heatley ,96

V. Hedberg ,100 C. Heidegger ,54 K. K. Heidegger ,54 J. Heilman ,35 S. Heim ,48 T. Heim ,18a J. G. Heinlein ,131

J. J. Heinrich ,126 L. Heinrich ,112 J. Hejbal ,134 M. Helbig ,50 A. Held ,176 S. Hellesund ,17 C. M. Helling ,170

S. Hellman ,47a,47b L. Henkelmann ,33 A. M. Henriques Correia,37 H. Herde ,100 Y. Hernández Jiménez ,151

L. M. Herrmann ,25 T. Herrmann ,50 G. Herten ,54 R. Hertenberger ,111 L. Hervas ,37 M. E. Hesping ,102

N. P. Hessey ,162a J. Hessler ,112 M. Hidaoui ,36b N. Hidic ,136 E. Hill ,161 S. J. Hillier ,21 J. R. Hinds ,109

F. Hinterkeuser ,25 M. Hirose ,127 S. Hirose ,163 D. Hirschbuehl ,177 T. G. Hitchings ,103 B. Hiti ,95 J. Hobbs ,151

R. Hobincu ,29e N. Hod ,175 A. M. Hodges ,168 M. C. Hodgkinson ,145 B. H. Hodkinson ,129 A. Hoecker ,37

D. D. Hofer ,108 J. Hofer ,169 M. Holzbock ,37 L. B. A. H. Hommels ,33 V. Homsak ,129 B. P. Honan ,103 J. J. Hong ,68

T. M. Hong ,132 B. H. Hooberman ,168 W. H. Hopkins ,6 M. C. Hoppesch ,168 Y. Horii ,113 M. E. Horstmann ,112

S. Hou ,154 M. R. Housenga ,168 A. S. Howard ,95 J. Howarth ,59 J. Hoya ,6 M. Hrabovsky ,125 T. Hryn’ova ,4

P. J. Hsu ,65 S.-C. Hsu ,142 T. Hsu ,66 M. Hu ,18a Q. Hu ,62 S. Huang ,33 X. Huang ,14,114c Y. Huang ,136

Y. Huang ,114b Y. Huang ,102 Y. Huang ,14 Z. Huang ,66 Z. Hubacek ,135 M. Huebner ,25 F. Huegging ,25

T. B. Huffman ,129 M. Hufnagel Maranha De Faria ,83a C. A. Hugli ,48 M. Huhtinen ,37 S. K. Huiberts ,17

R. Hulsken ,106 C. E. Hultquist ,18a N. Huseynov ,12,w J. Huston ,109 J. Huth ,61 R. Hyneman ,7 G. Iacobucci ,56

G. Iakovidis ,27b L. Iconomidou-Fayard ,66 J. P. Iddon ,37 P. Iengo ,72a,72b R. Iguchi ,159 Y. Iiyama ,159 T. Iizawa ,159

Y. Ikegami ,84 D. Iliadis ,158 N. Ilic ,161 H. Imam ,36a G. Inacio Goncalves ,83d S. A. Infante Cabanas ,140c

T. Ingebretsen Carlson ,47a,47b J. M. Inglis ,96 G. Introzzi ,73a,73b M. Iodice ,77a V. Ippolito ,75a,75b R. K. Irwin ,94

M. Ishino ,159 W. Islam ,176 C. Issever ,19 S. Istin ,22a,x K. Itabashi ,84 H. Ito ,174 R. Iuppa ,78a,78b A. Ivina ,175

V. Izzo ,72a P. Jacka ,134 P. Jackson ,1 P. Jain ,48 K. Jakobs ,54 T. Jakoubek ,175 J. Jamieson ,59 W. Jang ,159

S. Jankovych ,136 M. Javurkova ,105 P. Jawahar ,103 L. Jeanty ,126 J. Jejelava ,155a,y P. Jenni ,54,z C. E. Jessiman ,35

C. Jia ,143a H. Jia ,170 J. Jia ,151 X. Jia ,14,114c Z. Jia ,114a C. Jiang ,52 Q. Jiang ,64b S. Jiggins ,48

M. Jimenez Ortega ,169 J. Jimenez Pena ,13 S. Jin ,114a A. Jinaru ,29b O. Jinnouchi ,141 P. Johansson ,145 K. A. Johns ,7

J. W. Johnson ,139 F. A. Jolly ,48 D. M. Jones ,152 E. Jones ,48 K. S. Jones,8 P. Jones ,33 R. W. L. Jones ,93

T. J. Jones ,94 H. L. Joos ,55,37 R. Joshi ,122 J. Jovicevic ,16 X. Ju ,18a J. J. Junggeburth ,37 T. Junkermann ,63a

A. Juste Rozas ,13,u M. K. Juzek ,87 S. Kabana ,140e A. Kaczmarska ,87 M. Kado ,112 H. Kagan ,122 M. Kagan ,149

A. Kahn ,131 C. Kahra ,102 T. Kaji ,159 E. Kajomovitz ,156 N. Kakati ,175 N. Kakoty ,13 I. Kalaitzidou ,54 S. Kandel ,8

N. J. Kang ,139 D. Kar ,34g K. Karava ,129 E. Karentzos ,25 O. Karkout ,117 S. N. Karpov ,39 Z. M. Karpova ,39

V. Kartvelishvili ,93 A. N. Karyukhin ,38 E. Kasimi ,158 J. Katzy ,48 S. Kaur ,35 K. Kawade ,146 M. P. Kawale ,123

C. Kawamoto ,89 T. Kawamoto ,62 E. F. Kay ,37 F. I. Kaya ,164 S. Kazakos ,109 V. F. Kazanin ,38 J. M. Keaveney ,34a

R. Keeler ,171 G. V. Kehris ,61 J. S. Keller ,35 J. J. Kempster ,152 O. Kepka ,134 J. Kerr ,162b B. P. Kerridge ,137

B. P. Kerševan ,95 L. Keszeghova ,30a R. A. Khan ,132 A. Khanov ,124 A. G. Kharlamov ,38 T. Kharlamova ,38

E. E. Khoda ,142 M. Kholodenko ,133a T. J. Khoo ,19 G. Khoriauli ,172 Y. Khoulaki ,36a J. Khubua ,155b,aa

064908-23



G. AAD et al. PHYSICAL REVIEW C 111, 064908 (2025)

Y. A. R. Khwaira ,130 B. Kibirige,34g D. Kim ,6 D. W. Kim ,47a,47b Y. K. Kim ,40 N. Kimura ,98 M. K. Kingston ,55

A. Kirchhoff ,55 C. Kirfel ,25 F. Kirfel ,25 J. Kirk ,137 A. E. Kiryunin ,112 S. Kita ,163 O. Kivernyk ,25 M. Klassen ,164

C. Klein ,35 L. Klein ,172 M. H. Klein ,45 S. B. Klein ,56 U. Klein ,94 A. Klimentov ,27b T. Klioutchnikova ,37

P. Kluit ,117 S. Kluth ,112 E. Kneringer ,79 T. M. Knight ,161 A. Knue ,49 M. B. Knuesel ,27a M. Kobel ,50

D. Kobylianskii ,175 S. F. Koch ,129 M. Kocian ,149 P. Kodyš ,136 D. M. Koeck ,126 T. Koffas ,35 O. Kolay ,50

I. Koletsou ,4 T. Komarek ,87 K. Köneke ,55 A. X. Y. Kong ,1 T. Kono ,121 N. Konstantinidis ,98 P. Kontaxakis ,56

B. Konya ,100 R. Kopeliansky ,42 S. Koperny ,86a K. Korcyl ,87 K. Kordas ,158,ab A. Korn ,98 S. Korn ,55

I. Korolkov ,13 N. Korotkova ,38 B. Kortman ,117 O. Kortner ,112 S. Kortner ,112 W. H. Kostecka ,118 M. Kostov ,30a

V. V. Kostyukhin ,147 A. Kotsokechagia ,37 A. Kotwal ,51 A. Koulouris ,37 A. Kourkoumeli-Charalampidi ,73a,73b

C. Kourkoumelis ,9 E. Kourlitis ,112 O. Kovanda ,126 R. Kowalewski ,171 W. Kozanecki ,126 A. S. Kozhin ,38

V. A. Kramarenko ,38 G. Kramberger ,95 P. Kramer ,25 M. W. Krasny ,130 A. Krasznahorkay ,105 A. C. Kraus ,118

J. W. Kraus ,177 J. A. Kremer ,48 N. B. Krengel ,147 T. Kresse ,50 L. Kretschmann ,177 J. Kretzschmar ,94 K. Kreul ,19

P. Krieger ,161 K. Krizka ,21 K. Kroeninger ,49 H. Kroha ,112 J. Kroll ,134 J. Kroll ,131 K. S. Krowpman ,109

U. Kruchonak ,39 H. Krüger ,25 N. Krumnack,81 M. C. Kruse ,51 O. Kuchinskaia ,39 S. Kuday ,3a S. Kuehn ,37

R. Kuesters ,54 T. Kuhl ,48 V. Kukhtin ,39 Y. Kulchitsky ,39 S. Kuleshov ,140d,140b J. Kull ,1 M. Kumar ,34g

N. Kumari ,48 P. Kumari ,162b A. Kupco ,134 T. Kupfer,49 A. Kupich ,38 O. Kuprash ,54 H. Kurashige ,85

L. L. Kurchaninov ,162a O. Kurdysh ,4 Y. A. Kurochkin ,38 A. Kurova ,38 M. Kuze ,141 A. K. Kvam ,105 J. Kvita ,125

N. G. Kyriacou ,108 C. Lacasta ,169 F. Lacava ,75a,75b H. Lacker ,19 D. Lacour ,130 N. N. Lad ,98 E. Ladygin ,39

A. Lafarge ,41 B. Laforge ,130 T. Lagouri ,178 F. Z. Lahbabi ,36a S. Lai ,55 J. E. Lambert ,171 S. Lammers ,68

W. Lampl ,7 C. Lampoudis ,158,ab G. Lamprinoudis ,102 A. N. Lancaster ,118 E. Lançon ,27b U. Landgraf ,54

M. P. J. Landon ,96 V. S. Lang ,54 O. K. B. Langrekken ,128 A. J. Lankford ,165 F. Lanni ,37 K. Lantzsch ,25

A. Lanza ,73a M. Lanzac Berrocal ,169 J. F. Laporte ,138 T. Lari ,71a D. Larsen ,17 L. Larson ,11 F. Lasagni Manghi ,24b

M. Lassnig ,37 S. D. Lawlor ,145 R. Lazaridou,173 M. Lazzaroni ,71a,71b H. D. M. Le ,109 E. M. Le Boulicaut ,178

L. T. Le Pottier ,18a B. Leban ,24b,24a F. Ledroit-Guillon ,60 T. F. Lee ,162b L. L. Leeuw ,34c M. Lefebvre ,171

C. Leggett ,18a G. Lehmann Miotto ,37 M. Leigh ,56 W. A. Leight ,105 W. Leinonen ,116 A. Leisos ,158,ac

M. A. L. Leite ,83c C. E. Leitgeb ,19 R. Leitner ,136 K. J. C. Leney ,45 T. Lenz ,25 S. Leone ,74a C. Leonidopoulos ,52

A. Leopold ,150 J. H. Lepage Bourbonnais ,35 R. Les ,109 C. G. Lester ,33 M. Levchenko ,38 J. Levêque ,4

L. J. Levinson ,175 G. Levrini ,24b,24a M. P. Lewicki ,87 C. Lewis ,142 D. J. Lewis ,4 L. Lewitt ,145 A. Li ,27b B. Li ,143a

C. Li,108 C-Q. Li ,112 H. Li ,143a H. Li ,103 H. Li ,15 H. Li,62 H. Li ,143a J. Li ,144a K. Li ,14 L. Li ,144a R. Li ,178

S. Li ,14,114c S. Li ,144b,144a T. Li ,5 X. Li ,106 Z. Li ,159 Z. Li ,14,114c Z. Li ,62 S. Liang ,14,114c Z. Liang ,14

M. Liberatore ,138 B. Liberti ,76a K. Lie ,64c J. Lieber Marin ,83e H. Lien ,68 H. Lin ,108 S. F. Lin ,151 L. Linden ,111

R. E. Lindley ,7 J. H. Lindon ,37 J. Ling ,61 E. Lipeles ,131 A. Lipniacka ,17 A. Lister ,170 J. D. Little ,68 B. Liu ,14

B. X. Liu ,114b D. Liu ,144b,144a E. H. L. Liu ,21 J. K. K. Liu ,120 K. Liu ,144b K. Liu ,144b,144a M. Liu ,62 M. Y. Liu ,62

P. Liu ,14 Q. Liu ,144b,142,144a X. Liu ,62 X. Liu ,143a Y. Liu ,114b,114c Y. L. Liu ,143a Y. W. Liu ,62 Z. Liu ,66,ad

S. L. Lloyd ,96 E. M. Lobodzinska ,48 P. Loch ,7 E. Lodhi ,161 T. Lohse ,19 K. Lohwasser ,145 E. Loiacono ,48

J. D. Lomas ,21 J. D. Long ,42 I. Longarini ,165 R. Longo ,168 A. Lopez Solis ,13 N. A. Lopez-canelas ,7

N. Lorenzo Martinez ,4 A. M. Lory ,111 M. Losada ,119a G. Löschcke Centeno ,152 X. Lou ,47a,47b X. Lou ,14,114c

A. Lounis ,66 P. A. Love ,93 G. Lu ,14,114c M. Lu ,66 S. Lu ,131 Y. J. Lu ,154 H. J. Lubatti ,142 C. Luci ,75a,75b

F. L. Lucio Alves ,114a F. Luehring ,68 B. S. Lunday ,131 O. Lundberg ,150 J. Lunde ,37 N. A. Luongo ,6 M. S. Lutz ,37

A. B. Lux ,26 D. Lynn ,27b R. Lysak ,134 V. Lysenko ,135 E. Lytken ,100 V. Lyubushkin ,39 T. Lyubushkina ,39

M. M. Lyukova ,151 M.Firdaus M. Soberi ,52 H. Ma ,27b K. Ma ,62 L. L. Ma ,143a W. Ma ,62 Y. Ma ,124

J. C. MacDonald ,102 P. C. Machado De Abreu Farias ,83e R. Madar ,41 T. Madula ,98 J. Maeda ,85 T. Maeno ,27b

P. T. Mafa ,34c,ae H. Maguire ,145 V. Maiboroda ,66 A. Maio ,133a,133b,133d K. Maj ,86a O. Majersky ,48 S. Majewski ,126

R. Makhmanazarov ,38 N. Makovec ,66 V. Maksimovic ,16 B. Malaescu ,130 J. Malamant,128 Pa. Malecki ,87

V. P. Maleev ,38 F. Malek ,60,af M. Mali ,95 D. Malito ,97 U. Mallik ,80,aa A. Maloizel ,5 S. Maltezos,10

A. Malvezzi Lopes ,83d S. Malyukov,39 J. Mamuzic ,13 G. Mancini ,53 M. N. Mancini ,28 G. Manco ,73a,73b
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