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Abstract

We report the first measurement of charged-hadron pseudorapidity (1) distribu-
tions in oxygen-oxygen (OO) collisions at a nucleon-nucleon center-of-mass energy
of /s, = 536TeV. The data were recorded by the CMS experiment at the LHC
in 2025. Primary charged-hadron yields are measured in the range || < 2.4 as
a function of centrality (the overlap of the two nuclei). The results are compared
with previous measurements in lead-lead (PbPb) and xenon-xenon collisions at sim-
ilar energies, as well as predictions from several Monte Carlo event generators and
a hydrodynamic model. The charged-hadron pseudorapidity density in the midra-
pidity region (|| < 0.5) is (dNg,/dy) = 41.8 + 1.1 (syst) integrated over centrality
and 135.0 £ 4.0 (syst) for the most central (i.e., largest nuclear overlap) events. The
hydrodynamic model TRAJECTUM provides the best overall description of the data,
particularly in central collisions. The particle density at midrapidity divided by the
number of nucleons participating in the interaction in central OO collisions is consis-
tent with that observed in central PbPb collisions at similar collision energy. While the
overall energy-scaling behavior observed in other nucleus-nucleus collisions is pre-
served, the data exhibit deviations from simple participant and system-size scaling,
highlighting the role of collision geometry and finite-size effects in light ion collisions.
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1 Introduction

Ultrarelativistic heavy ion collisions provide a unique opportunity to investigate strongly in-
teracting matter under extreme temperatures and energy densities, where a novel state of
matter governed by quantum chromodynamics (QCD)—the quark-gluon plasma (QGP)—is
formed [1]. One of the most striking properties of the QGP is its near-perfect fluidity, charac-
terized by an exceptionally low shear viscosity to entropy density ratio, as inferred from com-
parisons between experimental data and hydrodynamic model calculations. Bulk particle pro-
duction observables, in particular charged-particle pseudorapidity (1) distributions dNg,/d7,
play a central role in constraining the initial-state entropy deposition and the subsequent hy-
drodynamic response of the system [2]. The dependence of dN,/d# on the collision geometry
and center-of-mass energy provides sensitivity to initial-state effects, such as nuclear shadow-
ing and gluon saturation [3], while also probing the interplay between soft- and hard-scattering
processes in particle production [4]. These measurements further serve as key inputs for the
development and validation of comprehensive theoretical models [5] and are essential for anal-
yses of hard probes, where the subtraction of the underlying event for isolated photons and
jets relies on a precise understanding of inclusive particle production [6, 7]. Recent studies also
suggest that charged-particle multiplicity may be influenced by the nuclear deformation of the
colliding ions [8]. Consequently, precise measurements of dN,/dy are vital for constraining
models of QGP formation and the dynamics of heavy ion collisions.

In 2025, the CMS experiment collected the first data set of oxygen-oxygen (OO) collisions
at the CERN Large Hadron Collider (LHC) at a nucleon-nucleon center-of-mass energy of
Vs, = 536TeV. With an average of only about 10 nucleons participating in an interaction,
OO collisions occupy an intermediate regime between proton-lead (pPb) and lead-lead (PbPb)
systems in terms of size. Despite being significantly smaller than PbPb collision systems, OO
collisions are expected to produce conditions compatible with the formation of a hot partonic
medium [9].

In addition, as a doubly magic nucleus with closed proton and neutron shells, 1°O has a well-
constrained density profile, reducing theoretical uncertainties in initial-state modeling com-
pared to heavier, potentially deformed nuclei [10].

First measurements of OO collisions at the LHC [11-13] have already revealed features com-
monly associated with collective behavior similar to those observed in larger collision systems.
These results suggest that OO collisions may create a medium with properties consistent with
those of a QGP-like state, while still offering a controlled environment with reduced initial-state
uncertainties. However, precise measurements of charged-particle multiplicity and its pseudo-
rapidity dependence remain essential for quantitatively constraining initial-state entropy pro-
duction and testing the scaling properties of particle production across collision systems. The
OO measurements can be directly compared with earlier copper-copper (CuCu) [14] and gold-
gold (AuAu) [15, 16] results from the BNL RHIC, as well as xenon-xenon (XeXe) [17, 18] at
\/ﬁ = 5.44TeV and PbPb at 2.76 TeV [19, 20], 5.02TeV [21], and 5.36 TeV [22, 23] from the
LHC. These earlier studies reveal an approximate power-law scaling of charged-particle pro-
duction with \/ﬁ that is largely independent of the colliding nuclei in nucleus—nucleus (AA)
collisions, while proton-proton (pp) and proton-nucleus (pA) systems follow power laws with
different exponents. The OO data therefore provide a stringent new test of this scaling behavior
and of phenomenological models tuned to existing measurements [24-26].

In this Letter, we present the first measurement of the pseudorapidity density, dNg,/dy, of
primary charged hadrons with [77| < 2.4 in OO collisions at /s = 5.36 TeV, providing con-
straints on final-state particle production and, through comparisons with theoretical models,



on entropy production. Primary charged hadrons are defined as prompt charged hadrons and
decay products of particles with a proper decay length ¢t < 1cm, where c is the speed of light
in vacuum and 7 is the proper lifetime of the particle. Contributions from prompt leptons,
decay products of longer-lived particles, and secondary interactions are corrected for and ex-
cluded. This definition is identical to that used in previous CMS analyses [17, 20, 27-32]. The
results are presented as functions of charged-hadron 7 and collision centrality, which quantifies
the geometrical overlap of the two incoming ions [33, 34]. Finally, the OO data are compared
with predictions from several event generators, enabling discrimination between competing
models of initial conditions, nuclear modifications, and final-state interactions in light ion sys-
tems. Tabulated results are provided in the HEPData record for this analysis [35].

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker covering the range |17| < 2.5, 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), made of steel and quartz-fibers and located on either side of the
interaction point, extend the pseudorapidity coverage to || < 5.2. Muons are detected in gas-
ionization chambers embedded in the steel flux-return yoke outside the solenoid. The beam
pickup timing for experiments (BPTX) devices, located around the beam pipe at a distance of
175m from the interaction point on either side, provide precise information on the timing of
the incoming beams. A detailed description of the CMS detector, together with a definition of
the coordinate system used and the relevant kinematic variables, can be found in Refs [36, 37].

Charged hadrons are reconstructed using the silicon pixel detector installed during the Phase-1
upgrade [38]. It consists of four concentric cylindrical shells (layers) in the barrel region (BPIX)
and three disks on each side of the interaction point in the forward region (FPIX). The BPIX
and FPIX consist of a total of 1184 and 672 modules, respectively, and provide excellent position
resolution with their 100 x 150 ym pixels. The layers of the BPIX are denoted in increasing order
of their radial distance from the beam axis, i.e., the layer closest to the beam axis is referred to
as layer 1, the next closest layer is referred to as layer 2, and so on, while the disks of the FPIX
are referred to in increasing order of their longitudinal distance from the nominal interaction
point.

3 Event selection

During data taking, minimum-bias OO collision events were recorded with a trigger that re-
quired signal above noise level in at least one side of the HF calorimeters and coincident signals
in both BPTX detectors, corresponding to the arrival of beam bunches from both directions in
the same bunch crossing.

The recorded data sample corresponds to an integrated luminosity of approximately 2 ub~'.
The average number of interactions per bunch crossing was about 0.15, and contributions from
pileup interactions are suppressed by rejecting events with more than one reconstructed in-
teraction vertex. Offline, hadronic interactions are selected by demanding at least two energy
deposits above 4 GeV in each HF calorimeter and at least one reconstructed vertex within 15 cm
of the detector center along the beam axis (|v,| < 15cm). The interaction vertex is identified
using the tracklet-based charged-particle reconstruction algorithm summarized in Section 4.
These requirements enrich the hadronic event sample while suppressing contributions from



beam backgrounds and electromagnetic (EM) interactions. An examination of data collected
during bunch crossings without nuclear collisions shows that these selections reject all resid-
ual backgrounds from beam conditions, beam halo, and cosmic-ray muons. After all criteria
are applied, approximately 2 million events remain for the analysis. The inefficiency of these
selections is corrected in bins of tracklet multiplicity using simulated events generated by HI-
JING (version 1.383) [39], and the associated model dependence (discussed below) is included
as a systematic uncertainty. The residual contribution from diffractive and nonhadronic in-
teractions passing the event selection is estimated using simulated events generated by EPOS
LHC (version v3400) [25, 40] and STARLIGHT (v2.2) [41] interfaced with DPMJET (v3.0-5) [42],
respectively. This subtraction is performed in bins of both transverse energy (Et = E/ coshy,
where E is the measured energy) deposited in the HF calorimeters and tracklet multiplicity,
and its contribution is also included in the total event selection efficiency uncertainty. The con-
tribution from beam contamination by other ions, such as helium nuclei produced by oxygen
transmutation during beam circulation, was found to be negligible [43].

Table 1: Centrality intervals and corresponding (Np,,) values for 5.36 TeV OO collisions, re-
ported up to 70% centrality, while the 0-100% interval corresponds to the fully centrality-
integrated event sample.

Centrality interval [%]  (Npar)

0-5 26.3£0.6
5-10 24.0£0.6
10-15 22.0+04
15-20 20.1+£04
20-25 18.1+0.4
25-30 16.1 £0.5
30-35 141+£05
3540 12.3£0.6
4045 10.7 £0.6
45-50 92+0.6
50-55 79+0.5
55-60 6.8+0.5
60-65 59+04
65-70 51£03
0-100 109+0.4

Centrality is used to characterize the geometry of heavy ion interactions and is strongly cor-
related with the collision impact parameter and the number of participating nucleons, Np,,
as described in the Glauber model of nuclear collision geometry [34]. In this study, centrality
is determined by the scalar sum of transverse energy recorded in the HF calorimeters, as in
earlier CMS analyses [20, 44]. The transverse-energy spectrum, corrected for the overall event
selection efficiency and EM contamination, is divided into percentile bins representing equal
fractions of the total inelastic hadronic cross section [20]. By convention, smaller percentiles cor-
respond to more central (small impact parameter) collisions. Because event-selection inefficien-
cies and electromagnetic contamination mainly affect the most peripheral collisions, the cali-
bration is anchored at the Et value corresponding to 80% of the hadronic cross section, where
the event selection efficiency is unity and the electromagnetic contamination is negligible. The
position of this reference point is determined with a precision of about 10%, and its uncertainty
is propagated to the final results. The corrected E; distribution is fit using a two-component
ansatz. In this approach, particle production is assumed to arise from a combination of soft in-
teractions, which scale with the number of participating nucleons (Np,), and hard-scattering



processes, which scale with the number of binary nucleon-nucleon collisions (N.j;). The con-
tributions from N, and N derived from the Monte Carlo (MC) Glauber model [45] are
combined into an effective number of particle production sources, which is then convolved
with a gamma distribution. This parameterization accounts for event-by-event fluctuations in
the transverse energy deposited per source, allowing the model to accurately reproduce the
shape of the Et spectrum over a wide range. The fit also includes a constraint requiring the
80% reference point of the Er distribution in the model to be consistent, within uncertainties,
with that measured in data. The N, values are obtained in the same percentile intervals as
the data. Following Ref. [45], the Glauber calculation assumes a nucleon-nucleon inelastic cross
section of 68.0 = 1.2mb and w = 0.3 4= 0.3 for the parameterization of the nucleon-nucleon over-
lap. The uncertainty in N, is estimated from the spread of available oxygen nuclear density
profiles and from variations of the fit range between 60% and 94% of the Et distribution. The
resulting N, values and their uncertainties are provided in Table 1.

4 Analysis

The dN,/dn measurement employs tracklets, each constructed from a pair of pixel clusters
recorded in two distinct layers (or forward disks) of the silicon pixel detector. A cluster is de-
fined as a contiguous group of pixels whose combined charge exceeds the readout threshold.
When both clusters originate from the same charged particle, the differences in pseudorapid-
ity (An) and azimuthal angle (A¢, in radians), computed with respect to the primary vertex,
are small. By requiring |Az| and |A¢| to fall within predefined selection windows, the analy-
sis efficiently selects tracklets that correspond to primary charged hadrons while suppressing
combinatorial backgrounds. Details of the tracklet and vertex reconstruction algorithms can be
found in Ref. [20].

This analysis employs nine distinct tracklet categories, defined by the pixel layer pairs used to
form each cluster pair. Six categories combine clusters from the four barrel layers in all possible
combinations of two distinct barrel layers, while the remaining three are constructed from pairs
of the three forward disks. Mixed barrel-disk combinations are excluded because they are more
susceptible to “looper” background from low transverse momentum (p) charged particles that
curl in the magnetic field and produce multiple clusters within a single layer. After applying
the corrections described below, the dN, /dy distributions from all nine tracklet categories are
averaged and then symmetrized about 77 = 0 to obtain the final result.

Because each tracklet category has a different sensitivity to the underlying charged-hadron
pr spectrum, the individual dN, /d# distributions also serve as independent cross-checks of
systematic effects. The lowest accessible charged-hadron py values are reached by tracklets
formed from the innermost barrel layers, while the remaining categories provide complemen-
tary measurements with higher effective py thresholds. During data taking, a small fraction of
detector modules were found to exhibit a significantly different response in data compared to
MC simulations. These modules are identified and excluded from the analysis, and their effects
are accounted for in the acceptance correction.

From the two clusters in a tracklet pair, a measure of angular distance

Ar = \/(’71' - 77]')2 + (4’1' - 4’]‘)2 @)

is defined. Here, 77;(; is the pseudorapidity of the cluster in the i(j)-th layer or disk with respect
to the primary vertex position, and ¢;(; is defined similarly for the azimuthal angle. Tracklets




caused by combinatorial background are reconstructed from clusters originating from differ-
ent charged particles and are found to dominate at Ar > 0.5 in the simulation. To increase
the purity of the tracklet sample and to reduce the sensitivity to the modeling of combinatorial
background effects, only tracklets having Ar < 0.5 are used in the analysis. This selection also
suppresses the looper background related to low-pt charged particles. After the tracklet selec-
tion, corrections are applied for the background fraction (including misreconstructed tracklets
and nonprimary charged particles), geometric acceptance, reconstruction efficiency, and event
selection efficiency. These corrections include an extrapolation to zero charged-hadron py to
account for the finite minimum pt of reconstructed tracklets. The minimum charged-hadron
pr accessible with this method is 50 MeV, corresponding to tracklets formed using the two in-
nermost barrel pixel layers. The correction factors are derived from simulated samples of the
HIJING and EPOS LHC generators interfaced with GEANT4 [46] to model the detector response.

The Ar spectrum from the HIJING sample is found to best reproduce the data in the region
where combinatorial background is significant, i.e., for 0.4 < Ar < 0.5, and is therefore used
for the nominal correction factors. The simulated samples from other event generators are used
to study systematic uncertainties. The correction factors are calculated as functions of 77, v,, and
the tracklet multiplicity.

5 Systematic uncertainties

The uncertainties resulting from various systematic effects affecting the measurement are eval-
uated as follows:

v, consistency. The potential mismodeling of the alignment of the pixel detector in the simula-
tion affects the correction factors. This effect is studied by comparing the results obtained
in different v, intervals. The resulting systematic uncertainty, which depends on central-
ity and 7, ranges from 1% to 4%.

Tracklet selection. The tracklet selection criteria affect the minimum p and signal-to-background
ratio of reconstructed tracklets. The sensitivity of correction factors to selection criteria is
examined by varying the nominal Ar requirement by £0.1. Since particles with lower py
exhibit larger Ar values, this variation changes the effective minimum accessible py from
about 50 MeV to about 100 MeV for tracklets formed from the first and fourth barrel pixel
layers. Despite this relatively large variation for a single tracklet category, the impact on
the final result is reduced by the small particle yield in this low-pt region, the associated
correction factors, and the averaging over nine tracklet categories with different intrinsic
pr sensitivities. The assigned uncertainty is less than 1%.

Deviation from averaged and symmetrized results. In any given 7 range, measurements can
be made using multiple tracklet combinations. The maximum deviation of the measure-
ments obtained with individual tracklet combinations from the final averaged and sym-
metrized result is assigned as a systematic uncertainty and varies with centrality and 7
from 1% to 9%.

Model dependence of the corrections. The model dependence of the correction factors for track-
let efficiency, acceptance, and event selection efficiency is evaluated using alternative sets
of corrections derived from EPOS LHC and AMPT (version 1.26t5) [47], with and without
string melting. These differences affect the correction for leptons and the extrapolation
of the measured spectra to py = 0. The maximum deviation from the nominal result is



assigned as a systematic uncertainty and varies with centrality and 7, ranging from 1%
to 7%.

HF energy thresholds. The potential difference in the HF response between data and simu-
lation, which affects the event selection efficiency correction, is studied by varying the
selection thresholds. At least two energy deposits above 4 GeV in each HF calorimeter
are required in the nominal analysis. The analysis is performed by requiring three towers
above 3GeV and two towers above 5GeV in each HF calorimeter, leading to systematic
uncertainties of 0.5%—-1% in the dN, /dy results.

Single diffractive fraction. The model dependence of the single diffractive fraction is studied
by using alternative values derived from PYTHIA 8 ANGANTYR [48]. The resulting differ-
ences in the observables are below 1% and are assigned as a systematic uncertainty.

Centrality calibration. The determination of event centrality depends on the hadronic event
selection efficiency and on contamination from EM processes. Since the inefficiency pri-
marily affects the most peripheral collisions, its uncertainty results in a migration of
events between centrality intervals. To evaluate the impact on the final results, alterna-
tive centrality calibrations are derived by varying the event selection efficiency within its
uncertainty and are used to recategorize the data. The corresponding assigned systematic
uncertainty increases from 0.5% in central collisions to 8% in peripheral events.

A summary of the systematic uncertainties affecting the measurement of charged-hadron mul-
tiplicities as functions of 77 and centrality is given in Table 2. The individual contributions are
summed in quadrature to obtain the total systematic uncertainty. The uncertainty associated
with the variation among tracklet combinations is dominant, in particular at large |7|, where
acceptance and low-pr effects are largest, while the centrality calibration uncertainty domi-
nates in peripheral collisions. The statistical uncertainties are below 0.1% in all # and centrality
intervals and are therefore neglected throughout this Letter.

Table 2: Sources of systematic uncertainty affecting the measurement of charged-hadron mul-
tiplicities as functions of 17 and centrality classes in OO collisions at /s = 5.36 TeV. For each
source, the quoted range reflects the spread of the uncertainty across individual # bins and
centrality intervals; no averaging over 7 or centrality is implied.

Source [%]
Consistency between tracklet combinations ~ 1-9
Primary vertex position consistency 1-4
Tracklet selection <1
Model dependence 1-7
Event selection <1
Single diffractive fraction <1
Centrality calibration 0.5-8
Total systematic uncertainty 3-10

6 Results

Figure 1 shows the charged-hadron # distribution for the 0-100% centrality class. The average
charged-hadron pseudorapidity density in the midrapidity region (|| < 0.5) is measured to
be (dNg,/dy) = 41.8 £ 1.1(syst). The results are compared to predictions from the HIJING,



EPOS LHC, and AMPT event generators. The HIJING generator is based on perturbative QCD
processes supplemented with a model for soft interactions and includes nuclear effects such
as shadowing and jet quenching [39]. The EPOS LHC generator is a Gribov—Regge multiple-
scattering framework that incorporates collective effects and hydrodynamic evolution, tuned
to reproduce LHC data [25]. The AMPT generator combines the HIJING event generator with
Zhang's parton cascade procedure [49] and the ART model [50] for the final stage of hadronic
interactions. In the default AMPT, the excited matter is treated as strings that hadronize via
the Lund string fragmentation process. In the string-melting version, however, these strings
are converted into partons via an intermediate step in which the would-be hadrons are decom-
posed before coalescence into hadrons [51]. The two AMPT configurations give very similar
predictions for the observables considered here.
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Figure 1: The dN,/dy distribution in OO collisions at /s _ = 5.36TeV for the 0~-100% cen-
trality class. The result is symmetrized about # = 0. Predictions from the HIJING [39], EPOS
LHC [25, 40], and AMPT [47] event generators are also shown. The lower panel shows the ratios
of the model predictions to the data, normalized to unity at midrapidity. In the upper panel,
the gray boxes indicate the total systematic uncertainties, while statistical uncertainties are neg-
ligible. In the lower panel, the boxes represent the relative uncertainties of the data.

None of the MC generators examined here are able to describe both the shape and magnitude of
the charged-hadron distribution across the full range of # probed. At midrapidity, only AMPT
agrees with the data, while in the forward region both AMPT and HIJING are consistent with
the data within uncertainties. The predictions of EPOs LHC significantly undershoot the data
across all 7 values. The lower panel of Fig. 1 shows the model-to-data ratios, normalized to
unity at # = 0 to highlight differences in the shape of the # distributions independently of the
overall normalization. After accounting for normalization differences, EPOS LHC provides the
best description of the shape of the # distribution among the considered generators. Similar
conclusions were reached in studies of XeXe collisions at \/ﬁ = 5.44TeV by the CMS [17] and
ALICE [18] Collaborations.

To further explore the centrality dependence of particle production, the dN, /dy distributions
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Figure 2: The dNy,/dy distribution in OO collisions at /s = 5.36 TeV for several centrality
classes. In all cases, the data are symmetrized about = 0. Boxes indicate the total systematic
uncertainties, while statistical uncertainties are negligible.

are measured in the finer centrality intervals listed in Table 1. Example distributions for a
variety of centrality classes ranging from 0-5% to 65-70% are shown in Fig. 2. The observed
dNg,/dy values range from about 15 to 150.

Figure 3 (left) shows the charged-hadron dN,/dy at midrapidity as a function of centrality.
The value of dNg,/dy at midrapidity (|| < 0.5) is found to be 135.0 £ 4.0 (syst) for events
in the 0-5% centrality class. Previous measurements of XeXe and PbPb collisions at similar
collision energies by the CMS [17, 22] and ALICE [18, 21, 23] Collaborations are also shown.
The OO data show a lower charged-hadron dNg, /dn compared to larger systems, as expected.
In the most central events, dN,/dn of OO collisions is about a factor of 15 smaller than in
PbPb collisions at /s = 5.36 TeV. Moreover, the centrality dependence in OO collisions is
less steep than in XeXe and PbPb systems.

Figure 3 (right) presents the particle density normalized by 2A, (dNg,/dy)/2A, as a func-
tion of centrality for the same data sets as in Fig. 3 (left), where A denotes the nuclear mass
number. Previous measurements have indicated that d N, /dy approximately scales with 2A
across ion species at fixed collision energy [17]. The OO results broadly follow this system-
size trend but display clear departures from exact 2A scaling over centrality. This behavior
reflects the system-dependent relation between centrality percentile and geometric overlap,
whereby peripheral OO collisions still correspond to comparatively large participant fractions.
For example, the 50-55% centrality interval corresponds to (Npqy)/2A ~ 0.25 in OO collisions,
compared to approximately 0.15 in PbPb collisions.

The quantity (dNg,/d#)/(Npar), representing the charged-hadron multiplicity per participat-
ing nucleon, is used to study particle production as a function of collision geometry. It is shown
as a function of (Ny,y) in Fig. 4 (left) and as a function of (Np.y) /24, to account for the system
size, in Fig. 4 (right). As before, the OO data are compared to measurements in PbPb and XeXe
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Figure 3: Charged-hadron dN,/dy at midrapidity in OO collisions at /s __ = 5.36TeV as
a function of event centrality, shown for the measured values (left) and normalized by 2A
(right), where A is the mass number of the colliding nuclei. The results are compared with
measurements in PbPb and XeXe collisions at similar collision energies by the CMS [17, 22]
and ALICE [18, 21, 23] Collaborations. The bands around the data points denote the total
systematic uncertainties, while the statistical uncertainties are negligible.

00 (5.36 TeV) 00 (5.36 TeV

6_\ ‘ TTTT ‘ TTTT I TTTT TTTT TTTT ‘ TTTT I TTTT ‘ TTTT ‘ I_ 6 _‘ ‘ T T T T T ‘ T T T i

- CMS 1 - CMS Y 1

w0 r [ ] B w0 r y 7
S 5 . S 5 (Expt.+ (N_))unc. ]
v L . v [ muExptoune. 8
= r 1 = f > ]
o~ ar ¥ i o~ ar ey -
= [ & ] = T ey B ]
S Al (Expt.+ (N_)unc. _| S al L ol A
5 3; : £ Expt. une. ] \2.9 3; _"f,!.. - ]
e 20 cMs 7 2 2r cMS 7
= ALICE = 00536 TeV a = 0 ALICE = 00536 TeV .
= ¢ PbPb 5.02 TeV (This work) ] = L PbPb 5.02 TeV (This work) ]
= 1 PbPb 5.36 TeV PbPb 5.36 TeV — = 1 PbPb 5.36 TeV PbPb 5.36 TeV -
~ [ XeXe 5.44 TeV XeXe 5.44 TeV ] ~ I XeXe 5.44 TeV XeXe 5.44 TeV ]
07\ ‘ Ll ‘ Ll | Ll ‘ L1l ‘ Ll ‘ Ll | Ll ‘ L1l ‘ I7 0 7‘ L L ‘ L 1 L ‘ L 1 L ‘ L 1 L ‘ L 1 L 1
0 50 100 150 200 250 300 350 400 0 0.2 0.4 0.6 0.8 1

<Npart> <N part>/ 2A

Figure 4: Charged-hadron dN,/dy at midrapidity, normalized by (N,), in OO collisions at
Vs, = 5.36 TeV shown as a function of (N, (left) and (Np,)/2A (right), where A is the
mass number of the colliding nuclei. The results are compared with measurements in PbPb
and XeXe collisions by the CMS [17, 22] and ALICE [18, 21, 23] Collaborations. The bands
around the data points denote the systematic uncertainties, while the statistical uncertainties
are negligible. For the OO data, the inner band shows the experimental uncertainties, while

the outer band includes both the experimental and (Np,y) uncertainties.

collisions by the CMS [17, 22] and ALICE [18, 21, 23] Collaborations. It is important to note
that the same number of participants can correspond to different centrality classes across dif-
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ferent collision systems. At similar collision energy, the distributions differ among OO, XeXe,
and PbPb collisions. The multiplicity per participant at a given <Npart> is significantly higher
in central OO collisions than in peripheral XeXe and PbPb collisions. A similar trend is ob-
served when comparing central XeXe to midcentral PbPb collisions. At a given <Npart> /2A, the
(dNg/d#)/ (Npqar) for OO is below that for both XeXe and PbPb. The small differences pre-
viously observed between PbPb and XeXe collisions, although compatible within uncertain-
ties, suggested the importance of initial geometry for particle production at LHC energies [14].
The OO data show a stronger deviation from this behavior, both in the magnitude of the per-
participant yields and in their dependence on (Np,) /2A.
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Figure 5: Charged-hadron dN,/dy at midrapidity in OO collisions at \/ﬁ = 5.36TeV as a
function of event centrality (left) and dNg,/d#n normalized to (Np.y) as a function of (Npqy)
(right). The results are compared to predictions from the HIJING [39], EPOS LHC [25, 40], and
AMPT [47] event generators, as well as the hydrodynamic model TRAJECTUM [52] using two
different nuclear density descriptions for oxygen. The bands around the data points denote
the systematic uncertainties, while the statistical uncertainties are negligible. For the OO data,
the inner band shows the experimental uncertainties, while the outer band includes both the
experimental and (Np,,) uncertainties.

Figure 5 compares the centrality-dependent dN,/dy data at midrapidity for OO collisions
with predictions from the HIJING [39], EPOS LHC [25, 40], and AMPT [47] event generators,
as well as from the hydrodynamic model TRAJECTUM [52] using two different nuclear den-
sity descriptions for the oxygen nucleus: one obtained from nuclear lattice effective field the-
ory (NLEFT) and another derived from the ab initio projected generator coordinate method
(PGCM). For the event generators, the centrality determination of simulated events is cali-
brated using Et in the HF calorimeters, ensuring a direct comparison with the data. For the
TRAJECTUM calculations, however, event centrality is defined using the multiplicity of charged
particles with pr > 0.4GeV and || < 2.4, as the model is primarily constrained by midrapidity
observables rather than forward-energy distributions.

The left panel of Fig. 5 displays dN,/dy as a function of centrality, compared to the various
model calculations. The AMPT generator is in reasonable agreement with the data, with little
difference between the versions with and without string melting, while EPOS LHC systemati-
cally underpredicts and HIJING overpredicts the results in more central collisions. The TRA-
JECTUM model provides the best overall description of the data, predicting the results within
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about 10% in peripheral and 1% in central collisions. The NLEFT and PGCM predictions are
nearly identical for the observables considered here.

The right panel of Fig. 5 shows normalized (dNg,/d7)/ (Npay) data as a function of (Npqy). For
the data, the <Npart> values are taken from Table 1, whereas the models are plotted using the
number of participating nucleons obtained in each simulation. The AMPT model shows reason-
able agreement with the data, while HIJING overpredicts it, similar to the trend seen for the un-
normalized dNg, /d#n. The TRAJECTUM calculations reproduce the normalized data well. The
small deviation observed in the most central collisions is largely driven by differences in the
corresponding Ny, values, which may originate from differences in the underlying Glauber
implementation or from differences in the centrality determination based on multiplicity. In
the case of EPOS LHC, the agreement with the data improves significantly when comparing
(dNh/di1) / {Npart), suggesting that while EPOS LHC generates a realistic d Ny, /d# distribution
for a given initial condition, its description of the forward energy used for centrality determi-
nation differs from that observed in data.
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Figure 6: Comparison of average dN,/dy at midrapidity, scaled by (N,,) in pPb [32, 53],
pAu [54], dAu [55-57], and central heavy ion collisions [16, 17, 20, 22, 23, 56, 58—-68], as well as
nonsingle-diffractive (NSD) [27, 28, 68-71] and inelastic [31, 58, 72, 73] pp collisions. The data
points for nucleus-nucleus (AA) collisions at \/s = 2.76 TeV have been shifted horizontally
by +£10% for visibility. The dashed curves, reproduced from Ref. [32], are included to guide the
eye and correspond to a power law functional form.

Figure 6 further explores particle production by examining the dependence of dN,/d#n nor-
malized by (Np,) on the collision energy for various collision systems and event selections.
Power law fits to previous measurements reproduced from Ref. [32] are shown as dashed lines
to guide the eye. It has been previously observed that central AA collisions yield larger values
than nonsingle-diffractive (NSD) pp collisions, indicating a more efficient conversion of the ini-
tial collision energy into final-state particle multiplicity in nucleus-nucleus systems. The new
CMS data from OO collisions, shown by the red point at \/s = 5.36 TeV, are consistent with
this scaling behavior observed at lower energies. This result indicates that particle production
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in central OO collisions follows the same enhanced scaling seen in heavier ion systems, sup-
porting the presence of collective dynamics beyond independent nucleon-nucleon interactions.

7 Summary

The pseudorapidity (1) distributions of charged hadrons are measured for the first time in
oxygen-oxygen (OO) collisions at a center-of-mass collision energy per nucleon pair /s . =
5.36 TeV. The measurements are performed in the range |17| < 2.4 for multiple centrality in-
tervals. The charged-hadron pseudorapidity density in the midrapidity region (|| < 0.5) is
measured to be (dNy,/dy) = 41.8 &+ 1.1 (syst) integrated over centrality. The # dependence
of the centrality-integrated charged-hadron pseudorapidity density is compared to predictions
from the HIJING, EPOS LHC, and AMPT event generators. Among these calculations, AMPT best
reproduces the absolute yields, while EPOS LHC provides the best description of the 7 depen-
dence.

For the 5% most central collisions, the charged-hadron density at midrapidity (|| < 0.5) is
measured to be dNg,/dy = 135.0 £ 4.0(syst). The corresponding per-participant charged-
hadron density is consistent with that observed in central PbPb collisions at similar collision
energies, indicating that particle production per participating nucleon in central collisions re-
mains comparable even in substantially smaller collision systems.

The centrality dependence of the midrapidity results is compared with previous measurements
in lead-lead (PbPb) collisions at \/7 = 5.02 and 5.36 TeV and xenon-xenon (XeXe) collisions
at /s = 544TeV. The expected system size ordering is observed, with dN, /d# increasing
from OO to XeXe to PbPb at fixed centrality. After normalization by the maximum number of
nucleons in the colliding system, the OO results follow this trend approximately, but exhibit a
less steep centrality dependence. At a given participant fraction, the per-participant yields are
consistent between PbPb and XeXe collisions, while those in OO collisions show a clear devi-
ation. These observations indicate that, while the overall energy-scaling behavior observed in
nucleus-nucleus collisions is preserved, the centrality dependence of normalized particle pro-
duction deviates from the trends observed in larger collision systems. This behavior highlights
the increased importance of collision geometry and finite-size effects in the smallest ion-ion
system studied at the LHC. The hydrodynamic model TRAJECTUM provides the best overall
description of the midrapidity data, particularly in central collisions. The OO data provide
new constraints on models of initial-state entropy production and particle production dynam-
ics in light ion-ion collisions.
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