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of a collision and, therefore, can be used as a stringent test of theoretical models. The multiplicity 
distributions as well as the mean and standard deviation derived from the pT spectra are compared to 
state-of-the-art model predictions. Providing these fundamental observables of bulk particle production 
consistently across a wide range of collision energies and system sizes can serve as an important input 
for tuning Monte Carlo event generators.
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1. Introduction

In high-energy nucleus–nucleus (AA) collisions, a hot and dense 
state of deconfined strongly-interacting matter, commonly denoted 
as the quark–gluon plasma, is formed [1]. This system undergoes 
hydrodynamic evolution [2–4] and exhibits hadron yields indi-
cating chemical equilibrium [5,6]. At low to intermediate trans-
verse momentum (pT), up to about a few GeV/c, charged-particle 
production is influenced by the collective expansion (flow) of 
the system, reflected in the shapes of single-particle transverse-
momentum spectra [7,8] and multi-particle correlations [2]. It 
came as a major surprise that even small collision systems such 
as proton–proton (pp) and proton–nucleus (pA) collisions at Large 
Hadron Collider (LHC) energies exhibit features that can be at-
tributed to collective expansion [9–17].

Multi-particle correlations measured in all collision systems, 
contain an imprint of the initial state of the colliding partners, 
characterised via their quark and gluon degrees of freedom, al-
lowing the extraction of fundamental properties of the quark–
gluon plasma [3,4,18]. Hydrodynamic-like (final-state) collective 
flow is increasingly part of the modelling of small collision sys-
tems [19,20] in an interplay with initial-state phenomena (see re-
views in Refs. [17,21]). Such collision systems are usually modelled 
in the framework of the colour glass condensate (CGC) [22], where 
multi-particle production proceeds via the decay of colour flux 
tubes that stretch between two colliding hadrons in the longitu-

� E-mail address: alice -publications @cern .ch.

dinal direction and are coherent in the transverse direction over a 
range that is inversely proportional to a saturation scale Q s, which 
appears due to the non-linearity of parton evolution at high ener-
gies.

In the PYTHIA8 event generator [23], which describes a broad 
range of observables in pp collisions, the initial state is determined 
by parton distribution functions extracted from measurements. 
With increasing collision energy, the role of multi-parton interac-
tions, i.e., when two or more distinct (hard) parton interactions oc-
cur within a pp collision, becomes more and more important [24]. 
The respective colour strings may cut each other or reconnect, 
which leads to a redistribution of energy from particle produc-
tion to transverse momentum, and, therefore, a smaller number 
of particles but with higher average pT. A phenomenon recently 
implemented in PYTHIA is the interaction between transversely-
extended colour strings, exerting pressure on each other [25]. This 
produces effects similar to those resulting from final-state collec-
tive dynamics, akin to that of a long-lived quark–gluon medium. 
Recently, PYTHIA8 was extended with the Angantyr model for 
heavy-ion collisions [26], which uses a Glauber-based initial-state 
modelling with Gribov colour fluctuations to determine the num-
ber of pp sub-collisions. In current PYTHIA8 implementations with 
the Angantyr model, there is no colour reconnection between in-
dividual pp sub-collisions but between the multiple partonic inter-
actions of the pp sub-collisions.

A broad range of observables is also described successfully in 
the EPOS family Monte Carlo (MC) event generators [27]. The ini-
tial state is realised in EPOS through a parton-based Gribov-Regge 
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theory [27] which is a multiple scattering framework, recently aug-
mented with the treatment of saturation effects [28]. While in 
EPOS3 [29], a full hydrodynamic evolution is included for the final 
state, in EPOS LHC [30] a parameterised hydrodynamic compo-
nent of a small volume with high density of thermalised matter 
is used together with a dilute region, i.e. a core plus corona imple-
mentation. In both PYTHIA8 and EPOS LHC models, the respective 
parameters are tuned using the Run 1 data at the LHC [30,31].

The mean transverse momentum, 〈pT〉, of the charged-particle 
pT spectrum and its correlation with the charged-particle multi-
plicity Nch carry essential information on the underlying particle 
production mechanism. This has been studied by many experi-
ments at hadron colliders in pp(p) covering centre-of-mass ener-
gies from 

√
s = 31 GeV up to 13 TeV [32–41] as well as in Xe–

Xe [42] and Pb–Pb [8] collisions at 
√

sNN = 5.44 TeV and 5.02 TeV, 
respectively. All experiments observed an increase of 〈pT〉 with 
Nch in the central rapidity region, explained in the PYTHIA ap-
proach as a consequence of non-trivial colour reconnections (see 
discussion in Ref. [43]). While in the CGC approach 〈pT〉 is a uni-
versal function of the ratio of the charged-particle multiplicity to 
the transverse area of the collision [44], in the EPOS LHC model it 
is determined by the collective expansion [30]. For all collision sys-
tems, the 〈pT〉–Nch correlation is a basic observable for tuning or 
calibrating the theoretical models [19], a simple observable which 
allows extracting fundamental properties of a deconfined quark–
gluon medium [4].

As bulk production at the LHC is driven by a complex interplay 
of soft and hard QCD processes, the endeavour to find a consistent 
model description for particle production in all collision systems 
has not been concluded yet. At the LHC, a large amount of data 
was recorded in Run 1 and Run 2, covering different collision sys-
tems from pp to heavy-ion collisions at various centre-of-mass 
energies, which allows a detailed study of particle production over 
a wide range of charged-particle multiplicity. This Letter presents 
a measurement of the charged-particle multiplicity distributions 
and the corresponding transverse momentum spectra as a function 
of Nch in pp, p–Pb, Xe–Xe and Pb–Pb collisions at centre-of-mass 
energies per nucleon pair ranging from 

√
sNN = 2.76 TeV up to 

13 TeV. From these spectra, the mean 〈pT〉 and standard devia-
tion σ(pT) = √〈(pT − 〈pT〉)2〉 within 0.15 GeV/c < pT < 10 GeV/c
are extracted. The comprehensive set of measurements presented 
in this Letter can serve as a high-precision input for tuning phe-
nomenological models towards the goal of understanding particle 
production in the non-perturbative regime of QCD and its transi-
tion to the perturbative regime.

This Letter is structured as follows. Section 2 briefly describes 
the experimental setup. In Section 3, the data used for this analysis 
and a detailed description of the analysis procedure are presented. 
Results are discussed in Section 4, and a summary is given in Sec-
tion 5.

2. Experimental setup

The measurements reported in this Letter were obtained with 
ALICE at the Large Hadron Collider. In the following, the detectors 
relevant for this work are discussed briefly. A more detailed de-
scription of the ALICE apparatus in its configurations of LHC Run 1 
and Run 2 can be found in Refs. [45,46].

The present analysis is based on tracking information from the 
Inner Tracking System (ITS) [47] and the Time Projection Cham-
ber (TPC) [48]. Both detectors are located within a large solenoidal 
magnet which provides a nominal field strength of 0.5 T for all of 
the data taking periods analysed in this work, except for the Xe–Xe 
data taking, where the magnetic field was reduced to 0.2 T in order 
to extend the kinematic acceptance of the detector to lower trans-
verse momentum. The ITS is comprised of six cylindrical layers of 

Fig. 1. Multiplicity correlation matrix for p–Pb collisions at
√

sNN = 5.02 TeV.

silicon detectors with radii between 3.9 cm and 43 cm. Its two in-
nermost layers are equipped with silicon pixel detectors (SPD), the 
two intermediate layers consist of silicon drift detectors (SDD), and 
the two outermost layers are made of double-sided silicon strip 
detectors (SSD). The large cylindrical TPC has an active radial range 
from about 85 cm to 250 cm and an overall length along the beam 
direction of about 500 cm. It covers the full azimuth in the pseu-
dorapidity range |η| < 0.9 and provides track reconstruction with 
up to 159 space points along the trajectory of a charged particle 
as well as particle identification via the measurement of specific 
energy loss dE/dx.

The V0 detector, which consists of two scintillator arrays cov-
ering the pseudorapidity ranges of 2.8 < η < 5.1 (V0A) and 
−3.7 < η < −1.7 (V0C), is used for triggering on hadronic colli-
sions and multiplicity measurements at forward rapidity [8,49]. 
Contamination from electromagnetic interactions in Pb–Pb and 
Xe–Xe collisions was strongly suppressed using signals from two 
neutron-Zero-Degree Calorimeters (ZDC), positioned on both sides 
of the interaction point at 114.0 m distance, see [46] for details.

3. Analysis procedure

This analysis aims to obtain the correlation between primary 
charged-particle pT spectra and their corresponding event mul-
tiplicities Nch, both defined consistently in the kinematic range 
|η| < 0.8 and 0.15 GeV/c < pT < 10 GeV/c. This kinematic se-
lection ensures optimal momentum resolution and homogeneous 
tracking efficiency over the entire range. In addition, the mul-
tiplicity distributions for Nch > 0 events are reported. For each 
collision, the number of reconstructed tracks selected for the anal-
ysis provides an experimental measure (Nmeas

ch ) for its multiplic-
ity. Due to detector acceptance and reconstruction efficiency, this 
measured track multiplicity Nmeas

ch is different from the actual 
number of primary charged particles (Nch) produced in the kine-
matic region under study. Secondary particles from weak decays 
or from interactions with the detector material as well as tracks 
that are smeared into the acceptance (i.e. from |η| ≥ 0.8 and 
pT ≤ 0.15 GeV/c, pT ≥ 10 GeV/c) remaining in the sample of se-
lected tracks further contribute to the measured pT spectra and 
consequently to the measured track multiplicity. The event-by-
event fluctuations of reconstruction efficiency and contamination 
effects lead to a rather broad correlation between Nch and Nmeas

ch
that is shown in Fig. 1 for an example data set. As a result, the 
transverse momentum spectrum associated to a given Nmeas

ch value 
carries contributions on particle production from a range of differ-
ent Nch values. In addition, the finite resolution of the transverse 
momentum measurement itself results in a (small) smearing of the 
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Table 1
Overview of the analysed data sets. The definitions of the two MB triggers are ex-
plained in the text.

√
sNN (TeV) year MB trigger no. events analysed (M)

pp

2.76 2011 V0OR 48
5.02 2017 V0AND 316

7 2010 V0OR 129
8 2012 V0AND 26

13 2016 V0AND 180

p–Pb
5.02 2016 V0AND 309
8.16 2016 V0AND 15

Xe–Xe 5.44 2017 V0AND 1

Pb–Pb
2.76 2010 V0OR 19
5.02 2015, 2018 V0AND 239

measured transverse momentum pmeas
T . The correct correlation be-

tween the collision-characteristic Nch value and its corresponding 
pT distribution can be extracted by unfolding the measured quan-
tities.

Data sets and event selection The data analysed in this work were 
collected between 2010 and 2018 during the LHC Run 1 and Run 2 
data-taking periods. They comprise pp, p–Pb, Xe–Xe, and Pb–Pb 
collisions at centre-of-mass energies per nucleon pair ranging from √

sNN = 2.76 up to 13 TeV. Hadronic collisions were selected with 
two different minimum-bias (MB) interaction triggers. In Run 1, 
a single hit in either of V0A or V0C detectors or in the SPD 
was required (denoted as V0OR) in coincidence with a crossing 
of two particle bunches in the LHC at the nominal ALICE interac-
tion point. For the Run 2 data taking period, a signal in both V0A 
and V0C was necessary to fulfil the MB trigger condition (denoted 
V0AND). Therefore, the former is also sensitive to single diffrac-
tive pp events while the latter almost exclusively selects non-single 
diffractive interactions. The offline event selection (for details see 
Ref. [8,49]) is optimised to reject beam-induced background and 
pileup collisions. Events with no reconstructed vertex and those 
with poor vertex resolution are rejected. Both the trigger efficiency 
and the vertex requirements affect mostly low multiplicity events. 
To ensure full pseudorapidity coverage of the tracking detectors (in 
particular by the inner ITS layers) and therefore avoid a possible 
asymmetry in the kinematic selection of the tracks, all collisions 
are required to have their reconstructed primary vertex located 
within 

∣∣V meas
z

∣∣ < 10 cm along the beam direction with respect to 
the nominal interaction point. Table 1 shows an overview of the 
data sets and their corresponding number of events selected for 
this analysis. In order to have comparable results regardless of the 
trigger setup and event selections, all measurements presented in 
this Letter are corrected using Monte Carlo simulations such that 
they represent collisions with at least one charged particle pro-
duced in the kinematic range |η| < 0.8 and 0.15 GeV/c < pT <

10 GeV/c. For this event class, the possible bias originating from 
Monte Carlo event generators for very low Nch values (partially 
originating from diffractive or electromagnetic events) is minimal.

Track selection A primary charged particle [50] is defined as a 
charged particle with a mean proper lifetime τ larger than 1 cm/c, 
which is either produced directly in the interaction or from decays 
of particles with τ smaller than 1 cm/c, excluding particles pro-
duced in interactions with the detector material. Charged-particle 
trajectories are reconstructed using both the ITS and TPC detectors. 
In order to select only tracks with good pT resolution for analy-
sis, a minimal length in the active detector volume as well as a 
good agreement of the final track parameterisation with its com-
prising space points are required. The contamination of the track 
sample with weakly decaying particles, secondary particles from 

interactions of primary particles with the detector material and 
from pileup events is significantly reduced by selecting only tracks 
originating from a location close to the primary interaction ver-
tex. In previous ALICE publications [8,42] those selection criteria 
were studied in great detail and optimised for best track quality 
and minimal contamination from secondary particles.

Particle-composition correction The measured data are comple-
mented by Monte Carlo simulations implementing a realistic 
GEANT3 [51] model of the ALICE detector and mimicking the ex-
perimental conditions present during the data taking. From these 
simulations, information about efficiency, secondary contamina-
tion, and smearing of Nch as well as pT is obtained. However, 
it was found in previous measurements [52,53] that the current 
state-of-the-art MC event generators do not perfectly reproduce 
the relative particle abundances, in particular for hyperons. Since 
the detector response, as well as the effect of the track selec-
tion, vary for the different particle species (e.g. due to differ-
ent lifetimes), a purely MC-based correction for efficiency and 
feed-down contamination of inclusive charged particles would de-
pend on the accuracy of the relative hadron abundances produced 
by the respective underlying event generator. To take this effect 
into account, the particle abundances from the event generator 
are re-weighted by means of a data-driven approach that was 
already employed in other ALICE analyses [8,42]. This particle-
composition correction utilises several ALICE measurements of 
identified (π, K, p, �) particle pT spectra as a function of multiplic-
ity (in coarse intervals) for a range of collision systems [9,53–56]
as input and offers Nch- and pT-dependent correction factors for 
particle abundances. These data-driven adjustments for the gen-
erator bias result in a more accurate description of the detector 
performance and are applied prior to the unfolding corrections de-
scribed in the following.

Event-level unfolding The measurement of the raw charged-particle 
multiplicity distribution is influenced by several effects. In the 
experiment, some collisions that occurred within |V z| < 10 cm
with respect to the nominal interaction vertex are not detected 
by the minimum-bias trigger or discarded by the subsequent 
event selection. Due to the experimental vertex-position resolu-
tion, a valid collision event may also be reconstructed outside of ∣∣V meas

z

∣∣ < 10 cm and therefore rejected in the analysis. On the 
other hand, the measured and selected sample of events may 
contain collisions without any primary charged particle produced 
within the kinematic range of interest (i.e. events with Nch = 0) or 
collisions with a true vertex position located outside |V z| < 10 cm. 
In addition, as discussed before, the value of the measured track 
multiplicity Nmeas

ch itself is affected by tracking efficiency and track 
selection as well as contamination with secondaries and particles 
smeared into the kinematic acceptance, resulting in a broad cor-
relation between the actual number of primary charged particles 
Nch and the measured track multiplicity Nmeas

ch .
Using the particle-composition corrected MC simulation, the 

measured track multiplicity distribution can be corrected for the 
efficiency, contamination, and smearing effects by means of an 
iterative unfolding procedure proposed by D’Agostini [57] and im-
plemented in the RooUnfold [58] software package.

Starting with an initial assumption (prior) for the desired mul-
tiplicity distribution, which in this case is taken from the MC sim-
ulation, unfolding weights (posterior probabilities) are calculated 
by combining the prior with the detector response and the mea-
sured track multiplicity distribution according to Bayes’ theorem. 
By again applying these posterior probabilities to the measured 
track multiplicity distribution, an updated and more accurate guess 
for the prior is calculated. This procedure is repeated at least three 
times and, in order to avoid overfitting, immediately stopped once 
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the χ2/ndf between the resulting multiplicity distributions of two 
consecutive iterations drops below unity. In this context, the num-
ber of degrees of freedom refers to the number of data points in 
the respective distribution. The procedure is found to be very sta-
ble and the resulting unfolded spectrum after convergence is not 
sensitive to the choice of a prior.

Track-level unfolding While the one-dimensional multiplicity dis-
tributions are straightforward to unfold with the iterative D’Agos-
tini method described above, extracting the correlation between 
pT spectra and the corresponding multiplicity poses a greater 
challenge. In principle, this two-dimensional (2D) deconvolution 
could be done in the same manner, i.e., by unfolding the distri-
bution of (Nmeas

ch , pmeas
T )-pairs and thereby extracting the corrected 

(Nch, pT)-distribution of primary charged particles. However, for 
the highly-granular measurement carried out here, this would im-
ply a huge number of possible combinations and therefore, in 
practice, require an unreasonably large Monte Carlo event sam-
ple to sufficiently populate the smearing matrix that represents 
the detector response. Hence, in this analysis, a new approach was 
developed aiming to effectively achieve the 2D unfolding in a sim-
pler way, by splitting it into multiple one-dimensional unfolding 
problems. Starting from the raw yield of charged-particle tracks 
as a function of measured track transverse momentum pmeas

T and 
measured track multiplicity Nmeas

ch , this technique yields the fully 
corrected transverse momentum spectra of primary charged parti-
cles as a function of their corresponding primary charged particle 
multiplicity Nch. These fully corrected Nch-dependent pT spectra 
are then normalised to the number of Nch > 0 events obtained 
from the unfolded multiplicity distributions. In addition, the spec-
tra are divided by the widths 	pT and 	Nch of the respective 
intervals chosen for analysis. In the present work, for pp, p–Pb and 
AA collisions with Nch ≤ 100, multiplicity intervals of 	Nch = 1
are used, while for the rest of the range in AA collisions intervals 
of 	Nch = 9 are chosen. This choice is driven by optimising the 
resolution of the unfolding procedure versus computing time. As 
the bulk of particles are produced at low transverse momentum, 
the pT intervals are set to have decreasing granularity from low to 
high pT.

In the experiment, event-level as well as track-level effects in-
fluence whether a charged particle with transverse momentum pT
from an event of multiplicity Nch is detected with the measured 
properties pmeas

T and Nmeas
ch . For the reasons described above, en-

tire collision events, and in consequence all of their corresponding 
particles, can either be lost if the event is rejected or incorrectly 
selected and as a result contribute to the background contained 
in the measured track sample. Further, for an event which is se-
lected for analysis, the pmeas

T spectrum as well as the measured 
track multiplicity Nmeas

ch are affected by tracking efficiency, trans-
verse momentum resolution, and contamination from secondaries 
or particles smeared into the kinematic acceptance of the mea-
surement. While the event-level effects change the pT-integrated 
detector response and are intrinsically multiplicity dependent, the 
track-level detector response mainly depends on the transverse 
momentum of the respective particle. However, there is still a 
small pT dependence of contamination and efficiency related to 
the event selection as the trigger may bias toward specific types 
of events (e.g., by selectively rejecting diffractive collisions which 
may have a transverse momentum shape different from that of 
non-diffractive events with the same multiplicity). On the other 
hand, also the tracking efficiency and contamination are (slightly) 
multiplicity dependent, as for instance the particle composition of 
the event changes with multiplicity, which is relevant in particular 
for AA collisions.

The basic idea behind the novel procedure employed in this 
analysis is that the multiplicity dimension (which is mostly af-

fected by event-level effects) and the pT dimension (which is 
dominated by track-level effects) can be treated in two separate, 
sequential unfolding stages. In a first step, the Nmeas

ch dependent 
raw track yield in each pmeas

T interval is unfolded separately us-
ing the event-level efficiencies and contamination as well as the 
(pT integrated) multiplicity smearing matrix of primary charged 
particles, which contains the probability for a primary charged par-
ticle from a collision with true multiplicity Nch to be found in an 
event with measured track multiplicity Nmeas

ch . As a result of this 
deconvolution, the measured tracks are reassigned to the true mul-
tiplicities Nch and corrected for track losses related to the event 
selection and contamination from background events. In a second 
step, the pmeas

T dependent track yield is unfolded individually in 
each Nch interval using the corresponding pT dependent track-
ing efficiencies and pmeas

T dependent contamination, as well as 
the (multiplicity-integrated) transverse momentum smearing ma-
trix of primary charged particles. Note that since the measured 
track distributions in each of the individually unfolded pmeas

T or 
Nch intervals are different, unique posterior probabilities (i.e., un-
folding weights) are obtained in each of these cases. For all of the 
pmeas

T intervals, the pmeas
T integrated Nch distribution of measured 

primary charged particles taken from the MC simulation is used as 
the initial prior for the unfolding, while for all the Nch intervals 
the Nch integrated pT distribution of measured primary charged 
particles is used.

To validate the self-consistency of this sequential unfolding ap-
proach, it is applied to a MC sample which includes the transport 
of particles through the detector and the results are then com-
pared with its underlying generator-level expectation. In Fig. 2 this 
closure test is shown for the mean and standard deviation of the 
unfolded Nch dependent transverse momentum spectra simulated 
for pp, p–Pb and Pb–Pb collisions at 

√
sNN = 5.02 TeV using the 

PYTHIA8, EPOS LHC and HIJING [67] event generators, respectively. 
Note that these are the particle-composition corrected simulations. 
The ratios in the bottom panels show a very good agreement be-
tween the unfolded and generated distributions over the whole 
range of multiplicities. The non-closure is mostly well below 1% 
and the remaining relative differences are used as an estimate for 
the systematic uncertainty of the method. The closure test was val-
idated by cross-checking the largest data set, i.e. pp collisions at √

s = 13 TeV, with EPOS LHC as an alternative MC generator.
In the top panel of Fig. 3, the evolution of spectral shapes 

with multiplicity obtained with this unfolding procedure is shown 
for pp collisions at 

√
s = 5.02 TeV. This double-differential mea-

surement not only allows characteristic properties of the spectra, 
e.g. 〈pT〉, and σ(pT), to be extracted but also allows a direct 
comparison of the spectral shape produced in collisions with dif-
ferent multiplicities. The bottom left panel of Fig. 3 shows the 
ratio of multiplicity-dependent self normalised pT distributions 
Pprim(pT|Nch) to the multiplicity-integrated self normalised pT dis-
tribution Pprim(pT) of primary charged particles. A hardening of 
the spectra with multiplicity is apparent, which continuously in-
creases with Nch, a trend observed earlier in coarser multiplicity 
intervals [41] and with different event selection methods [59]. In 
the bottom right panel of Fig. 3 the self normalised multiplic-
ity distribution of primary charged particles for fixed transverse 
momentum Pprim(Nch|pT) divided by the pT-integrated Nch dis-
tribution Pprim(Nch) is shown as a function of Nch. As expected, 
it is evident that high pT particles are produced mostly in high-
multiplicity events.

Systematic uncertainties The accuracy of the corrections applied 
in this work depends on how well the measured track properties 
are reproduced by the MC simulations. The systematic uncertain-
ties related to a possible disagreement were estimated by varying 
the track-selection criteria in reasonable ranges. A detailed list of 
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Fig. 2. The Nch dependence of the mean (left panel) and standard deviation (right panel) of the pT distributions for (particle-composition corrected) Monte Carlo events in 
pp, p–Pb and Pb–Pb collisions at √sNN = 5.02 TeV. Results propagated through a full GEANT model of ALICE and corrected with the sequential 2D unfolding (closed circles) 
procedure described in the text are compared with the generator-level (open squares) distributions and their ratios are shown in the bottom panels.

Fig. 3. Top panel: the correlation of primary charged particle pT spectra with multiplicity per Nch > 0 event for pp collisions at √s = 5.02 TeV. Bottom panels: the cor-
responding relative change of pT (left) and Nch (right) distributions with respect to the inclusive ones. In the left panel, each of the curves represents a single Nch value, 
ranging from Nch = 1 (blue) to Nch = 55 (red). In the right panel, the colours represent the pT intervals used in this analysis from the lowest in blue to the highest one in 
red.
5
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Table 2
Global characteristics of the analysed data sets with corresponding systematic uncertainties. Both the Nch and the 
pT spectra are consistently defined in the kinematic range |η| < 0.8 and 0.15 GeV/c < pT < 10 GeV/c and only 
events with Nch > 0 are considered.

√
sNN (TeV) 〈Nch〉 σ(Nch) 〈pT〉incl (MeV/c) σ(pT)incl (MeV/c)

pp

2.76 7.18 ± 0.24 6.05 ± 0.17 589.7 ± 2.6 483 ± 4
5.02 8.21 ± 0.10 7.20 ± 0.08 612.2 ± 2.7 520.2 ± 1.0

7 8.86 ± 0.12 7.88 ± 0.11 627.1 ± 1.6 541.3 ± 2.1
8 9.05 ± 0.22 8.11 ± 0.18 631 ± 5 547 ± 4

13 10.31± 0.09 9.48 ± 0.07 654.0 ± 1.0 582.4 ± 0.9

p–Pb
5.02 25.51 ± 0.25 19.79 ± 0.20 711.9 ± 1.3 619.8 ± 1.1
8.16 29.56 ± 0.26 23.13 ± 0.23 741.5 ± 1.4 657.0 ± 1.3

Xe–Xe 5.44 458 ± 10 514 ± 13 717.4 ± 1.8 568.4 ± 1.4

Pb–Pb
2.76 573± 9 667 ± 12 687.3 ± 1.3 528.0 ± 1.7
5.02 682 ± 13 819 ± 16 724.1 ± 1.1 564.9 ± 1.0

those track quality criteria and their variations can be found in 
previous ALICE publications [8,42]. In order to estimate the sys-
tematic uncertainty related to the particle-composition correction, 
the yields of identified particles are varied within their respective 
systematic uncertainties and the extrapolation of those spectra to 
pT = 0.15 GeV/c is performed with different functions. In addition, 
an uncertainty for the accuracy of the unfolding procedure is as-
signed that is quantified by the level of agreement between the 
unfolded simulated measurement and the expected distributions 
produced by the generator (MC closure test). For each variation, 
the fully corrected results are calculated and their deviation to 
the nominal result is considered an uncertainty. Therefore, any ef-
fect of the variations on the performance of the analysis procedure 
is included in the respective systematic uncertainty. To obtain the 
overall systematic uncertainties, all individual contributions are as-
sumed to be fully uncorrelated and are added in quadrature.

The systematic uncertainties of multiplicity distributions are 
around 2–5% at low Nch, but increase towards higher multiplici-
ties up to 10–20%, depending on the collision system and energy. 
While for pp and p–Pb collisions the track quality requirements are 
the most relevant contributions, in AA collisions the systematic un-
certainty related to the particle-composition correction is the most 
prominent one. The systematic uncertainty of the mean transverse 
momentum of the unfolded spectra is largely dominated by the 
contributions from track-selection variations, yet the total system-
atic uncertainties in most of the reported Nch range are around 
1%. At the lowest and highest multiplicities the contribution from 
the closure tests increases to up to 2%. The contribution from 
the particle-composition correction is around 0.5%. The systematic 
uncertainties of the standard deviation of the spectra σ(pT) are 
dominated by the track quality requirements and are below 2% on 
average. At very low and very high Nch, the systematic uncertain-
ties go up to 3–5% due to the MC closure test contribution.

4. Results and discussion

Multiplicity distributions as well as the mean and standard de-
viation of charged-particle pT spectra as a function of Nch are 
presented in comparison with model predictions. Table 2 sum-
marises the mean and standard deviation of both the multiplicity 
distributions and Nch-integrated pT spectra for pp, p–Pb, Xe–Xe, 
and Pb–Pb collisions at the various centre-of-mass energies per nu-
cleon pair.

The left panel of Fig. 4 shows the probability density of 
charged-particle multiplicity Nch for pp (top), p–Pb (middle), and 
AA (bottom) collisions at different energies per nucleon pair. For 
all collision systems, the distributions reach a maximum around 
Nch ≈ 2 and then fall steeply off over several orders of magnitude. 
In the pp and p–Pb systems, the slope of the decay with Nch de-
creases with increasing collision energy. This can be attributed to 

the larger momentum transfer in the initial hard scattering which 
results in larger multiplicities. The right panel of Fig. 4 presents the 
data after scaling the probability density and the charged-particle 
multiplicity with the average number of charged particles 〈Nch〉
according to the Koba–Nielsen–Olesen (KNO) [60] scaling. Fig. 5
shows the corresponding ratios of the KNO-scaled multiplicity 
distributions at various centre-of-mass energies per nucleon pair 
relative to 

√
s = 13 TeV, 

√
sNN = 8.16 TeV and 

√
sNN = 5.02 TeV

for pp, p–Pb and Pb–Pb collisions, respectively. KNO scaling ap-
parently holds in pp and AA collisions within 20%, and in p–Pb 
collisions within 10%.

In Fig. 6 the mean and standard deviation of the pT spectra are 
compared for pp, p–Pb and Pb–Pb collisions at the same centre-
of-mass energy per nucleon pair of 

√
sNN = 5.02 TeV. All three 

collision systems have similar values at Nch = 1 and then coincide 
until Pb–Pb deviates at Nch ≈ 5 and p–Pb deviates at Nch ≈ 25
from the trend observed in pp. This observation is consistent with 
an earlier comparison of the 〈pT〉–Nch correlation for the three sys-
tems at different centre-of-mass energies [61]. Fig. 7 shows the 
mean (left) and standard deviation (right) of the transverse mo-
mentum spectra as a function of the charged-particle multiplicity 
Nch for pp (top), p–Pb (middle), and AA (bottom) collisions at dif-
ferent centre-of-mass energies per nucleon pair. For all collision 
systems, a clear ordering of 〈pT〉 as well as σ(pT) with collision 
energy is observed, which can be attributed to the larger mo-
mentum transfers involved at higher 

√
sNN . For pp collisions at 

all centre-of-mass energies, the average transverse momentum in-
creases monotonically with an almost linear trend up to Nch ≈ 16
and beyond that continues with an again almost linear dependence 
on Nch but reduced slope. In p–Pb collisions, a similar multiplicity 
dependence is observed up to Nch ≈ 25. At higher multiplicities, 
the increase in 〈pT〉 is slower than in pp collisions. In both pp and 
p–Pb, σ(pT) follows a similar trend as 〈pT〉. On the other hand, 
for AA collisions one observes an increase of 〈pT〉 with multiplic-
ity up to about one third of the measured range, followed by a 
constant trend for the rest of the Nch range. The σ(pT) increases 
for Nch � 100 to a maximum and decreases afterwards. This is 
unique to large collision systems and is presumably a consequence 
of flow and jet quenching [8]. The high Nch resolution of this mea-
surement makes it possible to spot differences between the spec-
tral evolution with multiplicity in Xe–Xe and Pb–Pb collisions at √

sNN = 5.44 TeV and 
√

sNN = 5.02 TeV, respectively. The observed 
difference in the trends might be a result of the slightly deformed 
Xe nuclei [62]. In Fig. 8 both the mean (left) and standard devia-
tion (right) of the pT spectra as a function of Nch are summarised 
for all data sets (top panels) and then shown as a function of rel-
ative multiplicity Nch/〈Nch〉 (middle panels) as well as divided by 
their respective multiplicity-integrated values (bottom panels). In 
the latter scaling, the overall energy-dependent increase of average 
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Fig. 4. Probability density of charged-particle multiplicity Nch (left) and the corresponding KNO-scaled distributions (right) for pp (top), p–Pb (middle), and AA (bottom) 
collisions at different centre-of-mass energies per nucleon pair. Statistical and systematic uncertainties are shown as bars and semi-transparent bands, respectively.

kinematic energy and number of produced particles are accounted 
for. As a result, the values for each collision system align almost 
perfectly for the 〈pT〉/〈pT〉incl. For σ(pT)/σ (pT)incl, for a given sys-
tem the scaled value increases slightly with centre-of-mass energy. 
This small remaining ordering may be due to the larger available 
phase space at higher centre-of-mass energies.

The left panel of Fig. 9 shows the relative standard devia-
tion of the spectra σ(pT)/〈pT〉 as a function of Nch (left) and 
as a function of Nch/〈Nch〉 (right). For pp collisions, this rela-
tive width of the pT spectra increases with multiplicity. The same 
trend is also observed for the larger collision systems. However, 

after around Nch ≈ 20 both for p–Pb and AA collisions, the stan-
dard deviation rises at the same rate as the mean, resulting in a 
flattening of the σ(pT)/〈pT〉 ratio. After this plateau, the spectra 
in AA collisions become narrower relative to their mean values. 
The right panel of Fig. 9 shows the relative standard deviation of 
the spectra σ(pT)/〈pT〉 as a function of the relative multiplicity 
Nch/〈Nch〉. The plateau observed in p–Pb collisions starts at the 
relative multiplicity Nch/〈Nch〉 ≈ 1, while the decrease observed 
in AA collision already begins at lower relative multiplicities of 
around Nch/〈Nch〉 ≈ 0.2.

7



ALICE Collaboration Physics Letters B 845 (2023) 138110

Fig. 5. Ratios of the KNO-scaled multiplicity distributions at various centre-of-mass energies per nucleon pair relative to √s = 13 TeV for pp collisions (top panel) and relative 
to √sNN = 8.16 TeV and √sNN = 5.02 TeV for p–Pb and Pb–Pb collisions, respectively (left and right bottom panels). Statistical and systematic uncertainties are shown as 
bars and semi-transparent bands, respectively.

Fig. 6. Mean (left) and standard deviation (right) of the charged-particle transverse momentum spectra as a function of the charged-particle multiplicity for pp, p–Pb, and 
Pb–Pb collisions at a centre-of-mass energy per nucleon pair of √sNN = 5.02 TeV. Statistical and systematic uncertainties are shown as bars and semi-transparent bands, 
respectively.

Figs. 10 and 11 compare measured results for pp and p–Pb col-
lisions with predictions from PYTHIA8 (solid lines) and EPOS LHC 
(dashed lines). Here, the PYTHIA8.306 event generator is used with 
the Monash-2013 tune [31] for pp collisions and with the Angantyr 
model [26] for p–Pb collisions. The top left panel represents the ra-
tio of models over measurements for the multiplicity distributions, 
the top right panel for the respective KNO-scaled multiplicity dis-

tributions and the bottom left and right panel show the ratios for 
〈pT〉 and σ(pT), respectively.

In pp collisions, the overall shapes of the multiplicity distri-
bution and KNO-scaled distribution shown in the upper panels 
of Fig. 10 are better described by EPOS LHC, while PYTHIA8 falls 
sharply off above Nch/〈Nch〉 ≈ 4. Both models agree with the ex-
perimental distributions within 25% with larger deviations at high-
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Fig. 7. Mean (left) and standard deviation (right) of the charged-particle transverse momentum spectra as a function of the charged-particle multiplicity for pp (top), p–Pb 
(middle), and AA (bottom) collisions at different centre-of-mass energies per nucleon pair. Statistical and systematic uncertainties are shown as bars and semi-transparent 
bands, respectively.

est multiplicities. For 〈pT〉 and σ(pT) shown in the bottom panels 
of Fig. 10, PYTHIA8 underpredicts the experimental data on 〈pT〉
at the lowest values of Nch by up to 4%. The Nch dependent 〈pT〉
values produced by PYTHIA8 increase faster than the measure-
ments with an almost linear dependence up to Nch ≈ 20, after 
which the ratio shows a flat multiplicity dependence with an off-
set from unity varying from 0.5% at 

√
s = 5.02 TeV up to 4% at 

the highest centre-of-mass energy. EPOS LHC is further off at low 
multiplicities by up to 5% and increases slower than the mea-
surements, underestimating them by up to 6% around Nch ≈ 9. At 
higher multiplicities, the increase is faster with a linearly rising ra-

tio up to Nch ≈ 20 − 30, reaching a plateau which describes the 
measurements within ±2%. The experimental data on σ(pT) is re-
produced by both models within 10% at charged-particle multiplic-
ities Nch > 10, with larger deviations at the lowest multiplicities.

Results from model calculations in comparison with measure-
ments from p–Pb collisions are shown in Fig. 11. PYTHIA8/Angan-
tyr predicts the charged-particle multiplicity distribution within 
30% (Fig. 11, top left) over the whole multiplicity range. EPOS LHC 
agrees within 20% for Nch < 70 but fails to describe the mea-
surement at higher multiplicities. The KNO-scaled multiplicity dis-
tributions shown in the top right panel of Fig. 11 are described 
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Fig. 8. Mean (left) and standard deviation (right) of the charged-particle transverse momentum spectra as a function of the charged-particle multiplicity (top) and relative 
multiplicity Nch/〈Nch〉 (middle, bottom) for pp, p–Pb, Xe–Xe and Pb–Pb collisions at various centre-of-mass energies per nucleon pair. The bottom panels show both quantities 
relative to their multiplicity-inclusive value. Statistical and systematic uncertainties are shown as bars and semi-transparent bands, respectively.

by both models within 20% up to a relative multiplicity of 2.5. 
Beyond that, both models exhibit increasing deviations from the 
measurement. PYTHIA8/Angantyr underpredicts 〈pT〉 by about 5%
at low multiplicities (Fig. 11, bottom left), Nch < 20, with the devi-
ation increasing as a function of multiplicity, reaching about 25% at 
Nch = 110. This might result from the missing colour reconnection 
between the sub-collisions in the model. It is expected that high 
string density effects, as the recently-introduced shoving mecha-
nism [63], will lead to an increase of 〈pT〉 as a function of the 
multiplicity. EPOS LHC reproduces the 〈pT〉 and σ(pT) measure-
ment within 10%.

Fig. 12 shows a comparison of the measured 〈pT〉 as a function 
of Nch for pp, p–Pb and Pb–Pb collisions at the same centre-of-
mass energy per nucleon pair, 

√
sNN = 5.02 TeV, with results from 

three different model calculations: PYTHIA8 (left panel; Angantyr 
for p–Pb and Pb–Pb), EPOS3 (middle panel), and hydrodynamics 
with CGC initial conditions [20] (right panel). As shown before, 
PYTHIA8 describes the pp measurements very well over the en-
tire multiplicity range, even at the highest multiplicities. How-
ever, it significantly underpredicts the p–Pb measurements above
Nch > 10, where the deviation increases with multiplicity. In 
Pb–Pb collisions, the 〈pT〉 is systematically underpredicted by 
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Fig. 9. Relative standard deviation of the charged-particle transverse momentum spectra as a function of the absolute (left) and relative (right) charged-particle multiplicity 
for pp, p–Pb, Xe–Xe and Pb–Pb collisions at various centre-of-mass energies per nucleon pair. Statistical and systematic uncertainties are shown as bars and semi-transparent 
bands, respectively.

Fig. 10. Ratio of model predictions to data for pp collisions at various energies. The upper panels show it for the multiplicity distributions (left) and their KNO-scaling form 
(right), the bottom panels represent 〈pT〉 (left) and σ(pT) (right). The semi-transparent bands indicate the relative systematic uncertainties of the data.

PYTHIA8/Angantyr by around 8% on average. Again, this points 
to the missing treatment of high string density effects which are 
not included in the PYTHIA8/Angantyr model, yet [26]. The EPOS3 
model overpredicts the 〈pT〉 in all systems up to Nch ≈ 10 − 20, 
and underpredicts p–Pb and Pb–Pb measurements at higher mul-
tiplicities, less than PYTHIA8/Angantyr, but also cannot reproduce 
the 〈pT〉 evolution with Nch. The hydrodynamical model calcula-

tions do not describe the measurements well, except for Pb–Pb 
collisions at the highest multiplicities of Nch > 1000.

In the CGC approach, the average transverse momentum is a 
universal function of the ratio of charged-particle multiplicity and 
transverse area of a collision [44]. The transverse area ST(Nch)

is derived from the interaction radius R( 3
√

dNg/dy) as a func-
tion of gluon multiplicity dNg/dy. This interaction radius was 
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Fig. 11. Ratio of model predictions to data for p–Pb collisions at various energies. The upper panels show it for the multiplicity distributions (left) and their KNO-scaling form 
(right), the bottom panels represent 〈pT〉 (left) and σ(pT) (right). The semi-transparent bands indicate the relative systematic uncertainties of the data.

Fig. 12. Comparisons of 〈pT〉 as a function of Nch at √sNN = 5.02 TeV for pp, p–Pb, and Pb–Pb collisions to three different model predictions. Statistical and systematic 
uncertainties are shown as bars and semi-transparent bands, respectively.

calculated within the CGC framework for pp collisions at a ref-
erence energy of 

√
s = 7 TeV = W0,pp and for p–Pb collisions at √

sNN = 5.02 TeV = W0,p–Pb [64]. Parameterisations of these in-
teraction radii proposed in Ref. [22] are used to calculate the in-
teraction area. Following the arguments in Ref. [44], the 〈pT〉 vs. 
Nch measurements presented in this Letter are scaled for each col-
lision energy W = √

sNN for the respective collision system (pp, 

p–Pb) with a factor of (W /W0)
λ/(λ+2) . Here, the exponent λ char-

acterises the saturation scale and was determined in Ref. [44] to be 
λ = 0.22 as the best fit to the transverse momentum distributions 
measured with ALICE. In order to approximate the gluon density 
corresponding to a measured final state multiplicity, a proportion-
ality factor γ , defined by the equation dNg/dy = γ Nch, is needed. 
Here, the naive value γ = 3/2 1

	η motivated by the ratio of the 
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Fig. 13. Average transverse momentum 〈pT〉 as a function of the scaling variable (W /W0)λ/(λ+2)
√

Nch/ST [44] for pp and p–Pb collisions at various energies (left) and the 
ratio of all data sets to that in pp collisions at 13 TeV (right). The reference energy W0 corresponds to √s = 7 TeV for pp and √sNN = 5.02 TeV for p–Pb collisions. Statistical 
and systematic uncertainties are shown as bars and semi-transparent bands, respectively.

number of charged particles to all particles, as done in Ref. [22], is 
used. A weak dependence of the results on γ was observed. Fig. 13
shows the 〈pT〉 as a function of (W /W0)

λ/(λ+2)
√

Nch/ST for pp 
and p–Pb collisions at various collision energies (left), and the ratio 
of those curves to the 13 TeV result (right), which has the highest 
reach in this scaling observable. The disagreement from the scal-
ing is significant given the measurement’s uncertainties, but still 
within about 10% over the entire range. At comparable values of 
the scaling variable, the ratio shows a distinct energy ordering, and 
all ratios exhibit a noticeable peak. In a more recent study [65], the 
determination of the exponent λ was revisited and it was found 
that the differential cross sections are better described when us-
ing λ ≈ 0.32 instead of λ = 0.22. However, with this updated value 
for the characteristic exponent λ, the geometrical scaling of the 
data presented in this Letter agrees only within ±15%. In general, 
the scaling results are found to be very sensitive to the value of λ
and the best agreement is actually found for λ = 0, which effec-
tively removes the energy scaling term (W /W0)

λ/(λ+2) proposed 
in Ref. [44]. An approximate geometrical scaling of 〈pT〉 was also 
observed in AA collisions as discussed in Ref. [66].

5. Summary and conclusions

A comprehensive study of inclusive charged-particle production 
at the LHC is presented, spanning a wide range of collision ener-
gies in pp, p–Pb, Xe–Xe and Pb–Pb collisions. Multiplicity distribu-
tions are compared across centre-of-mass energies for all collision 
systems, and, in addition, shown in the KNO-scaling form. The KNO 
scaling is observed to hold within about 20%, not only for pp col-
lisions, but also for p–Pb and AA collisions. Transverse momentum 
spectra are measured as a function of charged-particle multiplicity 
in narrow Nch intervals. The mean and standard deviation of these 
pT spectra as a function of Nch are compared with PYTHIA8 (An-
gantyr), EPOS LHC, EPOS3, and hydrodynamical model predictions. 
For pp collisions, the spectral shape evolution with multiplicity is 
described fairly well by PYTHIA8 and EPOS LHC for all centre-of-
mass energies, while EPOS3 and the hydrodynamical model fail to 
predict this observable. In general, for p–Pb and AA collisions there 
is a large tension with the data for all considered models, except 
for EPOS LHC which offers the best model prediction for p–Pb col-
lisions. The geometric scaling of 〈pT〉 proposed within the colour 
glass condensate framework is found to hold in first order, with 
deviations at the level of 10%.

Since the study of charged-particle production as a function of 
multiplicity plays a key role in understanding the properties of 

strongly-interacting matter created in collision systems of different 
sizes and energy densities, in the future, this rich high-precision 
set of multidimensional measurements can help to improve the 
theoretical modelling of the complex interplay of hard and soft 
QCD processes that govern particle production at LHC energies.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

We thank Klaus Werner for providing the EPOS3 predictions 
and Björn Schenke, Prithwish Tribedy, and Chun Shen for the hy-
drodynamical calculations. We are grateful to Larry McLerran and 
Michal Praszalowicz for discussions on the geometrical scaling.

The ALICE Collaboration would like to thank all its engineers 
and technicians for their invaluable contributions to the construc-
tion of the experiment and the CERN accelerator teams for the out-
standing performance of the LHC complex. The ALICE Collaboration 
gratefully acknowledges the resources and support provided by 
all Grid centres and the Worldwide LHC Computing Grid (WLCG) 
collaboration. The ALICE Collaboration acknowledges the follow-
ing funding agencies for their support in building and running the 
ALICE detector: A. I. Alikhanyan National Science Laboratory (Yere-
van Physics Institute) Foundation (ANSL), State Committee of Sci-
ence and World Federation of Scientists (WFS), Armenia; Austrian 
Academy of Sciences, Austrian Science Fund (FWF): [M 2467-N36] 
and Nationalstiftung für Forschung, Technologie und Entwicklung, 
Austria; Ministry of Communications and High Technologies, Na-
tional Nuclear Research Center, Azerbaijan; Conselho Nacional de 
Desenvolvimento Científico e Tecnológico (CNPq), Financiadora de 
Estudos e Projetos (Finep), Fundação de Amparo à Pesquisa do 
Estado de São Paulo (FAPESP) and Universidade Federal do Rio 
Grande do Sul (UFRGS), Brazil; Bulgarian Ministry of Education 
and Science, within the National Roadmap for Research Infras-
tructures 2020–2027 (object CERN), Bulgaria; Ministry of Educa-
tion of China (MOEC), Ministry of Science & Technology of China 
(MSTC) and National Natural Science Foundation of China (NSFC), 

13



ALICE Collaboration Physics Letters B 845 (2023) 138110

China; Ministry of Science and Education and Croatian Science 
Foundation, Croatia; Centro de Aplicaciones Tecnológicas y De-
sarrollo Nuclear (CEADEN), Cubaenergía, Cuba; Ministry of Educa-
tion, Youth and Sports of the Czech Republic, Czech Republic; The 
Danish Council for Independent Research | Natural Sciences, the 
Villum Fonden and Danish National Research Foundation (DNRF), 
Denmark; Helsinki Institute of Physics (HIP), Finland; Commis-
sariat à l’Énergie Atomique (CEA) and Institut National de Physique 
Nucléaire et de Physique des Particules (IN2P3) and Centre Na-
tional de la Recherche Scientifique (CNRS), France; Bundesminis-
terium für Bildung und Forschung (BMBF) and GSI Helmholtzzen-
trum für Schwerionenforschung GmbH, Germany; General Secre-
tariat for Research and Technology, Ministry of Education, Re-
search and Religions, Greece; National Research, Development and 
Innovation Office, Hungary; Department of Atomic Energy, Gov-
ernment of India (DAE), Department of Science and Technology, 
Government of India (DST), University Grants Commission, Gov-
ernment of India (UGC) and Council of Scientific and Industrial 
Research (CSIR), India; National Research and Innovation Agency 
- BRIN, Indonesia; Instituto Nazionale di Fisica Nucleare (INFN), 
Italy; Japanese Ministry of Education, Culture, Sports, Science and 
Technology (MEXT) and Japan Society for the Promotion of Science 
(JSPS) KAKENHI, Japan; Consejo Nacional de Ciencia (CONACYT) y 
Tecnología, through Fondo de Cooperación Internacional en Cien-
cia y Tecnología (FONCICYT) and Dirección General de Asuntos 
del Personal Académico (DGAPA), Mexico; Nederlandse Organisatie 
voor Wetenschappelijk Onderzoek (NWO), Netherlands; The Re-
search Council of Norway, Norway; Commission on Science and 
Technology for Sustainable Development in the South (COMSATS), 
Pakistan; Pontificia Universidad Católica del Perú, Peru; Ministry 
of Education and Science, National Science Centre and WUT ID-
UB, Poland; Korea Institute of Science and Technology Informa-
tion and National Research Foundation of Korea (NRF), Republic 
of Korea; Ministry of Education and Scientific Research, Institute 
of Atomic Physics, Ministry of Research and Innovation and In-
stitute of Atomic Physics and University Politehnica of Bucharest, 
Romania; Ministry of Education, Science, Research and Sport of the 
Slovak Republic, Slovakia; National Research Foundation of South 
Africa, South Africa; Swedish Research Council (VR) and Knut & 
Alice Wallenberg Foundation (KAW), Sweden; European Organi-
zation for Nuclear Research, Switzerland; Suranaree University of 
Technology (SUT), National Science and Technology Development 
Agency (NSTDA), Thailand Science Research and Innovation (TSRI) 
and National Science, Research and Innovation Fund (NSRF), Thai-
land; Turkish Energy, Nuclear and Mineral Research Agency (TEN-
MAK), Turkey; National Academy of Sciences of Ukraine, Ukraine; 
Science and Technology Facilities Council (STFC), United Kingdom; 
National Science Foundation of the United States of America (NSF) 
and United States Department of Energy, Office of Nuclear Physics 
(DOE NP), United States of America. In addition, individual groups 
or members have received support from: Marie Skłodowska Curie, 
European Research Council, Strong 2020 - Horizon 2020 (grant 
nos. 950692, 824093, 896850), European Union; Academy of Fin-
land (Center of Excellence in Quark Matter) (grant nos. 346327, 
346328), Finland; Programa de Apoyos para la Superación del Per-
sonal Académico, UNAM, Mexico.

References

[1] W. Busza, K. Rajagopal, W. van der Schee, Heavy ion collisions: the big picture, 
and the big questions, Annu. Rev. Nucl. Part. Sci. 68 (2018) 339–376, arXiv:
1802 .04801 [hep -ph].

[2] U. Heinz, R. Snellings, Collective flow and viscosity in relativistic heavy-ion col-
lisions, Annu. Rev. Nucl. Part. Sci. 63 (2013) 123–151, arXiv:1301.2826 [nucl -th].

[3] J.E. Bernhard, J.S. Moreland, S.A. Bass, J. Liu, U. Heinz, Applying Bayesian pa-
rameter estimation to relativistic heavy-ion collisions: simultaneous character-
ization of the initial state and quark-gluon plasma medium, Phys. Rev. C 94 
(2016) 024907, arXiv:1605 .03954 [nucl -th].

[4] F.G. Gardim, G. Giacalone, M. Luzum, J.-Y. Ollitrault, Thermodynamics of hot 
strong-interaction matter from ultrarelativistic nuclear collisions, Nat. Phys. 16 
(2020) 615–619, arXiv:1908 .09728 [nucl -th].

[5] A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, Decoding the phase 
structure of QCD via particle production at high energy, Nature 561 (2018) 
321–330, arXiv:1710 .09425 [nucl -th].

[6] P. Braun-Munzinger, K. Redlich, J. Stachel, Particle production in heavy ion col-
lisions, in: R.C. Hwa, X.N. Wang (Eds.), Quark Gluon Plasma 3, World Scientific, 
Singapore, 2003, pp. 491–599, arXiv:nucl -th /0304013 [nucl -th].

[7] ALICE Collaboration, J. Adam, et al., Centrality dependence of the nuclear mod-
ification factor of charged pions, kaons, and protons in Pb–Pb collisions at √

sNN = 2.76 TeV, Phys. Rev. C 93 (2016) 034913, arXiv:1506 .07287 [nucl -ex].
[8] ALICE Collaboration, S. Acharya, et al., Transverse momentum spectra and nu-

clear modification factors of charged particles in pp, p–Pb and Pb–Pb collisions 
at the LHC, J. High Energy Phys. 11 (2018) 013, arXiv:1802 .09145 [nucl -ex].

[9] ALICE Collaboration, J. Adam, et al., Multiplicity dependence of charged pion, 
kaon, and (anti)proton production at large transverse momentum in p-Pb col-
lisions at √sNN = 5.02 TeV, Phys. Lett. B 760 (2016) 720–735, arXiv:1601.03658
[nucl -ex].

[10] ALICE Collaboration, B. Abelev, et al., Long-range angular correlations of π , K 
and p in p–Pb collisions at √sNN = 5.02 TeV, Phys. Lett. B 726 (2013) 164–177, 
arXiv:1307.3237 [nucl -ex].

[11] CMS Collaboration, V. Khachatryan, et al., Long-range two-particle correlations 
of strange hadrons with charged particles in pPb and PbPb collisions at LHC 
energies, Phys. Lett. B 742 (2015) 200–224, arXiv:1409 .3392 [nucl -ex].

[12] CMS Collaboration, S. Chatrchyan, et al., Multiplicity and transverse-momentum 
dependence of two- and four-particle correlations in pPb and PbPb collisions, 
Phys. Lett. B 724 (2013) 213–240, arXiv:1305 .0609 [nucl -ex].

[13] CMS Collaboration, V. Khachatryan, et al., Evidence for collective multiparticle 
correlations in p-Pb collisions, Phys. Rev. Lett. 115 (2015) 012301, arXiv:1502 .
05382 [nucl -ex].

[14] ATLAS Collaboration, G. Aad, et al., Measurement with the ATLAS detector of 
multi-particle azimuthal correlations in p+Pb collisions at √sNN = 5.02 TeV, 
Phys. Lett. B 725 (2013) 60–78, arXiv:1303 .2084 [hep -ex].

[15] K. Dusling, R. Venugopalan, Comparison of the color glass condensate to di-
hadron correlations in proton-proton and proton-nucleus collisions, Phys. Rev. 
D 87 (2013) 094034, arXiv:1302 .7018 [hep -ph].

[16] B. Blok, C.D. Jakel, M. Strikman, U.A. Wiedemann, Collectivity from interference, 
J. High Energy Phys. 12 (2017) 074, arXiv:1708 .08241 [hep -ph].

[17] B. Schenke, The smallest fluid on Earth, Rep. Prog. Phys. 84 (2021) 082301, 
arXiv:2102 .11189 [nucl -th].

[18] J.E. Bernhard, J.S. Moreland, S.A. Bass, Bayesian estimation of the specific shear 
and bulk viscosity of quark–gluon plasma, Nat. Phys. 15 (2019) 1113–1117.

[19] J.S. Moreland, J.E. Bernhard, S.A. Bass, Bayesian calibration of a hybrid nuclear 
collision model using p-Pb and Pb-Pb data at energies available at the CERN 
Large Hadron Collider, Phys. Rev. C 101 (2020) 024911, arXiv:1808 .02106 [nucl -
th].

[20] B. Schenke, C. Shen, P. Tribedy, Running the gamut of high energy nuclear col-
lisions, Phys. Rev. C 102 (2020) 044905, arXiv:2005 .14682 [nucl -th].

[21] K. Dusling, W. Li, B. Schenke, Novel collective phenomena in high-energy 
proton–proton and proton–nucleus collisions, Int. J. Mod. Phys. E 25 (2016) 
1630002, arXiv:1509 .07939 [nucl -ex].

[22] L. McLerran, M. Praszalowicz, B. Schenke, Transverse momentum of protons, 
pions and kaons in high multiplicity pp and pA collisions: evidence for the 
color glass condensate?, Nucl. Phys. A 916 (2013) 210–218, arXiv:1306 .2350
[hep -ph].

[23] T. Sjöstrand, S. Ask, J.R. Christiansen, R. Corke, N. Desai, P. Ilten, S. Mrenna, S. 
Prestel, C.O. Rasmussen, P.Z. Skands, An introduction to PYTHIA 8.2, Comput. 
Phys. Commun. 191 (2015) 159–177, arXiv:1410 .3012 [hep -ph].

[24] P.Z. Skands, Tuning Monte Carlo generators: the Perugia tunes, Phys. Rev. D 82 
(2010) 074018, arXiv:1005 .3457 [hep -ph].

[25] C. Bierlich, G. Gustafson, L. Lönnblad, Collectivity without plasma in hadronic 
collisions, Phys. Lett. B 779 (2018) 58–63, arXiv:1710 .09725 [hep -ph].

[26] C. Bierlich, G. Gustafson, L. Lönnblad, H. Shah, The Angantyr model for heavy-
ion collisions in PYTHIA8, J. High Energy Phys. 10 (2018) 134, arXiv:1806 .10820
[hep -ph].

[27] H.J. Drescher, M. Hladik, S. Ostapchenko, T. Pierog, K. Werner, Parton based 
Gribov-Regge theory, Phys. Rep. 350 (2001) 93–289, arXiv:hep -ph /0007198
[hep -ph].

[28] K. Werner, B. Guiot, I. Karpenko, T. Pierog, G. Sophys, M. Stefaniak, EPOS, EPJ 
Web Conf. 208 (2019) 11005.

[29] K. Werner, B. Guiot, I. Karpenko, T. Pierog, Analysing radial flow features in p-
Pb and p-p collisions at several TeV by studying identified particle production 
in EPOS3, Phys. Rev. C 89 (2014) 064903, arXiv:1312 .1233 [nucl -th].

[30] T. Pierog, I. Karpenko, J.M. Katzy, E. Yatsenko, K. Werner, EPOS LHC: test of col-
lective hadronization with data measured at the CERN Large Hadron Collider, 
Phys. Rev. C 92 (2015) 034906, arXiv:1306 .0121 [hep -ph].

[31] P. Skands, S. Carrazza, J. Rojo, Tuning PYTHIA 8.1: the Monash 2013 tune, Eur. 
Phys. J. C 74 (2014) 3024, arXiv:1404 .5630 [hep -ph].

[32] UA1 Collaboration, G. Arnison, et al., Transverse momentum spectra for charged 
particles at the CERN proton-antiproton collider, Phys. Lett. B 118 (1982) 167.

14



ALICE Collaboration Physics Letters B 845 (2023) 138110

[33] ABCDHW Collaboration, A. Breakstone, et al., Multiplicity dependence of the 
average transverse momentum and of the particle source size in p-p interac-
tions at √s = 62, 44 and 31 GeV, Z. Phys. C 33 (3) (1987) 333.

[34] UA1 Collaboration, C. Albajar, et al., A study of the general characteristics of 
proton-antiproton collisions at √

s = 0.2 TeV to 0.9 TeV, Nucl. Phys. B 335 
(1990) 261.

[35] E735 Collaboration, T. Alexopoulos, et al., Multiplicity dependence of the 
transverse-momentum spectrum for centrally produced hadrons in antiproton-
proton collisions at √s =1.8 TeV, Phys. Rev. Lett. 60 (Apr 1988) 1622–1625.

[36] STAR Collaboration, J. Adams, et al., The multiplicity dependence of inclusive 
pT spectra from pp collisions at √s = 200 GeV, Phys. Rev. D 74 (2006) 032006, 
arXiv:nucl -ex /0606028 [nucl -ex].

[37] CDF Collaboration, T. Aaltonen, et al., Measurement of particle production and 
inclusive differential cross sections in pp̄ collisions at √s = 1.96 TeV, Phys. Rev. 
D 79 (2009) 112005, arXiv:0904 .1098 [hep -ex].

[38] ALICE Collaboration, K. Aamodt, et al., Transverse momentum spectra of 
charged particles in proton-proton collisions at √s = 900 GeV with ALICE at 
the LHC, Phys. Lett. B 693 (2010) 53–68, arXiv:1007.0719 [hep -ex].

[39] CMS Collaboration, V. Khachatryan, et al., Charged particle multiplicities in pp 
interactions at √s = 0.9, 2.36, and 7 TeV, J. High Energy Phys. 01 (2011) 079, 
arXiv:1011.5531 [hep -ex].

[40] ATLAS Collaboration, G. Aad, et al., Charged-particle multiplicities in pp inter-
actions measured with the ATLAS detector at the LHC, New J. Phys. 13 (2011) 
053033, arXiv:1012 .5104 [hep -ex].

[41] ALICE Collaboration, J. Adam, et al., Pseudorapidity and transverse-momentum 
distributions of charged particles in proton–proton collisions at √s = 13 TeV, 
Phys. Lett. B 753 (2016) 319–329, arXiv:1509 .08734 [nucl -ex].

[42] ALICE Collaboration, S. Acharya, et al., Transverse momentum spectra and nu-
clear modification factors of charged particles in Xe–Xe collisions at √sNN = 
5.44 TeV, Phys. Lett. B 788 (2019) 166–179, arXiv:1805 .04399 [nucl -ex].

[43] J.R. Christiansen, P.Z. Skands, String formation beyond leading colour, J. High 
Energy Phys. 08 (2015) 003, arXiv:1505 .01681 [hep -ph].

[44] L. McLerran, M. Praszalowicz, Geometrical scaling and the dependence of the 
average transverse momentum on the multiplicity and energy for the ALICE 
experiment, Phys. Lett. B 741 (2015) 246–251, arXiv:1407.6687 [hep -ph].

[45] ALICE Collaboration, K. Aamodt, et al., The ALICE experiment at the CERN LHC, 
J. Instrum. 3 (2008) S08002.

[46] ALICE Collaboration, B. Abelev, et al., Performance of the ALICE experiment at 
the CERN LHC, Int. J. Mod. Phys. A 29 (2014) 1430044, arXiv:1402 .4476 [nucl -
ex].

[47] ALICE Collaboration, K. Aamodt, et al., Alignment of the ALICE Inner Tracking 
System with cosmic-ray tracks, J. Instrum. 5 (2010) P03003, arXiv:1001.0502
[physics .ins -det].

[48] J. Alme, Y. Andres, H. Appelshauser, S. Bablok, N. Bialas, et al., The ALICE TPC, 
a large 3-dimensional tracking device with fast readout for ultra-high multi-
plicity events, Nucl. Instrum. Methods A 622 (2010) 316–367, arXiv:1001.1950
[physics .ins -det].

[49] ALICE Collaboration, S. Acharya, et al., Centrality and pseudorapidity depen-
dence of the charged-particle multiplicity density in Xe–Xe collisions at √sNN

= 5.44 TeV, Phys. Lett. B 790 (2019) 35–48, arXiv:1805 .04432 [nucl -ex].

[50] ALICE Collaboration, S. Acharya, et al., The ALICE definition of primary particles, 
ALICE-PUBLIC-2017-005, https://cds .cern .ch /record /2270008, Jun 2017.

[51] R. Brun, et al., GEANT: Detector Description and Simulation Tool, CERN-W5013, 
1994.

[52] ALICE Collaboration, J. Adam, et al., Enhanced production of multi-strange 
hadrons in high-multiplicity proton-proton collisions, Nat. Phys. 13 (2017) 
535–539, arXiv:1606 .07424 [nucl -ex].

[53] ALICE Collaboration, S. Acharya, et al., Multiplicity dependence of π , K, and 
p production in pp collisions at √s = 13 TeV, Eur. Phys. J. C 80 (2020) 693, 
arXiv:2003 .02394 [nucl -ex].

[54] ALICE Collaboration, S. Acharya, et al., Multiplicity dependence of (multi-
)strange hadron production in proton-proton collisions at √s = 13 TeV, Eur. 
Phys. J. C 80 (2020) 167, arXiv:1908 .01861 [nucl -ex].

[55] ALICE Collaboration, B. Abelev, et al., Multiplicity dependence of pion, kaon, 
proton and lambda production in p-Pb collisions at √sN N = 5.02 TeV, Phys. 
Lett. B 728 (2014) 25–38, arXiv:1307.6796 [nucl -ex].

[56] ALICE Collaboration, B. Abelev, et al., Centrality dependence of π , K, p produc-
tion in Pb-Pb collisions at √sN N = 2.76 TeV, Phys. Rev. C 88 (2013) 044910, 
arXiv:1303 .0737 [hep -ex].

[57] G. D’Agostini, A multidimensional unfolding method based on Bayes’ theorem, 
Nucl. Instrum. Methods A 362 (1995) 487–498.

[58] T. Adye, Unfolding algorithms and tests using RooUnfold, in: Proceedings 
of the PHYSTAT 2011 Workshop, CERN, Geneva, Switzerland, January 2011, 
pp. 313–318, CERN-2011-006, arXiv:1105 .1160 [physics .data -an].

[59] ALICE Collaboration, S. Acharya, et al., Charged-particle production as a func-
tion of multiplicity and transverse spherocity in pp collisions at √s = 5.02 and 
13 TeV, Eur. Phys. J. C 79 (2019) 857, arXiv:1905 .07208 [nucl -ex].

[60] Z. Koba, H.B. Nielsen, P. Olesen, Scaling of multiplicity distributions in high 
energy hadron collisions, Nucl. Phys. B 40 (1972) 317–334.

[61] ALICE Collaboration, B. Abelev, et al., Multiplicity dependence of the average 
transverse momentum in pp, p–Pb, and Pb–Pb collisions at the LHC, Phys. Lett. 
B 727 (Dec 2013) 371–380, arXiv:1307.1094 [nucl -ex].

[62] G. Giacalone, J. Noronha-Hostler, M. Luzum, J.-Y. Ollitrault, Hydrodynamic pre-
dictions for 5.44 TeV Xe+Xe collisions, Phys. Rev. C 97 (Mar 2018) 034904, 
arXiv:1711.08499 [nucl -th].

[63] C. Bierlich, S. Chakraborty, G. Gustafson, L. Lönnblad, Setting the string shoving 
picture in a new frame, J. High Energy Phys. 03 (2021) 270, arXiv:2010 .07595
[hep -ph].

[64] A. Bzdak, B. Schenke, P. Tribedy, R. Venugopalan, Initial-state geometry and the 
role of hydrodynamics in proton-proton, proton-nucleus, and deuteron-nucleus 
collisions, Phys. Rev. C 87 (Jun 2013) 064906.

[65] M. Praszałowicz, A. Francuz, Geometrical scaling in inelastic inclusive particle 
production at the LHC, Phys. Rev. D 92 (Oct 2015), arXiv:1507.08186 [hep -ph].

[66] M. Petrovici, A. Lindner, A. Pop, M. Târzila, I. Berceanu, Geometrical scaling for 
energies available at the BNL Relativistic Heavy Ion Collider to those at the 
CERN Large Hadron Collider, Phys. Rev. C 98 (2018) 024904, arXiv:1805 .04060
[hep -ph].

[67] Xin-Nian Wang, Miklos Gyulassy, HIJING: A Monte Carlo model for multiple 
jet production in pp, pA and AA collisions, Phys. Rev. D 44 (1991) 3501–3516, 
https://doi .org /10 .1103 /PhysRevD .44 .3501.

ALICE Collaboration

S. Acharya 124, , D. Adamová 85, , A. Adler 69, G. Aglieri Rinella 32, , M. Agnello 29, , N. Agrawal 50, , 

Z. Ahammed 132, , S. Ahmad 15, , S.U. Ahn 70, , I. Ahuja 37, , A. Akindinov 140, , M. Al-Turany 96, , 

D. Aleksandrov 140, , B. Alessandro 55, , H.M. Alfanda 6, , R. Alfaro Molina 66, , B. Ali 15, , A. Alici 25, , 
N. Alizadehvandchali 113, , A. Alkin 32, , J. Alme 20, , G. Alocco 51, , T. Alt 63, , I. Altsybeev 140, , 

M.N. Anaam 6, , C. Andrei 45, , A. Andronic 135, , V. Anguelov 93, , F. Antinori 53, , P. Antonioli 50, , 

N. Apadula 73, , L. Aphecetche 102, , H. Appelshäuser 63, , C. Arata 72, , S. Arcelli 25, , M. Aresti 51, , 

R. Arnaldi 55, , J.G.M.C.A. Arneiro 109, , I.C. Arsene 19, , M. Arslandok 137, , A. Augustinus 32, , 

R. Averbeck 96, , M.D. Azmi 15, , A. Badalà 52, , J. Bae 103, , Y.W. Baek 40, , X. Bai 117, , 

R. Bailhache 63, , Y. Bailung 47, , A. Balbino 29, , A. Baldisseri 127, , B. Balis 2, , D. Banerjee 4, , 

Z. Banoo 90, , R. Barbera 26, , F. Barile 31, , L. Barioglio 94, , M. Barlou 77, G.G. Barnaföldi 136, , 

L.S. Barnby 84, , V. Barret 124, , L. Barreto 109, , C. Bartels 116, , K. Barth 32, , E. Bartsch 63, , 

N. Bastid 124, , S. Basu 74, , G. Batigne 102, , D. Battistini 94, , B. Batyunya 141, , D. Bauri 46, 

J.L. Bazo Alba 100, , I.G. Bearden 82, , C. Beattie 137, , P. Becht 96, , D. Behera 47, , I. Belikov 126, , 

15



ALICE Collaboration Physics Letters B 845 (2023) 138110

A.D.C. Bell Hechavarria 135, , F. Bellini 25, , R. Bellwied 113, , S. Belokurova 140, , V. Belyaev 140, , 

G. Bencedi 136, , S. Beole 24, , A. Bercuci 45, , Y. Berdnikov 140, , A. Berdnikova 93, , L. Bergmann 93, , 

M.G. Besoiu 62, , L. Betev 32, , P.P. Bhaduri 132, , A. Bhasin 90, , M.A. Bhat 4, , B. Bhattacharjee 41, , 
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